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FOREWORD

A key objective of the Intergovernmental 
Science-Policy Platform on Biodiversity 
and Ecosystem Services (IPBES) is to 
provide Governments, the private sector 
and civil society with scientifically credible 
and independent up-to-date assessments 

of available knowledge for better evidence-informed policy 
decisions and action at the local, national, regional and 
global levels.

The thematic Assessment of Invasive Alien Species and their 
Control, or “Invasive Alien Species Assessment” in short, is 
part of a series of reports whose production was initiated 
during the “first work programme of IPBES, 2014-2018” and 
concluded during the current “IPBES rolling work programme 
up to 2030”. The Invasive Alien Species Assessment has 
been carried out by a multidisciplinary team of 86 selected 
experts from all regions of the world, including early career 
fellows, assisted by about 200 contributing authors. More 
than 13,000 scientific publications were analyzed as well as 
a substantive body of Indigenous and local knowledge. Its 
chapters were accepted, and its summary for policymakers 
was approved, by the IPBES Plenary composed of 
143 member States at its tenth session held from 28th August 
to 2nd September 2023 in Bonn, Germany.

The Invasive Alien Species Assessment builds on the 
landmark IPBES Global Assessment Report on Biodiversity 
and Ecosystem Services launched in 2019. The Global 
Assessment identified invasive alien species as a one of 
the five main direct drivers of biodiversity loss, with 1 million 
species of plants and animals now at risk of extinction. 

The Invasive Alien Species Assessment explores how invasive 
alien species affect nature and people globally. It analyzes 
the status and trends of alien and invasive alien species in all 
regions of Earth, and identifies major pathways for and drivers 
of the introduction and spread of such species between 
and within countries. The Assessment also assesses the 

IPBES is an independent intergovernmental body 
comprising over 140 member Governments. 
Established by Governments in 2012, IPBES 
provides policymakers with objective scientific 
assessments about the state of knowledge 
regarding nature and the contributions it provides to 
people, as well as options for actions to protect and 
sustainably use these vital natural assets.

The Assessment of Invasive Alien Species and 
their Control was initiated by a decision from the 
IPBES Plenary (decision IPBES-6/1) at its sixth 
session (IPBES 6, Medellin, Colombia, 2018), 
based on the scoping report (annex III to decision 
IPBES-4/1) approved by the Plenary at its fourth 
session (IPBES 4, Kuala Lumpur, Malaysia, 2016). 
The Assessment was produced in accordance with 
the procedures for the preparation of the Platform’s 
deliverables set out in annex I to decision IPBES-3/3.

The Assessment of Invasive Alien Species and their 
Control was considered by the IPBES Plenary at its 
tenth session (IPBES 10, Bonn, Germany, 2023), 
which approved its summary for policymakers, and 
accepted its chapters. All material can be found 
here: https://www.ipbes.net/ias

https://www.ipbes.net/ias
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effectiveness of management actions across scales and in 
various contexts. The Invasive Alien Species Assessment 
finally outlines key responses and policy options for the 
prevention, early detection, and effective control of invasive 
alien species and mitigation of their impacts in order to 
safeguard nature, nature’s contributions to people and good 
quality of life.

The Invasive Alien Species Assessment highlights that 
invasive alien species are a major and growing threat to 
nature, nature’s contributions to people, with, in some cases, 
irreversible changes to biodiversity and ecosystems. Invasive 
alien species also dramatically impact the economy, food 
security, water security and human health, sometimes adding 
to marginalization and inequity. The Assessment demonstrates 
that with sufficient resources, political will, and long-term 
commitment, preventing and controlling invasive alien species 
are attainable goals that will yield significant long-term benefits 
for people and nature.

As the Chair and the Executive Secretary of IPBES, we wish 
to recognize the leadership and dedication of the co-chairs, 
Prof. Helen Roy (United Kingdom), Prof. Aníbal Pauchard 
(Chile), and Prof. Peter Stoett (Canada) and the hard work and 
commitment of all the coordinating lead authors, lead authors, 
review editors, fellows, contributing authors and external 
reviewers, and to warmly thank them for contributing their time 
and ideas freely to this important report. We would also like to 
recognize the hard work and dedication of Naoki Amako and 
Noriko Moriwake, heads of the technical support unit for this 
Assessment, Tanara Renard Truong, assessment coordinator, 
and Ryoko Kawakami, administrative officer. Our thanks go 
also to the current and former members of the Multidisciplinary 
Expert Panel (MEP) and of the Bureau who provided guidance 

as part of the management committee for this report, and 
to members of the IPBES secretariat including those of 
other technical support units within the IPBES secretariat, 
who have supported the production of this report, and its 
successful launch in the media. We would also like to thank all 
Governments and other institutions that provided financial and 
in-kind support for the preparation of this Assessment. We are 
profoundly aware that work was made more challenging over 
the past couple of years because of the COVID-19 pandemic 
which prevented the experts from meeting and connecting 
in-person as planned, and which created very difficult personal 
circumstances for many. We express again our deepest 
thanks and recognition to all involved, on behalf of IPBES. 

The Invasive Alien Species Assessment provides the 
best-available evidence, critical analysis and options for 
governments, civil society, Indigenous Peoples and local 
communities, the private sector and all those seeking to 
address the issue of biological invasions. The Assessment is 
also expected to support sharing of information within and 
across countries and capacity building globally. It is our sincere 
hope that this Assessment will support the implementation 
of the Sustainable Development Goals of the 2030 Agenda 
for Sustainable Development (especially Goal 15) and form a 
significant contribution to the implementation of the Kunming-
Montreal Global Biodiversity Framework of the Convention on 
Biological Diversity, and especially of its Target 6.

Ana María Hernández Salgar
Chair of IPBES (2019-2023) 

Anne Larigauderie
Executive Secretary of IPBES
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It is urgent to accelerate 
efforts against invasive 
alien species, one of the 

five major drivers of biodiversity 
loss that also threatens our health, 
social development, and culture. 
UNESCO, as an institutional partner 
of IPBES, takes pride to have 
supported this new Assessment 
Report. It provides a valuable 
analysis of how invasive alien 
species are distributed globally and 
the diverse strategies used to 
manage them. The report draws on 
a wide range of knowledge and 
perspectives from around the 
world, including Indigenous and 
local knowledge, which is a central 
focus of UNESCO’s programmes. 
This crucial information will 
strengthen ongoing initiatives in 
UNESCO-designated sites and 
help decision-makers shape their 
policies worldwide.

Audrey Azoulay
Director-General, 
United Nations Educational,  
Scientific and Cultural Organization 
(UNESCO) 

Invasive alien species pose 
a substantial threat to 
livelihoods and food security 

around the world. They can, for 
example, manifest as destructive crop 
or forest pests or displace species 
targeted by fisheries. They are an 
important driver of biodiversity loss 
and hence a threat to the various 
ecosystem services that support 
agricultural production and sustainable 
livelihoods. 

The information contained in this 
report will contribute greatly to efforts 
to combat the spread of invasive alien 
species and to meeting Target 6 of the 
Kunming-Montreal Global Biodiversity 
Framework. It will be especially 
valuable for all of us who work to 
integrate the conservation and 
sustainable use of biodiversity into the 
world’s agrifood systems to enhance 
their productivity and resilience.

QU Dongyu
Director-General, 
Food and Agriculture Organization of 
the United Nations  
(FAO)

STATEMENTS FROM  
KEY PARTNERS

Humanity has been moving 
species around the world for 
centuries. This practice has 

brought some positives. However, when 
imported species run rampant and unbalance 
local ecosystems, indigenous biodiversity 
suffers. As a result, invasive species have 
become one of the five horsemen of the 
biodiversity apocalypse that is riding down 
harder and faster upon the world.

While the other four horsemen – changing 
land- and sea-use, over exploitation, climate 
change and pollution – are relatively well 
understood, knowledge gaps remain around 
invasive species. The IPBES Invasive Alien 
Species Report is a welcome effort to close 
these gaps. By providing critical information 
on trends in invasive species and policy 
tools to address them, this report can 
provide a springboard to concrete action on 
invasive species.

I ask all decision-makers to use this report’s 
recommendations as a basis to act on this 
growing threat to biodiversity and human 
well-being – and make a real contribution to 
achieving the Kunming-Montreal Global 
Biodiversity Framework by 2030.

Inger Andersen
Executive Director 
United Nations Environment Programme 
(UNEP) 
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Invasive alien species – plants, animals or 
microorganisms that are introduced intentionally or 
unintentionally into areas where they are not native 

– remain one of the most striking symptoms of the adverse 
effect of human activities on our natural world. They not only 
contribute to wildlife species extinctions, but also pose a 
rapidly growing risk to progress on the Global Goals – 
affecting entire ecosystems, economies and food security to 
human health, wellbeing, and livelihoods. 

As anthropogenic factors such as climate change provide the 
perfect petri dish for alien species to multiply and spread, our 
decisions and actions must be rooted in a comprehensive 
understanding of this threat and its future implications. 

Addressing this need, this timely analysis by IPBES combines 
the latest science, data, and new thinking to guide countries, 
communities, and the United Nations family to prevent, 
mitigate, and manage invasive alien species, a pivotal step 
towards advancing the Kunming-Montreal Global Biodiversity 
Framework targets. That includes leveraging invaluable local 
knowledge and outlining a range of practical solutions. 

This new understanding will allow our global community to 
take new measures to protect both people and planet from 
the unwanted and severe consequences of invasive 
alien species.

Achim Steiner 
Administrator, 
United Nations Development Programme  
(UNDP)

Invasive alien species are one of the five main direct 
drivers of biodiversity loss globally and the threats 
they pose to species, to ecosystems and to human 

well-being are rapidly increasing. 

The Kunming-Montreal Global Biodiversity Framework, in its 
Target 6, aims to tackle the impacts of invasive alien species 
on biodiversity and ecosystem services, and to reduce 
the rate of introduction and establishment of invasive alien 
species by at least 50% by 2030. This is an ambitious target, 
especially when we consider the increasing levels of global 
trade and travel. 

The IPBES Assessment will provide the best available 
scientific knowledge to help countries and stakeholders 
understand and address this growing threat. It will identify 
tools and policy measures for identifying and regulating 
pathways of introduction and for eliminating or controlling 
invasive species that have already been established. Critically, 
the assessment will take into account different value systems 
and help to focus actions on priority species, pathways 
and sites.

Congratulations to IPBES for this critical work. I look forward 
to seeing its active use by Parties and stakeholders. I believe 
it will be a critical resource to facilitate the urgent actions 
necessary to achieve Target 6 and work towards living in 
harmony with nature. 

David Cooper
Acting Executive Secretary
Convention on Biological Diversity  
(CBD)
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W
e are indebted to the hundreds 
of experts, policymakers, and 
practitioners, including members 
of Indigenous Peoples and local 
communities, who generously 
contributed their time and 

knowledge as authors, fellows, review editors (all of them 
listed below) and contributing authors of the Assessment 
of Invasive Alien Species and their Control, as well as 
to the management committee who provided oversight 
and guidance to its development. The Assessment team 
has contributed thousands of hours of collaborative and 
voluntary work to provide the best available knowledge 
on invasive alien species and their control. We have all 
encountered various challenges, not least the COVID-19 
pandemic, throughout the assessment, but the dedication, 
determination and commitment of everyone involved has 
been outstanding.

Throughout our time working on the Assessment we have 
benefited enormously from the invaluable advice, dedication, 
and constructive contributions from the IPBES secretariat, 
particularly from the Executive Secretary, Anne Larigauderie, 
and from Simone Schiele, Bonnie Myers and Hien Ngo, the 
IPBES Chair, Ana María Hernández Salgar, representatives 
of member States, and the Multidisciplinary Expert Panel 
(MEP) and Bureau, especially members of the management 
committee, Eric Fokam, Shizuka Hashimoto, Rizwan Irshad, 
Ruslan Novitsky, Rashad Allahverdiyev, Vinod Bihari Mathur, 
and Youngbae Suh. We have been honored to work with 
such talented people. The Invasive Alien Species Assessment 
would not have been possible without the phenomenal 
contributions and excellent guidance of our technical support 
unit, headed by Naoki Amako and Noriko Moriwake and 
supported by Ryoko Kawakami and Tanara Renard Truong 
during the four years of its production. These colleagues 
went far beyond expectations, ensuring sustained quality 
while being thoughtful of and responsive to the needs of the 
assessment process and our many authors. Further, Tanara 
is listed as an author on both Chapter 1 and the summary 
for policymakers, recognizing her incredible contributions to 
the knowledge and information gathered. We are extremely 
appreciative of her insights and leadership. We also thank 
Tom August, Kate Randall and Maro Haas for their skillful and 
experienced work on data visualization and graphic design. 
We hugely appreciated the many contributions from Peter 
Bates who also facilitated collaboration with Indigenous 
Peoples and local communities. We thank the IPBES 
communications team for their outstanding work providing 
expert guidance, training and support through every stage of 
the Assessment, to ensure the widest outreach of the main 
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DEFINITIONS, CONCEPTS
AND THE CONTEXT OF 
THE ASSESSMENT

T
he thematic assessment of invasive alien 
species and their control produced by the 
Intergovernmental Science-Policy Platform 
on Biodiversity and Ecosystem Services 
(IPBES) critically evaluates evidence on 
biological invasions2 and the impacts of 

invasive alien species. In alignment with the United Nations 
Sustainable Development Goals and the Kunming-Montreal 
Global Biodiversity Framework adopted by the Conference 
of the Parties of the Convention on Biological Diversity, the 
assessment outlines key responses and policy options for 
prevention, early detection and effective control of invasive 
alien species and mitigation of their impacts in order to 
safeguard nature, nature’s contributions to people, and 
good quality of life. 

For the purposes of this assessment, the terms “native 
species”, “alien species”,3 “established alien species”, 
“invasive alien species”, “impacts”, “introduction pathways” 
and “drivers” are represented and defined in Figure SPM.1. 

The term “biological invasion” is used to describe the 
process involving the intentional or unintentional transport or 
movement of a species outside its natural range by human 
activities and its introduction to new regions, where it may 
become established and spread. 

Species introduced to new regions through human activities 
are termed alien species. Invasive alien species represent 
a subset of alien species, being animals, plants and other 
organisms known to have established and spread with 
negative impacts on biodiversity, local ecosystems and 
species. Many invasive alien species also have impacts 
on nature’s contributions to people (embodying different 
concepts such as ecosystem goods and services and 
nature’s gifts) and good quality of life.4 Some of the most 
problematic invasive alien species arrive through multiple 
introduction pathways and repeated introduction. 

2.	 This assessment acknowledges that national and local legislation to 
address biological invasions differ between countries and may include 
different definitions appropriate to specific national and local contexts.

3.	 Multiple alternative terms exist to refer to alien species.

4.	 Annex III to decision IPBES-4/1.

Invasive alien species are recognized as one of the five 
major direct drivers of change in nature globally, alongside 
land- and sea-use change, direct exploitation of organisms, 
climate change, and pollution.5 This assessment considers 
how biological invasions are facilitated by all those direct 
anthropogenic drivers, noting that interactions among 
invasive alien species can enable further biological 
invasions. The assessment also considers how biological 
invasions can be influenced by indirect drivers, as identified 
in the IPBES Global Assessment Report on Biodiversity 
and Ecosystem Services: these include demographic, 
economic, sociocultural and technological drivers, as well 
as those relating to institutions and governance. Finally, 
the assessment considers how biological invasions, and 
ultimately the impacts of invasive alien species, can be 
facilitated by natural drivers of change, in particular natural 
hazards (such as floods, storms and wildfires) and by 
biodiversity loss itself.

In the context of this assessment, management of 
biological invasions includes the development of decision 
support tools; prevention (supported by regulation) 
and preparedness planning and actions; eradication, 
containment and control of invasive alien species; site- and 
ecosystem-based management; and ecosystem restoration. 

Other important concepts associated with biological 
invasion are defined in the glossary of the assessment 
report. The conceptual basis underpinning the assessment, 
including the IPBES conceptual framework,6 and the 
methodology for reviewing literature are outlined in chapter 1 
of the assessment report.

5.	 IPBES (2019): The Global Assessment Report on Biodiversity and 
Ecosystem Services of the Intergovernmental Science-Policy Platform 
on Biodiversity and Ecosystem Services. Brondizio, E. S., Settele, 
J., Díaz, S. and Ngo, H. T. (eds.). IPBES secretariat, Bonn, Germany. 
https://doi.org/10.5281/zenodo.3831673 

6.	 The conceptual framework for the Intergovernmental Science-Policy 
Platform on Biodiversity and Ecosystem Services was approved by 
the Plenary in decision IPBES-2/4 (2013) and updated in decision 
IPBES-5/1 (2017).

https://doi.org/10.5281/zenodo.3831673
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Figure SPM	 1  �	 Key concepts within the biological invasion process.7

Invasive alien species are one of the main direct drivers of change in nature. The biological invasion process comprises the following 
stages: transport, introduction, establishment and spread (or dispersal). Definitions of native, alien, established alien and invasive alien 
species are provided. Indirect and other direct drivers of change facilitate biological invasion.

7.	 This assessment acknowledges that national and local legislation to 
address biological invasions differ between countries and may include 
different definitions appropriate to specific national and local contexts.

Biological invasion – a process that transports (moves) and introduces a species outside of its natural range, 
intentionally or unintentionally by human activities to new regions where it may become established and spread.“ ”

1. Transport – Human activities 
move a species, intentionally 
or unintentionally, through
introduction pathways 
beyond barriers that define
its natural range

2. Introduction – Arrival at a new location 
outside of its natural range through 
human activities

3. Establishment – Production of a viable, 
self-sustaining population

4. Spread – Dispersal 
and/or movement in a new
region or range

Invasive alien species – A subset of established 
alien species that spread and have a negative 
impact on biodiversity, local ecosystems and
species. Many invasive alien species also have 
impacts on nature’s contributions to people 
(embodying different concepts, such as 
ecosystem goods and services and nature's gifts)
and good quality of life

Introduction pathways – The many ways in which
species are moved from one location to another by 
human activities that give rise to an intentional
or unintentional introduction

Drivers – Factors that directly or indirectly cause 
changes to nature and may facilitate biological invasion

Negative impacts – Negative changes to nature, 
nature's contribution to people and/or good quality 
of life caused by invasive alien species

Biological 
invasion process 

Established alien species – A subset of alien 
species that have produced a viable, self-
sustaining population and may have spread

Alien species – A species whose presence in a 
region is attributable to human activities that have 
enabled it to overcome the barriers that define 
its natural range

Native species – A species (animal, plant or 
other organism) within its natural range, including 
shifting its range, without human involvement
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KEY
MESSAGES
A. Invasive alien species are a 
major threat to nature, nature’s 
contributions to people, and good 
quality of life

Alien species are being introduced by human 
activities to all regions and biomes of the 
world at unprecedented rates. Some become 
invasive, causing negative and in some cases 
irreversible impacts on nature, including loss 
of uniqueness of biological communities, 
contributing to the unparalleled degree of 
deterioration of the biosphere upon which 
humanity depends.

KM-A1  People and nature are threatened by 
invasive alien species in all regions of Earth 
{A1} (Figure SPM.2). More than 37,000 established 
alien species have been introduced by human activities 
across all regions and biomes of Earth, with new alien 
species presently being recorded at an unprecedented 
rate of approximately 200 annually. Studies with evidence 
of negative impacts exist for more than 3,500 of these 
species, which are categorized as invasive alien species. 
The proportion of established alien species known to be 
invasive varies among taxonomic groups, ranging from 
6 per cent of all alien plants to 22 per cent of all alien 
invertebrates. Twenty per cent of all impacts are reported 
from islands. A disproportionate number of documented 
negative impacts have been reported in terrestrial realms, 
especially in temperate and boreal forests and woodlands 
and cultivated areas (including agricultural land). About 
one quarter of documented negative impacts have been 
reported from aquatic realms, especially from inland surface 
waters/waterbodies and shelf ecosystems. In addition to 
their impacts on nature, about 16 per cent of invasive alien 
species have negative impacts on nature’s contributions to 
people, and about 7 per cent on good quality of life.

KM-A2  Invasive alien species cause dramatic and, 
in some cases, irreversible changes to biodiversity 
and ecosystems, resulting in adverse and complex 
outcomes across all regions of Earth, including 
local and global species extinctions {A2, A3} 
(Figure SPM.3). Invasive alien species have contributed 
solely or alongside other drivers to 60 per cent of recorded 

global extinctions, and are the only driver in 16 per cent of 
the documented global animal and plant extinctions. Biotic 
homogenization, whereby biological communities around the 
world become more similar, is a major negative impact of 
invasive alien species, with consequences for the structure 
and functioning of ecosystems. Changes in the properties 
of ecosystems, such as soil and water characteristics, 
account for more than a quarter of documented impacts. 
The magnitude and types of impacts vary for different 
invasive alien species and across ecosystems and regions. 
The majority of documented global extinctions attributed 
mainly to invasive alien species have occurred on islands 
(90 per cent), and local extinctions account for 9 per 
cent of documented impacts of invasive alien species on 
islands. Some areas, despite being protected for nature 
conservation or being remote, are also vulnerable to the 
negative impacts of invasive alien species.

KM-A3  The economy, food security, water 
security and human health are profoundly and 
negatively affected by invasive alien species {A4, 
A5} (Figure SPM.3). In 2019, global annual costs of 
biological invasions were estimated to exceed US$423 
billion. The vast majority of global costs (92 per cent) accrue 
from the negative impacts of invasive alien species on 
nature’s contributions to people or on good quality of life, 
while only 8 per cent of that sum is related to management 
expenditures of biological invasions. The benefits to people 
that some invasive alien species provide do not mitigate or 
undo their negative impacts, which include harm to human 
health (such as disease transmission), livelihoods, water 
security and food security, with reduction in food supply 
being by far the most frequently reported impact (more than 
66 per cent).

KM-A4  Invasive alien species can add to 
marginalization and inequity, including, in some 
contexts, gender- and age-differentiated impacts 
{A5, A6}. People with the greatest direct dependence 
on nature, including those involved in gender- and age-
specific activities, such as fishing or weeding, may be 
disproportionately affected by invasive alien species. 
More than 2,300 invasive alien species are found on lands 
managed, used and/or owned by Indigenous Peoples 
across all regions of Earth, threatening their quality of life 
and often leading to general feelings of despair, sadness 
and stress. Indigenous Peoples and local communities, 
ethnic minorities, migrants, and poor rural and urban 
communities are disproportionately impacted by invasive 
alien vector-borne diseases. Biological invasions negatively 
affect the autonomy, rights and cultural identities of 
Indigenous Peoples and local communities through the loss 
of traditional livelihoods and knowledge, reduced mobility 
and access to land, and increased labour to manage the 
invasive alien species. Impact reports by some Indigenous 
Peoples and local communities document 92 per cent 
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negative impacts and 8 per cent positive impacts on nature 
caused by invasive alien species.

KM-A5  Overall, policies and their implementation 
have been insufficient in managing biological 
invasions and preventing and controlling invasive 
alien species {A7, A8}. Up to 2020, only partial progress 
was made towards international goals and targets (e.g., 
Aichi Biodiversity Target 9 and Sustainable Development 
Goal Target 15.8). While most countries have targets related 
to the management of biological invasions within their 
national biodiversity strategies and action plans, effective 
policies are often lacking or inadequately implemented. 
Eighty-three per cent of countries do not have national 
legislation or regulations directed specifically toward the 
prevention and control of invasive alien species. Policy 
relevant to biological invasions is also fragmented within 
countries and across sectors. To date, capacity to respond 
to biological invasions has varied widely across regions, 
with nearly half of all countries (45 per cent) not investing 
in management of invasive alien species (SDG indicator 
15.8.1). Differences in perception, including conflicting 
interests and values, of the importance and urgency of 
the threat of invasive alien species, coupled with lack of 
awareness of the need for a collective and coordinated 
response, as well as gaps in data and knowledge, can 
hinder the management of invasive alien species. Economic 
development policies and those aiming to manage other 
drivers of change sometimes facilitate biological invasions. 
Demographic drivers also facilitate the introduction and 

spread of invasive alien species while acknowledging that 
drivers differ across regions and level of impact. The lack 
of border biosecurity (such as inspections undertaken by 
quarantine officers of commodities, goods and people) 
in one country weakens the efficacy of such measures in 
other countries.

B. Globally, invasive alien species 
and their impacts are increasing 
rapidly and are predicted to 
continue rising in the future

The threats from invasive alien species are 
increasing in all regions of Earth and are 
predicted to do so in the future. Even without 
the introduction of new species, existing 
populations of invasive alien species will 
continue spreading through all ecosystems. 
Amplification of and interactions among 
direct and indirect drivers of change will 
profoundly shape and exacerbate the future 
threats from invasive alien species.

KM-B1  Many human activities facilitate the 
transport, introduction, establishment and spread 
of invasive alien species {B9, B11, B12, B14} 
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(Figure SPM.5). Many invasive alien species have been 
intentionally introduced outside their natural range around 
the world for their perceived benefits without consideration 
or knowledge of their negative impacts, but there have 
also been many unintentional introductions, including as 
contaminants of traded goods and stowaways in shipments. 
Indirect drivers of change, particularly those associated 
with economic activities, of which international trade is the 
most important, are increasingly facilitating transport and 
introduction, the early stages of biological invasion. Direct 
drivers, particularly land- and sea-use change and climate 
change, are increasingly important later in the biological 
invasion process, facilitating the establishment and spread 
of invasive alien species, with fragmented ecosystems being 
more vulnerable to invasive alien species. Transport and 
utility infrastructures in terrestrial and aquatic environments 
can create corridors that facilitate the spread of invasive 
alien species, including into remote, undisturbed and 
protected areas. For some invasive alien species, the spread 
is immediate, but others only begin to spread long after 
first introduction, meaning that currently observed threats 
of invasive alien species can lead to underestimation of the 
magnitude of the future impact. Invasive alien species may 
increase in numbers after a long period at low density as 
a result of changes in interactions with other species, for 
example as a result of the introduction of a missing dispersal 
agent or the removal of a competitor.

KM-B2  The threats from invasive alien species are 
increasing markedly in all regions of Earth, with 
the current unparalleled high rate of introductions 
predicted to rise even higher in the future {B10} 
(Figure SPM.4). The number of alien species has been 
rising continuously for centuries in all regions, and the global 
economic costs of invasive alien species have quadrupled 
every decade since 1970. Even without the introduction 
of new species, already established alien species given 
the opportunity, may continue to expand their geographic 
ranges into new countries, regions and ecosystems, 
including remote environments. Under a “business-as-
usual” scenario, which assumes that trends of drivers will 
continue as observed in the past, by 2050 the total number 
of alien species globally is expected to be about one-third 
higher than in 2005. However, the number of alien species 
worldwide is expected to increase faster than predicted 
under the business-as-usual scenario.

KM-B3  The ongoing amplification of drivers of 
change in nature may substantially increase the 
number of invasive alien species and their impacts 
in the future {B9, B11, B12, B14}. The causal links 
between indirect and direct drivers imply that ongoing 
and future amplification of these drivers will increase the 
frequency and extent of biological invasions and the impacts 
of invasive alien species, which, in some cases, may 
exacerbate the impacts of other drivers. At a global scale, 

the number of invasive alien species and their negative 
impacts are likely to increase due to the amplification of 
multiple drivers including but not limited to demographic, 
economic and land-use and sea-use change while noting 
regional variation. Additionally, climate change will further 
exacerbate the establishment of some invasive alien species 
and will be a major cause of future establishment and 
spread. Delays in the response of invasive alien species 
to drivers of change may result in a long legacy of future 
biological invasions due to past and present amplification 
of drivers.

KM-B4  The magnitude of the future threat 
from invasive alien species is difficult to predict 
because of complex interactions and feedback 
among direct and indirect drivers of change in 
nature {B10, B13, B14}. Climate change interacting with 
land- and sea-use change is predicted to profoundly shape 
and amplify the future threat from invasive alien species. 
Interactions among climate change, land-use change 
and invasive alien species can alter and intensify natural 
disturbance regimes, such as wildfires. Variations in human 
perceptions and values add yet another level of complexity, 
as sociocultural drivers interact with other indirect drivers 
and influence direct drivers. Such interactions may lead to 
unprecedented numbers of invasive alien species, with the 
consequent amplification of their impacts.

C. Invasive alien species and their 
negative impacts can be prevented 
and mitigated through effective 
management

Curbing the rising number of invasive alien 
species and reducing their spread and 
impacts are achievable through management 
actions in the short as well as long term. 
There are many decision frameworks and 
approaches for supporting management of 
invasive alien species at all stages of the 
biological invasion process. Prevention is the 
best option, but early detection, eradication, 
containment and control are also effective in 
specific contexts. Management of biological 
invasions benefits from engagement with 
stakeholders and Indigenous Peoples and 
local communities.

KM-C1  The number and impacts of invasive alien 
species can be reduced through management of 
biological invasions {C15, C16, C17, C18, C22, 
C23} (Figure SPM.6, Table SPM.1). There are decision-
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making frameworks and tools for inclusively identifying and 
supporting management goals related to (a) management 
of pathways of introduction and spread of invasive alien 
species; (b) management of target invasive alien species 
at either local or landscape scales; and (c) site-based or 
ecosystem-based management. There are many sources 
of accessible literature and information, tools, and novel 
and emerging technologies, including biotechnology, 
bioinformatics, eDNA, remote sensing and data analytics, 
for supporting the management of biological invasions. 
Consideration of both potential benefits and risks of the 
management of biological invasions can improve outcomes. 
A risk assessment and a risk management framework 
in line with a precautionary approach, as appropriate, 
can be effective to guide management actions, including 
the use of novel and emerging and environmentally 
sound technologies. The success of any management 
programme depends on the availability of adequate, 
sustained resources, including for building capacity, which 
is sometimes lacking, especially in some developing 
countries. Multi-stakeholder engagement, including risk 
communication and context-specific application, can 
improve public acceptability and adoption of new tools and 
technologies for managing biological invasions.

KM-C2  Prevention and preparedness are the 
most cost-effective options and thus crucial for 
managing the threats from invasive alien species 
{C15, C17, C18}. Prevention can be achieved through 
pathway management, including strictly enforced import 

controls, pre-border, border and post-border biosecurity, 
and measures to address escape from confinement. 
Prevention is particularly critical in marine and connected 
water systems, where most attempts at eradicating or 
containing invasive alien species have mostly failed. 
Prevention has been particularly effective on islands. 
Preparedness includes border surveillance, early detection 
and rapid response planning, and is critical to reduce 
rates of establishment. Horizon scanning and risk analysis 
can support prevention and preparedness by prioritizing 
emerging invasive alien species. Sustained and adequate 
funding, capacity-building, technical and scientific 
cooperation, transfer of technology, monitoring, relevant 
and appropriate biosecurity legislation and enforcement, 
and quarantine and inspection facilities are necessary for 
effective prevention measures.

KM-C3  Eradication has been successful, 
especially for small and slow-spreading 
populations of invasive alien species in isolated 
ecosystems {C19}. Over the last 100 years, 88 per 
cent of eradication attempts on 998 islands have proven 
successful, especially for invasive alien vertebrates. 
Large-scale eradications have been achieved but in many 
cases are likely to be infeasible. There are also examples 
of eradication of invasive alien plants and invertebrates, 
particularly for those with limited distribution. Adoption of 
appropriate tools and technologies and involvement of 
relevant stakeholders underpin and improve the success of 
eradication programmes. Sustained investment is required 
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for eradication programmes but they are generally more 
cost-effective than long term and permanent control or the 
costs incurred through inaction.

KM-C4  Containment and control can be an 
effective option for invasive alien species that 
cannot be eradicated for various reasons from 
terrestrial and closed water systems, but most 
attempts in marine and connected water systems 
have been largely ineffective {C20}. Physical control 
alongside chemical control options in terrestrial and closed 
water systems are generally only effective at a local scale 
and can have non-target effects. Biological control can be 
applied for widely distributed invasive alien species and has 
been successful in managing some invasive alien plants, 
invertebrates and, to a lesser extent, plant pathogenic 
microbes and vertebrates, but it may also have non-target 
effects if not well regulated. International standards and 
risk-based regulatory frameworks for biological control have 
been used in many countries to manage risks, and continue 
to be successfully applied. Integrated management, where 
more than one containment or control option are used, can 
improve outcomes.

KM-C5  The recovery of ecosystem functions 
and nature’s contributions to people can be 
achieved through adaptive management, including 
ecosystem restoration in terrestrial and closed 
water systems {C21}. Management outcomes can be 
improved by the integration of site- and/or ecosystem-
based management options that enhance ecosystem 
function and resilience. Frequent long-term monitoring 
of sites ensures early detection of invasive alien species, 
including re-invasions, and can inform further management 
actions. In marine and connected water systems, 
ecosystem restoration has so far proved to be largely 
ineffective. Adaptive management, possibly combining 
multiple options, will improve management of biological 
invasions under ongoing climate and land-use change. 
Integrating site and/or ecosystem-based approaches can 
improve management outcomes of biological invasions and 
also enhance ecosystem functioning under ongoing climate 
and land-use change.

KM-C6  Engagement and collaboration with 
stakeholders and Indigenous Peoples and local 
communities improve outcomes of management 
actions for biological invasions {C23, C24}. Engaging 
stakeholders, including the private sector, and Indigenous 
Peoples and local communities in the collaborative 
management of biological invasions is important for social 
acceptability and improving environmental, social and 
economic outcomes, particularly where there are conflicting 
perceptions of the value of invasive alien species and the 
ethics of management options. Management actions also 
benefit from sharing and collaboration across knowledge 

systems. Recognizing Indigenous Peoples’ and local 
communities’ knowledge, rights and customary governance 
systems in accordance with national legislation also helps to 
improve long-term management. 

D. Ambitious progress to 
manage biological invasions8 
can be achieved with integrated 
governance

One of the greatest threats to biodiversity, 
invasive alien species can be overcome 
through a context-specific integrated 
governance approach to biological invasions, 
including well-resourced, coordinated and 
sustained strategic actions, with closer 
collaboration across sectors and countries. 
Managing biological invasions is realistic 
and achievable, with substantial benefits for 
nature and people. 

KM-D1  Through a complementary set of strategic 
actions, integrated governance can limit the global 
problem of invasive alien species throughout the 
biological invasion process and at local, national 
and regional scales {D25}. Strategic actions to prevent 
the introduction and impact of invasive alien species 
include: enhancing coordination and collaboration across 
international and regional mechanisms; developing and 
adopting effective and achievable national strategies; 
sharing efforts and commitment and understanding the 
specific role of all actors; improving policy coherence; 
broad engagement across all stakeholders and Indigenous 
Peoples and local communities; resourcing innovation, 
research and technology; and supporting information 
systems, infrastructures and data sharing. 

KM-D2  The threat of invasive alien species 
could be reduced with closer collaboration and 
coordination across sectors and countries to 
support the management of biological invasions 
{D26, D30} (Figure SPM.7). International, national 
and local agencies involved in developing policies for the 
environment, agriculture, aquaculture, fishing, forestry, 
horticulture, border control, shipping (including biofouling), 
tourism, trade (including online trade in animals, plants, and 
other organisms), community and regional development 
(including infrastructure), transportation and the health 
sector can all play a role in developing a coherent approach 

8.	 This assessment acknowledges that national and local legislation to 
address biological invasions differ between countries and may include 
different definitions appropriate to specific national and local contexts.
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to managing biological invasions and preventing and 
controlling invasive alien species. Enhancing coordination 
and collaboration across international and regional 
mechanisms is one of the key strategic actions for rapid 
and transformative progress. International and regional 
partnerships can improve management of biological 
invasions. Collaboration and co-development with 
Indigenous Peoples and local communities can increase the 
effectiveness of implemented strategies. 

KM-D3  The Kunming-Montreal Global Biodiversity 
Framework provides an opportunity for national 
governments to develop or update aspirational, 
ambitious and realistic approaches to prevent 
and control invasive alien species {D27, D28} 
(Figure SPM.7). Implementation-focused national 
biodiversity strategies and action plans can help to 
spur strategic actions and establish the properties of 
the governance systems required for the successful 
prevention and control of invasive alien species and the 
management of biological invasions, and work towards 
delivering Target 6. Coordinated efforts to strengthen 
national regulatory instruments are also priorities, including 
those for online trading and the creation of appropriate 
policies for the development and use of environmentally 
sound technologies, as well as making available data and 
information accessible. Market-based instruments such 
as tax relief and subsidization can be used to incentivize 
action and spur relevant investment. Sharing efforts and 
commitment, understanding the specific roles of all actors 
and encouraging engagement across sectors on prevention, 
control and environmental liability are integral to the effective 
management of biological invasions.

KM-D4  Preventing and controlling invasive alien 
species can strengthen the effectiveness of 
policies designed to respond to other threats to 
biodiversity and contribute to achieving several 
Sustainable Development Goals {D26, D33}. 
Awareness of the risks of biological invasions will contribute 
to the effective delivery of several of the Sustainable 
Development Goals, especially those addressing the 
conservation of marine biodiversity (Goal 14) and terrestrial 
biodiversity (Goal 15, including but not restricted to Target 
15.8), food security (Goal 2), sustainable economic growth 
(Goal 8) and sustainable cities (Goal 11), as well as climate 
change (Goal 13) and health and wellbeing (Goal 3). Existing 
collaborative and multisectoral approaches (e.g., One 
Health) could provide frameworks for cross-disciplinary 
thinking and could contribute to the management of 
biological invasions.

KM-D5  Open and interoperable information 
systems will improve the coordination and 
effectiveness of the management of biological 
invasions, within and across countries {D31, D32}. 

By delivering current data to relevant actors, information 
systems can facilitate the prioritization of actions and allow 
for early detection and rapid response. Information systems 
can also support improved governance and help develop 
indicators of biological invasions, which in turn feed into 
policy support tools. Collaboration between biological 
invasion experts and across knowledge systems in all 
regions, and enhancement of research capacity where 
needed, can improve data and information availability 
and the understanding of the context-specific features of 
biological invasions and their impacts.

KM-D6  Public awareness, commitment and 
engagement, and capacity-building, are crucial 
for the prevention and control of invasive alien 
species {D29, D31, D32} (Table SPM.2). Advances 
can be achieved through adequately and sustainably 
resourced public awareness campaigns, education, citizen 
science, and targeted investment in research innovation and 
environmentally sound technology. Public engagement with 
citizen science platforms and community-driven eradication 
campaigns can raise awareness and contribute to actions 
that reduce the threat of invasive alien species. This can also 
be aligned with efforts to share efforts and commitment and 
understand the specific roles of all actors. Communication 
strategies based on evidence can help to bring about 
community action on biological invasions by supporting the 
co-design of management actions, knowledge exchange 
and enhanced partnerships among stakeholders.

KM-D7  There is compelling evidence for 
immediate and sustained action to manage 
biological invasions and mitigate the negative 
impacts of invasive alien species {D32, D33} 
(Table SPM.2). With sufficient resources, political will and 
long-term commitment, preventing and controlling invasive 
alien species are attainable goals that will yield significant 
long-term benefits for people and nature. Increasing the 
availability and accessibility of information and means of 
implementation and addressing major knowledge gaps on 
biological invasions, particularly in developing countries, 
would result in more robust and effective policy instruments 
and management actions. Additional efforts and cooperation 
are particularly needed to improve data collection in Africa, 
Latin America and the Caribbean and Asia.
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BACKGROUND
A. Invasive alien species are a major threat to nature, 
nature’s contributions to people, and good quality of life

 A1 More than 37,000 established alien species, 
including more than 3,500 invasive alien species 
with documented impacts, have been recorded 
worldwide (well established) {2.1.4, 4.2}. Alien 
species (plants, animals, fungi and microorganisms, 
including pathogens) are being introduced globally at an 
unprecedented rate; currently, approximately 200 new alien 
species are recorded every year (well established) {2.2.1}. 
Invasive alien species represent a subset of alien species, 
consisting of those that have established and spread and 
are known to have a negative impact on nature and, in 
some cases, people (Figure SPM.1). Although their 
numbers are likely to be underestimated and expected to 
increase, to date 1,061 alien plants (6 per cent of all 
established alien plants), 1,852 alien invertebrates (22 per 
cent), 461 alien vertebrates (14 per cent) and 141 alien 
microbes (11 per cent) are known to be invasive globally 
(established but incomplete) {4.2}. Although some invasive 
alien species can provide benefits for people (e.g., through 
provision of food and fibre), those benefits do not mitigate 
or undo their negative impacts on nature, nature’s 
contributions to people, and good quality of life across all 
regions and taxa globally (well established) {1.3.4, 4.1.2, 
4.3, 4.4, 4.5}. In addition to their impacts on nature, about 
16 per cent of invasive alien species have negative impacts 
on nature’s contributions to people, and about 7 per cent 
on good quality of life (Figure SPM.2) (established but 
incomplete) {4.2}. Based on data and information included 
in this assessment, most impacts are reported in the 
Americas (34 per cent), Europe and Central Asia (31 per 
cent) and Asia-Pacific (25 per cent), with fewer reported in 
Africa (7 per cent) (established but incomplete) {4.2}. 
Twenty per cent of all impacts are reported from islands 
(established but incomplete) {4.2}. A disproportionate 
number of documented negative impacts have been 
reported from the terrestrial realm (75 per cent), especially 
temperate and boreal forests and woodlands and cultivated 
areas (including agricultural land) (established but 
incomplete) {Table 4.2}. About one quarter of the 
documented negative impacts have been reported from 
aquatic realms (freshwater: 14 per cent; marine: 10 per 
cent), especially from inland surface waters/waterbodies 
and shelf ecosystems (established but incomplete)  
{Table 4.2}.

 A2 Invasive alien species are a major direct driver 
of change, causing biodiversity loss, including local 

and global species extinctions (Figures SPM.2 
and 3) (well established) {4.3.1}. Invasive alien species 
have contributed solely or alongside other drivers of change 
to 60 per cent of recorded global animal and plant 
extinctions (established but incomplete) {Box 4.4, 4.3.1}, 
while invasive alien species are the only driver attributed to 
16 per cent of documented global extinctions (established 
but incomplete) {Box 4.4}. The majority of documented 
global extinctions (90 per cent) with invasive alien species as 
one of the major causes are reported from islands 
(established but incomplete) {Box 4.4}. At least 218 invasive 
alien species have caused 1,215 documented local 
extinctions of native species across all taxa (Figure SPM.3) 
(established but incomplete) {4.3.1}. Invasive alien species 
harm native species most often by changing ecosystem 
properties (27 per cent), for example soil and water 
characteristics, and through competition between species 
(24 per cent), predation (18 per cent) and herbivory (12 per 
cent) (established but incomplete) {4.3.1.3}. The majority of 
reports of the impacts of invasive alien species on native 
species document negative effects (85 per cent), primarily 
negatively impacting the growth, survival and reproduction 
of individuals, which lead to local population declines and 
local and global extinctions (well established) {4.3.1}. Some 
invasive alien species have a profound ecological impact 
that spans various levels, from individual species and 
communities to whole ecosystems, resulting in complex, 
undesirable and in some cases irreversible outcomes when 
the system has crossed a threshold beyond which 
ecosystem restoration is not possible (well established) {Box 
1.5, Box 4.12, 4.3.3}. For example, Castor canadensis 
(North American beaver) and Magallana gigas (Pacific 
oyster) change ecosystem properties by transforming 
habitats, with cascading effects on a myriad of native 
species (well established) {4.3.2.1, Box 4.11}. On Christmas 
Island, the arrival of the invasive alien Anoplolepis gracilipes 
(yellow crazy ant) caused the decline of the native Christmas 
Island Gecarcoidea natalis (red crabs), which resulted in the 
population explosion of the invasive alien Lissachatina fulica 
(giant African land snail) (well established) {3.3.5.1}. 
Increased biotic homogenization (or loss of uniqueness) of 
biological communities is a major negative impact of invasive 
alien species (well established) {1.3.4}. The magnitude of the 
negative impacts of invasive alien species on nature 
depends on the context, and the factors that determine the 
highest magnitudes of impact are not well understood 
(established but incomplete) {Box 4.9, 4.3.2.1, 4.7.1}. For 
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example, the ctenophore Mnemiopsis leidyi (sea walnut) has 
depleted zooplankton, the main food source of the anchovy, 
and consequently contributed to the collapse of anchovy 
populations in the Black Sea, but this has not occurred in 
the Mediterranean Sea, the Baltic Sea or the North Sea (well 
established) {4.3.2.3}. 

 A3 On islands, invasive alien species are a major 
cause of biodiversity loss (well established) {Box 
2.5, 4.3.1.1, Box 4.4}. Islands, and particularly remote 
islands with high endemism, are more susceptible to 
impacts from invasive alien species than mainlands (well 
established) {1.6.8, 4.3.1.1}. Indeed, in addition to the 

NATURE

NATURE'S
CONTRIBUTIONS

TO PEOPLE  

GOOD 
QUALITY OF 

LIFE 

Water hyacinth

Red fox

Red imported
fire ant 

Southern house
mosquito 

Sea walnut

Sea vase

Nile perch

Giant African
land snail 

Zebra mussel
IMPACTS

Chytrid 
fungus 

Lantana

Mesquite

Figure SPM	 2  �	 Examples of invasive alien species with a negative impact on nature (green), 
and, in some cases, nature’s contributions to people (yellow) and/or good 
quality of life (teal). 

Many invasive alien species have documented negative cross-cutting impacts, indicated by multiple colours in the examples: 
16 per cent of invasive alien species have a negative impact on both nature and nature’s contributions to people; 7 per cent on both 
nature and good quality of life; and 5 per cent on nature, nature’s contributions to people and good quality of life {4.2}. The scientific 
names of the example species are Lantana camara (lantana); Lates niloticus (Nile perch); Dreissena polymorpha (zebra mussel); Ciona 
intestinalis (sea vase); Lissachatina fulica (giant African land snail); Culex quinquefasciatus (southern house mosquito); Mnemiopsis 
leidyi (sea walnut); Pontederia crassipes (water hyacinth); Prosopis juliflora (mesquite); Solenopsis invicta (red imported fire ant); Vulpes 
vulpes (red fox); and Batrachochytrium dendrobatidis (chytrid fungus).
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majority of documented global extinctions attributed mainly 
to invasive alien species occurring on islands, local 
extinctions account for 9 per cent of documented impacts 
of invasive alien species on islands, in contrast to 4 per 
cent on mainlands (well established) {4.3.1.1}. For 
example, Boiga irregularis (brown tree snake) caused the 
global extinction of Myiagra freycineti (Guam flycatcher) 
and local extinction or serious population reduction for 
many other resident bird species in Guam (well 
established) {4.3.1}. Islands are also vulnerable to climate 
change, which can increase the rate of establishment and 
spread of many invasive alien species (well established) 
{Box 2.5}. Many invasive alien species on islands only 
occupy a small portion of their predicted range and are 
likely to expand further (established but incomplete) {Box 
2.5}. The number of alien plants exceeds the total number 
of native plants on more than one quarter of islands (well 
established) {Box 2.5}. Invasive alien species have been 
reported in areas protected for nature conservation, some 
remote areas (e.g., high mountains), and also in tundra and 
deserts, which emphasizes that these areas, despite being 
protected for nature conservation or remote, are also 
vulnerable to the negative impacts of invasive alien species 
(well established) {Box 2.4, 4.3.1.2, 4.3.2.1}. Fifty-three 
invasive alien species have caused the local extinctions of 
240 native species in protected areas globally (established 
but incomplete) {4.3.1.2}. The invasive alien Rattus rattus 
(black rat) has been documented as the only cause of the 
global extinction of Nesoryzomys darwini and 
Nesoryzomys indefessus (rice rats), which were endemic to 
the protected areas of the Galapagos Islands (well 
established) {4.3.1}.

 A4 Invasive alien species adversely affect the full 
range of nature’s contributions to people, imposing 
an economic burden (well established) {4.4.1}. 
Some alien species have been intentionally introduced for 
their benefits to people, often without consideration or 
knowledge of their negative impacts (well established) 
{3.3.1}. However, nearly 80 per cent of the documented 
impacts of invasive alien species on nature’s contributions to 
people are negative (well established) {4.4.1}. Reduction in 
food supply is by far the most frequently reported impact 
across all taxa and regions (well established) {4.4.1, 4.6.2}. 
In terrestrial systems, invasive alien plants are the taxonomic 
group most frequently reported as having a negative impact, 
particularly in cultivated areas and temperate and boreal 
forests (well established) {4.4.2.1}. For example, in north-
western Europe, Picea sitchensis (Sitka spruce) severely 
alters habitats such as coastal heathlands and mires, which 
are important habitats for threatened and endangered 
plants, birds and other species, and for local cultural 
heritage (well established) {4.3.2.1}. In coastal areas, 
invasive alien invertebrates are the most frequently reported 
taxonomic group with an impact on nature’s contributions to 
people, particularly provision of food (well established) 

{4.4.2.3}. For example, Carcinus maenas (European shore 
crab) has had an impact on commercial shellfish beds in 
New England and Canada, Asterias amurensis (northern 
Pacific seastar) and Ciona intestinalis (sea vase) have 
negatively affected mariculture and fisheries along the 
Korean coast, and Mytilopsis sallei (Caribbean false mussel) 
has displaced native clams and oysters that are locally 
important fishery resources in India (well established) 
{4.4.2.3}. In 2019, global annual costs of biological invasions 
were estimated to exceed US$423 billion, with variations 
across regions, but this is likely to be a gross underestimate 
(Figure SPM.3) (established but incomplete) {Box 4.13}. 
Ninety-two per cent of this cost is attributed to the damage 
that the invasive alien species have caused to nature’s 
contributions to people and good quality of life; only 8 per 
cent is related to the management expenditures for 
biological invasions (established but incomplete) {Box 4.13}. 
Economic benefits are often gained by a few people or 
sectors while costs, often long-term ones, are borne by 
many others (established but incomplete) 
{3.2.3.5, 4.2.1, 6.2.2(6)}.

 A5 Invasive alien species overwhelmingly 
undermine good quality of life (established but 
incomplete) {4.5, 4.6.3}. Invasive alien species can 
threaten livelihoods, water and food security, economies 
and human health (e.g., causing diseases, allergies and 
physical injuries) (Figure SPM.3) (well established) {4.5.1, 
4.5.1.3}, with 85 per cent of the documented impacts of 
invasive alien species on good quality of life being negative 
(Figure SPM.3) (well established) {4.5.1}. Invasive alien 
species can also serve as vectors for infectious zoonotic 
diseases that can lead to epidemics, such as malaria, 
dengue fever, chikungunya, Zika, yellow fever and West Nile 
fever, which are transmitted by invasive mosquito species 
(e.g., Aedes albopictus and Aedes aegyptii) (well 
established) {Box 1.14, 4.5.1.3}. Invasive alien plants can 
impact human health directly, particularly through the 
production of highly allergenic pollen, for example, Prosopis 
juliflora (mesquite) and Ambrosia artemisiifolia (common 
ragweed) (well established) {4.5.1.3}. Indigenous Peoples 
and local communities, ethnic minorities, migrants, poor 
rural and urban communities are disproportionately 
impacted by invasive alien vector-borne diseases 
(established but incomplete) {4.5.1}. Although there is 
limited research on the interplay between gender relations 
and invasive alien species (established but incomplete) 
{4.5.1, 4.7.2}, there is some evidence of inequities and 
marginalization in gender- and age-specific activities where 
invasive alien species impede access to natural resources 
or require management (established but incomplete) {4.5.1, 
5.2, 5.2.1, 5.5.5}. For example, in Lake Victoria artisanal 
fisheries mainly involving men have declined following the 
introduction, establishment and spread of the invasive alien 
plant Pontederia crassipes (water hyacinth), which has led 
to the depletion of tilapia (established but incomplete) 
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Invasive alien species have contributed 
solely or alongside other drivers of 
change to 60% of recorded global 

extinctions, of which 90% occurred 
on islandsa

Figure SPM	 3  �	 Extent of the problems caused by invasive alien species. 

Illustrative examples of the impacts of invasive alien species on native species (red; left column), on the economy (blue; centre column) 
and on good quality of life (yellow; right column). The top row illustrates the documented numbers of global and local extinctions of 
native species to which invasive alien species have contributed (left); the rate of increase in the economic cost of biological invasions 
per decade (centre); and the percentage of cases where the impact of invasive alien species on good quality of life is reported as 
negative (right). The map in the centre row shows the documented cumulative economic cost of invasive alien species per IPBES 
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subregion from 1970 to 2017. The case studies illustrate a variety of impacts of invasive alien species on both nature and good 
quality of life in different geographic regions, taxonomic groups and realms, but are not meant to be representative. The bottom row 
shows the taxonomic distribution (i.e., plants, invertebrates, vertebrates and microbes, including fungi) of the percentage of invasive 
alien species documented as causing local extinctions of native species (left); the estimated global annual average economic cost of 
biological invasions in billions of United States dollars (centre); and the percentage of the number of documented positive and negative 
impacts of invasive alien species on the constituents of good quality of life (i.e., freedom of choice, health, material and immaterial 
assets, safety, social and cultural relationships) (right). a: {4.3.1, Table 4.3}; b: {4.4.1, Box 4.13}; c: {4.5.1, Table 4.20}. The scientific 
names of the example species are Carcinus maenas (European shore crab); Batrachochytrium dendrobatidis (chytrid fungus); Carijoa 
riisei (branched pipe coral); Wasmannia auropunctata (little fire ant); Lates niloticus (Nile perch); Cenchrus ciliaris (buffel grass); Boiga 
irregularis (brown tree snake); and Reynoutria japonica (Japanese knotweed).

{4.5.1}. In East Africa, management of the invasive alien 
plant Opuntia spp. (prickly pear) requires repeated weeding 
by hand, which is often undertaken by women and children 
and has in many cases become their most time-consuming 
activity (established but incomplete) {5.5.5}. Invasive alien 
species may be introduced for economic development, for 
example through financing large-scale infrastructures (well 
established) {3.2.5, 3.3.1.3, 3.3.1.4, Box 3.11, 3.3.1.1, 
3.3.2.1.1}. In some cases, invasive alien species have been 
unintentionally transported and introduced through 
emergency relief and aid (e.g., seeds of the invasive alien 
plant Parthenium hysterophorus (parthenium weed) arrived 
with grain in aid shipments in several countries) (well 
established) {3.2.2.3}, increasing the risk of possible 
negative impacts on quality of life (established but 
incomplete) {4.5.1, 4.6.3}. 

 A6 Many invasive alien species have been 
documented on lands managed, used and/or 
owned by Indigenous Peoples and local 
communities (established but incomplete) {Box 2.6; 
4.6}. More than 2,300 invasive alien species have been 
documented on lands managed, used and/or owned by 
Indigenous Peoples, with some negatively affecting their 
quality of life and cultural identities. Indigenous lands in 
Oceania and North America have particularly high numbers 
of recorded invasive alien species (established but 
incomplete) {Box 2.6}. However, numbers of invasive alien 
species are, on average, consistently lower on Indigenous 
lands compared to other lands (established but incomplete) 
{Box 2.6}. Many Indigenous Peoples and local communities 
emphasize the inter-relatedness of the land, water and 
humans and other species, which can lead to a range of 
diverse perceptions of specific invasive alien species (well 
established) {1.6.7.1}. In some cases, Indigenous Peoples 
and local communities may consider an invasive alien 
species a valued part of their nature (established but 
incomplete) {1.6.7.1}. There are also examples where 
Indigenous Peoples and local communities have created 
new income sources by relying on invasive alien species 
(well established) {4.5.1, 4.6.2}, but that often occurs 
through necessity rather than choice. However, impact 
reports by some Indigenous Peoples and local communities 
document 68 per cent negative impacts and 32 per cent 

positive impacts on their good quality of life caused by 
invasive alien species (established but incomplete) {4.6.1, 
4.6.3.2, Table 4.33}. Indigenous Peoples and local 
communities often have a good understanding of how the 
complex interactions among drivers facilitate the 
introduction and spread of invasive alien species on their 
lands (established but incomplete) {3.2.3.6, Box 3.15}. For 
example, Indigenous Peoples and local communities 
recognize that the use of invasive alien species for food, 
fibre, income generation or medicinal purposes can cause 
negative impacts on nature’s contributions to people and 
their good quality of life (well established) {3.2.3.6, Box 3.6}, 
especially in situations where the native species they 
traditionally depended on for those benefits have declined 
(established but incomplete) {3.2.3.6; 3.2.5}. Impact reports 
by some Indigenous Peoples and local communities 
document 92 per cent negative impacts and 8 per cent 
positive impacts on nature caused by invasive alien species 
(established but incomplete) {Table 4.31}. Negative impact 
reports include water security and human and livestock 
health, as well as acknowledging that invasive alien species 
limit access to traditional lands, reduce mobility and require 
increased labour to manage (established but incomplete) 
{Box 4.9, 4.5.1, 4.5.1.4, 4.6.3.1, 4.6.3.2, 5.5.5}. Invasive 
alien species can also adversely affect the autonomy, rights 
and cultural identity of Indigenous Peoples and local 
communities (established but incomplete) {Box 4.15} 
through the loss of traditional livelihoods, knowledge and 
cultural practices (well established) {4.6.3.2}, often leading 
to general feelings of despair, sadness and stress 
(established but incomplete) {4.6.3.2}. 

 A7 Perceptions of the threat of invasive alien 
species can vary depending on different human 
perspectives (well established) {1.5.2}. Perceptions of 
specific invasive alien species and their value differ among 
and within stakeholder groups and Indigenous Peoples and 
local communities, as different community members can 
experience different impacts depending on gender, age, 
livelihood and a multitude of other factors (established but 
incomplete) {1.5.2, 1.6.7.1, 3.2.1, 5.6.1.2}. Value conflicts 
arise when invasive alien species are considered to be a 
major threat by some stakeholders and beneficial by others 
(well established) {5.6.1.2}. An invasive alien species may 
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have been intentionally introduced for a particular purpose, 
including to mitigate other drivers of change (well 
established) {Box 3.9}, but can have negative impacts on 
other sectors (well established) {3.3.1.1, 3.2.5, 5.6.1.2}. For 
example, introduced pigs are important culturally in Hawaii 
and are hunted for subsistence, ceremony and recreation, 
despite causing severe negative impacts by driving and 
maintaining the spread of invasive alien plants within 
Hawaiian rainforest (established but incomplete) {5.6.1.2}. 
Divergence of perceptions of invasive alien species can 
prevent effective decision-making and management 
(established but incomplete) {5.6.1.2, 6.2.2(9)}. The 
management of invasive alien species can, in some cases, 
raise multiple ethical debates about animal welfare and 
rights (well established) {1.5.3, 5.6.2.1, Box 6.13} (e.g., the 
challenges of effectively managing the biological invasion of 
Hippopotamus amphibius (African hippopotamus) in 
Colombia due to it being considered a charismatic species 
(established but incomplete) {5.4.3.1}).

 A8 Current policy instruments for biological 
invasions have led to only partial progress towards 
international Targets on invasive alien species, 
including Aichi Biodiversity Target 9 and 
Sustainable Development Goal Target 15.8 (well 
established) {6.1.2, 6.1.3}. Most countries (80 per cent, 
156 out of 196) have targets for the management of 
biological invasions within their national biodiversity 
strategies and action plans, 74 per cent (145) of which are 
aligned with Aichi Biodiversity Target 9 (well established) 
{6.1.2}. Assessment of the progress towards meeting Aichi 
Biodiversity Target 9 concluded that there was still a 
considerable gap between the development and adoption of 
invasive alien species policy and implementation at national 
levels (well established) {6.1.2}. Although the number of 
countries with national invasive alien species checklists, 
including databases, has more than doubled in the last 
decade (196 countries in 2022) (Table SPM.A3) {6.1.3}, 
83 per cent do not have national legislation or regulations 

Box SPM  1 	 Voluntary codes of conduct can complement legislation for managing the risks 
of transport and the introduction of invasive alien species through trade. 

Voluntary codes of conduct have limits, but they provide 
practical and concise guidance in establishing common 
standards of good practice and sustainable attitudes and 
behaviours for managing the risks of transport and the 

introduction of invasive alien species through trade. For 
example, awareness of horticulture as a major pathway 
for the introduction of many (46 per cent) invasive alien 
plants worldwide {3.2.3.2} has led to industry–government 
collaboration that has resulted in the implementation of 
voluntary codes of conduct for the horticultural industry, 
complementing legislation to ban the sales of invasive alien 
plants considered to be high risk {Box 6.6}. When designed in 
a collaborative manner, codes of conduct can help producers 
and consumers make informed choices. The adoption of 
voluntary codes of conduct can encourage e-commerce 
platforms to adopt better practices by screening their lists for 
invasive alien species, complying with relevant legislation and 
providing information on the species, including taxonomy, 
potential invasiveness and appropriate measures that a buyer 
could use to prevent escape. Codes of conduct have also been 
developed in Europe for other activities that can facilitate the 
introduction of invasive alien species, including boating, botanic 
gardens, horticulture, hunting, international travel, plantation 
forestry, pets, protected areas, e-commerce, recreational 
fishing, zoological gardens and aquaria. 

Published in 2013 by the Council of Europe, the European 

Code of Conduct for Botanic Gardens on Invasive Alien 

Species outlines voluntary principles for all botanic garden 
personnel to support them in protecting ecosystems from the 
impacts of invasive alien species. 

See: Heywood, V. H., & Sharrock, S. (2013). European Code 

of Conduct for Botanic Gardens on Invasive Alien Species. 

Council of Europe Publishing, F-67075 Strasbourg www.coe.
int/Biodiversity 

www.coe.int/Biodiversity
www.coe.int/Biodiversity
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specifically on invasive alien species (well established) 
{6.1.3}, which also increases the risk of biological invasions 
for neighbouring countries (well established) {6.3.2.1}. Only 
17 per cent of countries have national legislation for 
biological invasions, whereas an estimated 69 per cent have 
biological invasions-specific legislation as part of legislation 
in other sectors (well established) {6.1.2, 6.1.3}. Although 
many agribusinesses do not manage the risk of the plants 
they trade (established but incomplete) {5.6.2.1}, in some 
cases the business sector has developed voluntary codes of 
conduct in tandem with government regulations (Box 
SPM.1) (well established) {5.4.1, 6.3.1.4(4), Box 6.7}. It 
should be noted, however, that voluntary codes of conduct 
are intended to complement, not replace, obligations within 
national legislation that regulate activities that transport, sell 
or use alien species (well established) {6.3.1.4(4)}. The 

transport of invasive alien species along trade supply chains 
(e.g., in shipping containers) may be poorly managed and 
consequently may constitute a biosecurity risk (well 
established) {5.6.2.2}. There are many reasons for the 
limited adoption, implementation and efficacy of policy 
instruments, including varying capacity and resources 
across regions (well established) {6.2.2(7), 5.6.2.2} and lack 
of coordination, with unclear roles and responsibilities 
among government agencies, stakeholders and Indigenous 
Peoples and local communities (well established) {6.2.2(3), 
6.2.2(7), 6.2.3, 6.7.2.5}. Nearly half of all countries (45 per 
cent) do not invest in management of biological invasions 
(Sustainable Development Goal indicator 15.8.1) 
(established but incomplete) {6.1.3}. Lack of awareness of 
the need for collective and coordinated responses can also 
hinder implementation {6.1.1, 6.2.2(9)}.

B. Globally, invasive alien species and their impacts are 
increasing rapidly and are predicted to continue rising in 
the future

 B9 Intentionally or not, many human activities 
facilitate biological invasions globally (well 
established) {3.1.1, 3.2, 3.3, 3.4}. The transport and 
introduction of an invasive alien species can be intentional or 
unintentional, or in some cases both (well established) {3.2, 
3.3}. Historically, many invasive alien species have been 
intentionally introduced outside their natural range around 
the world for their perceived benefits to people, without 
consideration or knowledge of their negative impacts (well 
established) {3.2.1, 3.2.3, 3.3.1, 3.3.2}. For example, 
invasive alien species are often used in forestry, agriculture, 
horticulture, aquaculture and as pets (well established) 
{3.2.3.2, 3.3.1.1}.9 In the Mediterranean basin alone, more 
than 35 per cent of alien freshwater fish have arisen from 
aquaculture (well established) {3.3.1.1.1}. Invasive alien 
species have also been intentionally introduced for 
recreation and amenity (well established) {3.2.1, 3.2.3.3} 
and for soil stabilization (well established) {3.3.1.1.2, 3.3.1.6, 
3.3.4.6}. Many invasive alien species have also been 
introduced unintentionally, including as contaminants of soils 
and traded goods, stowaways in shipments (well 
established) {3.2.3.1, 3.2.3.2, 3.2.3.4}, stowaways in ballast 
water and sediments, and as biofouling organisms that 
attach themselves to ships’ hulls and other surfaces on 
vessels (well established) {3.2.3.1, 3.2.5, 3.3.2.3, Box 3.7}. 
Additionally, online trade in animals, plants and other 
organisms is contributing to the introduction of invasive alien 

9.	 IUCN. 2017. Guidance for interpretation of CBD categories on 
introduction pathways. Technical note prepared by IUCN for the 
European Commission. Available at: https://www.cbd.int/doc/
c/9d85/3bc5/d640f059d03acd717602cd76/sbstta-22-inf-09-en.pdf

species worldwide (well established) {2.1.2, 3.2.4.2}. 
Progressive degradation of nature, including from pollution 
and fragmentation of ecosystems, has facilitated the 
establishment and spread of invasive alien species (well 
established) {3.3.1.2, 3.3.1.3, 3.3.1.5, 3.3.1.6, 3.3.3}. 
Demographic drivers10 also facilitate the introduction and 
spread of invasive alien species, although it is acknowledged 
that drivers differ across regions (well established) {3.2.2}. In 
the last 50 years, the number of people in the world has 
more than doubled, consumption has tripled, and global 
trade has grown nearly tenfold, with shifting patterns across 
regions (well established) {3.1.1}. This acceleration of the 
world economy is increasing the rate and magnitude of 
many direct and indirect drivers, particularly those related to 
trade, travel and land- and sea-use change,11 leading to 
further biological invasions (well established) {3.1.1, 3.2.2}. 

 B10 The number of alien species is rising globally 
at unprecedented and increasing rates (Figure 
SPM.4) (well established) {2.2.1}. Thirty-seven per cent 
of all known alien species have been reported since 1970 

10.	Demographic drivers have been identified by the IPBES Global 
Assessment Report on Biodiversity and Ecosystem Services of 
the Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services as one of the indirect drivers of change in nature, 
as described in Table 3.1

11.	IPBES (2022). The Thematic Assessment Report on the Sustainable 
Use of Wild Species of the Intergovernmental Science-Policy Platform 
on Biodiversity and Ecosystem Services. Fromentin, J.M., Emery, 
M.R., Donaldson, J., Danner, M.C., Hallosserie, A., Kieling, D., 
Balachander, G., Barron, E.S., Chaudhary, R.P., Gasalla, M., Halmy, 
M., Hicks, C., Park, M.S., Parlee, B., Rice, J., Ticktin, T., and Tittensor, 
D. (eds.). IPBES secretariat, Bonn, Germany. https://doi.org/10.5281/
zenodo.6425599

https://www.cbd.int/doc/c/9d85/3bc5/d640f059d03acd717602cd76/sbstta-22-inf-09-en.pdf
https://www.cbd.int/doc/c/9d85/3bc5/d640f059d03acd717602cd76/sbstta-22-inf-09-en.pdf
https://doi.org/10.5281/zenodo.6425599
https://doi.org/10.5281/zenodo.6425599
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GLOBAL DISTRIBUTION OF ESTABLISHED ALIEN SPECIESA Established alien marine species

0 50 100 150 >200

0 >18,00012,0006,000

Established alien terrestrial and 
freshwater species

No data

Distributions of terrestrial data gaps

Few Many

TEMPORAL TRENDS IN THE NUMBER OF ESTABLISHED ALIEN SPECIES ACROSS TAXAB

0

500
1000

1500

2000

0

100

200

300

0
50

100
150
200
250

0

100

200

300

400

0

100

200

300

400

1500 1625 1750 1875 2015

0

100

200

300

1500 1625 1750 1875 2015
0

100

200

300

400

1500 1625 1750 1875 2015

0
1000
2000
3000
4000
5000

0
20
40
60
80

100
120

Mammals

A
LI

E
N

 S
P

E
C

IE
S

Birds Fishes

Africa

Americas

Asia and the Pacific

Europe and Central Asia

Insects Crustaceans Molluscs

Vascular plants

YEAR YEARYEAR

Algae Fungi

Figure SPM	 4 	 Global distribution and temporal trends in established alien species. 

(A) Total numbers of established alien species (terrestrial and freshwater) in the 18 IPBES subregions and marine ecoregions (marine) 
are indicated. White denotes missing information {2.2}. A gap analysis was conducted to identify data gaps for terrestrial regions, 
which are indicated in the inset {2.1.4, 2.2.3}. The data gap analysis could not be done for marine regions (white) and Antarctica 
(grey). (B) The temporal trends in the number of established alien species from 1500 to 2015 are shown for mammals, birds, fishes, 
insects, crustaceans, molluscs, vascular plants, algae and fungi, for the four IPBES regions {2.1.4, 2.4.1}. 

(Figure SPM.3) (established but incomplete) {2.2.1}. 
The number of alien species has been rising continuously for 
centuries in all regions (well established) {2.2.1} and is 
expected to continue increasing in the future (well 
established) {2.6.1}. Global exploration and colonialism 

beginning in 1500, with the associated movement of people 
and goods, and industrialization from 1850 resulted in the 
transport and introduction of alien species and were 
historically important. Increases in global trade since 1950 
have resulted in unprecedentedly high and increasing 
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numbers of alien species being introduced (Figure SPM.4). 
Some of these have become invasive (well established) {2.1, 
3.2.3}. Even without the introduction of new species, given 
the opportunity, many already-established alien species in a 
region may continue to expand their geographic ranges and 
spread into new countries and regions (well established) 
{2.6.1}, including into remote environments such as 
mountain, polar (i.e., Antarctica and the Arctic) and desert 
ecosystems (well established) {2.5.2.8, 2.5.2.7, Box 2.7, 
Box 3.11}. Under a “business-as-usual” scenario, which 
assumes the continuation of past trends in drivers, the total 
number of alien species is projected to further increase 
globally, and by 2050 is expected to be approximately 
36 per cent higher than in 2005 (established but incomplete) 
{2.6.1}. As trends in major drivers are predicted to 
accelerate in the future (well established) {3.1.1}, the 
number of alien species worldwide is expected to increase 
faster than predicted under the “business-as-usual” scenario 
(established but incomplete) {2.6.1}. There is a lack of 
quantified projections for invasive alien species under 
different scenarios (Table SPM.A1), which impedes a 
comparison of trends for alternative futures (well established) 
{2.6.5}. Projections of long-term trends for invasive alien 
species numbers are not available but they are expected to 
be similar to those for established alien species (established 
but incomplete) {2.2.1}. The documented global economic 
cost of biological invasions has increased fourfold every 
10 years since 1970 (Figure SPM.3) and is anticipated to 
continue rising (established but incomplete) {Box 4.13}.

 B11 The increase in the transport and introduction 
of invasive alien species worldwide is primarily 
influenced by economic drivers, especially the 
expansion of global trade and human travel 
(Figure SPM.5) (well established) {2.1.2, 3.1.1, 
3.2.3}. There has been a fivefold increase in the size of the 
global economy over the last 50 years (well established) 
{3.1.1}. International trade, which has increased nearly 
tenfold over the same period, represents the most important 
pathway through which invasive alien species are 
transported worldwide (Figure SPM.5) (well established) 
{3.1.1, 3.2.3.1}. There is a strong link between the volume 
of commodity imports and the number of invasive alien 
species in a region, and patterns in the global spread of 
species mirror shipping and air traffic networks (well 
established) {3.2.3.1}. The construction of shipping canals 
(e.g., Suez, Panama) has connected previously separated 
marine and freshwater regions, facilitating the spread of 
invasive alien species through species migration, ballast 
water transfers (Box SPM.2) and biofouling (well 
established) {3.2.3.1, 3.3.1.3}. For example, 150 years after 
the opening of the Suez Canal, marine alien species are still 
being newly recorded in the Mediterranean Sea (well 
established) {Box 3.7}. Biosecurity measures at international 
borders have not kept pace with the growing volume, 
diversity and origins of global trade (including e-trade) and 

travel (well established) {3.2.4.2, 3.2.3.4, 5.6.2.2}. Projected 
growth in international trade and the movement of people, 
including tourism, will lead to further pressure on border 
inspection regimes and could soon overwhelm the 
biosecurity capability of most countries (well established) 
{3.2.3.1, 6.3.1.4}.

 B12 Accelerated establishment and spread of 
invasive alien species within countries are 
primarily driven by direct drivers, notably changes 
in land- and sea-use (Figure SPM.5) (well 
established) {2.2.1, 3.3.1, 3.6.2}. Land- and sea-use 
changes may increase the vulnerability of natural 
ecosystems to the establishment and spread of invasive 
alien species through increasing fragmentation and habitat 
disturbance, for example by changing grazing, fire regimes, 
soil disturbance, or watershed flow (well established) 
{3.3.1.2, 3.3.1.5}. Transportation and utility infrastructures 
such as roads, tracks, railways, pipelines, canals and 
bridges, among others, can create corridors that facilitate 
the spread of invasive alien species, including into remote, 
undisturbed and protected areas (well established) {3.3.1.3, 
Box 2.7, Box 3.7}. Marine and aquatic infrastructure may 
alter seascapes and the functioning of marine ecosystems, 
facilitating the spread of invasive alien species (established 
but incomplete) {3.2.2.4, 3.3.1.4, 5.6.1.4}. The numbers of 
invasive alien species were reported to be 1.5 to 2.5 times 
higher on pontoons and pilings than on natural rocky reefs 
(established but incomplete) {3.3.1.4}. More generally, 
land-use change can facilitate biological invasions through 
alteration of processes that cause natural disturbance of 
landscapes, such as wildfire or grazing regimes (established 
but incomplete) {3.3.1.5}. In several regions of the world, 
grazing by feral alien ungulates (horses, camels, buffalo, 
pigs) facilitates the spread of invasive alien plants, 
sometimes through complex species interactions involving 
the suppression of native species and the facilitation of other 
alien species (well established) {3.3.1.5.1}. As a specific 
example, invasive alien ungulates (wild boar, deer) can 
transport invasive ectomycorrhizal (root associated 
symbiotic) fungi, which are beneficial for the establishment 
and spread of alien pine trees, over long distances, 
rendering habitats susceptible to pine invasion (well 
established) {Box 3.10}. Climate change, along with the 
continued intensification and expansion of land-use change 
may lead to future increases in the establishment and 
spread of invasive alien species in disturbed habitats and in 
nearby natural habitats (established but incomplete) {3.3.4}. 

 B13 No driver acts in isolation, and interactions 
among drivers are amplifying biological invasions, 
leading to outcomes that can be difficult to predict 
(well established) {2.6.1, 3.1.5, 3.5}. The outcomes of 
interactions among multiple drivers, including feedback, are 
complex and varied (well established) {1.3.3, 3.1.5, 3.5}. 
Some of the highest current rates and greatest magnitudes 
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of biological invasion occur where land-use change interacts 
with one or more additional drivers (established but 
incomplete) {3.5.1, 3.5.2, 3.5.3}. For example, interactions 
among land-use change, climate change and nutrient 
pollution have driven the introduction, establishment and 
spread of Pontederia crassipes (water hyacinth) across 
Africa (well established) {Box 3.12}. Extraction of natural 
resources is closely linked with major economic and 
demographic drivers and can lead to a range of wider 
ecosystem impacts, including habitat degradation and loss, 
which facilitates invasive alien species (well established) 
{3.3.2, 3.4.2}. Climate change is predicted to lead to major 
changes in land- and sea-use and, in some regions, in 
human migration patterns (established but incomplete) 
{3.3.4}, but also to more extreme events among natural 
drivers, such as droughts, floods, wildfires, tropical storms 

and oceanic storm waves (established but incomplete) 
{3.3.4.3}. Additionally, invasive alien plants, especially trees 
and grasses, can sometimes be highly flammable and 
therefore promote more intense and frequent fire regimes, 
causing increased risks to nature and people and increased 
carbon release into the atmosphere (well established) {Box 
1.4}. Climate change is also predicted to enhance the 
competitive ability of some invasive alien species and to 
extend areas suitable for them thus offering new 
opportunities for introductions and establishment 
(established but incomplete) {3.3.4}. Invasive alien species 
can facilitate the establishment and spread of other invasive 
alien species, resulting in positive feedback that increases 
impacts through a process known as “invasional meltdown” 
(well established) {3.3.5.1}. Biodiversity loss can reduce the 
resilience of ecosystems to invasive alien species, with 

Box SPM 2 	 The International Convention for the Control and Management of Ships’ 
Ballast Water and Sediments: an example of international collaboration to 
prevent biological invasions.

Many invasive alien species have been introduced to coastal 
and inland water ecosystems globally through ballast water 
discharges {3.2.3.1}. For example, following its introduction its 
introduction via ballast water discharge, Dreissena polymorpha 
(zebra mussel) has become widespread in the Great Lakes 
of North America {Box 2.9}. Dreissena polymorpha has been 
implicated in the transfer of botulinum toxin to higher trophic 
levels, which has been further 
facilitated by climate change, 
specifically by increased water 
temperatures, leading to mortality 
of waterfowl in the Great Lakes 
{Box 4.5}. Furthermore, the shells 
of Dreissena polymorpha can 
cause skin injuries to recreational 
swimmers and commercial fishers 
{Box 4.15}. The International 
Maritime Organization has 
developed an international 
instrument to address the transfer 
of harmful aquatic organisms 
and pathogens in ballast water 
of maritime vessels {5.5.1}. The 
International Convention for the 
Control and Management of Ships’ 
Ballast Water and Sediments 
was adopted by the International 
Maritime Organization in 2004 and 
came into force in 2017 {5.5.1}. 
It is the first international legally binding legislation requiring 
ships to manage their ballast water so that aquatic organisms 
and pathogens are eliminated before the ballast water is 
released in a new location {3.2.3.1, 5.5.1, 6.1.3, 6.31}. While 
the global efficacy of ballast water management cannot be 
assessed yet, there is evidence that it has reduced invasive 

alien species introductions in the Great Lakes of North America 
{5.5.1}: between 1959 and 2006, one new alien species was 
discovered every seven months, but there was an abrupt 
shift (85 per cent decline) in the number of newly established 
alien species following the implementation of the ballast water 
regulations by Canada and the United States of America in 
2006 and 2008 respectively {Box 2.9}.

Dreissena polymorpha (zebra mussel) was introduced through 
ballast water discharge in the Great Lakes of North America, 
causing a negative impact on nature, nature’s contributions to 
people, and good quality of life.
Photo credit:Thirdwavephoto, WM Commons - CC BY 4.0
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Figure SPM	 5 	 Relative importance of different drivers of change in nature in facilitating 
biological invasions across biomes per different stages of the biological invasion 
process (transport, introduction, establishment and spread), as determined 
through expert assessment, based on the evidence in chapter 3 {3.6.2}. 

These estimates are summarized across ecosystems and terrestrial biomes at the global scale. Drivers are classified according to the 
IPBES conceptual framework as direct or indirect drivers {3.1.3, Table 3.1}. Additionally, other drivers are included, namely biodiversity 
loss and natural drivers, as they can increase native ecosystem vulnerability or in other ways facilitate biological invasions {3.1.3}. 
Note that the role of invasive alien species as a driver refers to their role in facilitating other invasive alien species {3.3.5} and that 
this analysis focuses on the unintended consequences of policies, governance, institutions and technologies in facilitating biological 
invasions {3.2.4, 3.2.5}. The relative importance of drivers for each stage of the biological invasion process accounts for multiple, 
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subsequent feedback facilitating the establishment and 
spread of other invasive alien species (well established) 
{3.4.2}. Indirect drivers also interact with one another. For 
example, sociocultural changes may lead to increased rates 
of infrastructure development through urbanization, and 
these interactions may further influence the rate and 
magnitude of change in land- and sea-use and other direct 
drivers that may in turn facilitate biological invasions (well 
established) {3.2.1}. Feedback and non-linear relationships 
among interacting drivers are likely to be exacerbated with 
ongoing and concurrent amplification of drivers (established 
but incomplete) {3.1.1, 3.5, 3.6.3, Box 4.5}, potentially 
leading to numbers of invasive alien species never previously 
encountered (established but incomplete) {2.6.1}. 

 B14 Negative impacts of invasive alien species can 
occur long after first introduction, and currently 
observed threats from invasive alien species can 
lead to an underestimation of the magnitude of the 
future impact (well established) {1.4.4, 2.2.1}. There 
are often time lags in detection and reporting of newly 
introduced invasive alien species (well established) {2.2.1}. 
Some invasive alien species spread very rapidly, while others 
take longer to spread and fully occupy their potential ranges 
(well established) {2.2.1, 2.2.3}. For some invasive alien 
species, the impact is immediate and continues into the 
long-term (e.g., fast-spreading pathogens such as Zika virus 
and Batrachochytrium dendrobatidis (chytrid fungus), and 
fast-spreading predators such as lionfish), while for others 

there may be a considerable time lag, spanning decades in 
some cases, before the impact is apparent (e.g., many 
invasive alien trees) (well established) {1.5}. Such time lags 
can lead to people not perceiving the ongoing slow changes 
in their environment, including the impacts of invasive alien 
species (well established) {1.5.2}. There can also be 
significant time lags in the response of invasive alien species 
to various drivers because the underlying processes that 
facilitate biological invasions operate at varying temporal 
scales (short- to long-term) (well established) {1.5, 3.2.3.1, 
3.6.3}. Invasive alien species may increase in numbers after 
a long period at low density as a result of changes in 
interactions with other species, for example as a result of 
the introduction of a missing dispersal agent or the removal 
of a competitor (3.3.5.1). For example, in the western United 
States, the invasive alien Carcinus maenas (European shore 
crab) reduced the abundance of a native clam, releasing 
another alien species, Gemma gemma (the amethyst gem 
clam), from competition, allowing it to become 
superabundant and to spread, after having been locally 
distributed and at low abundance for over 50 years (well 
established) {3.3.5.1}. Patterns in the numbers of alien 
species seen today reflect the drivers of decades ago (i.e., 
invasion debt) (established but incomplete) {3.1.1, 3.1.5}. 
Consequently, past and ongoing amplification of drivers may 
lead to a long legacy of future invasive alien species as, for 
example, the number of new alien species that become 
invasive increases over time (i.e., invasion debt) (established 
but incomplete) {2.3.1.5, 3.1.5, 3.6.3}. 

C.	 Invasive alien species and their negative impacts can 
be prevented and mitigated through effective management

 C15 Management of invasive alien species has 
been successful in many contexts (Figure SPM.6, 
Table SPM.1) (well established) {5.5.1, 5.5.2, 5.5.3, 
5.5.4, 5.5.5, 5.5.6}. There are three options for preventing 
or reducing the number and negative impacts of invasive 
alien species:

	 Pathway management, based on the analysis of pre-
border, border and post-border risks, can prevent the 
movement and spread of invasive alien species through 
surveillance and the implementation of biosecurity 
response measures (well established) {5.3.1.1, 5.5.1, 
5.5.2}. 

	 Species-based management at a local or landscape 
level, which includes surveillance, early detection and 
rapid response, eradication, containment and widespread 
control (including biological control), and can be 
applied throughout the biological invasion process (well 
established) {5.3.1.2, 5.5.2, 5.5.3, 5.5.4, 5.5.5}. 

	 Site- or ecosystem-based management, which can 
both protect and restore native species and ecosystems 
(well established) {5.3.1.3, 5.5.6}.

The use of individual species-based and site-based 
approaches for the management of multiple invasive alien 

interacting, and non-additive effects of drivers, with differences in the overall importance of drivers across stages. While all drivers 
can potentially influence each biological invasion stage, indirect drivers, particularly those associated with economic growth, are more 
important in facilitating the transport and introduction stages {3.6.2}. In contrast, direct drivers, particularly land- and sea-use and 
climate change, are proportionally more important in facilitating the later stages of biological invasion {3.6.2}. 
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species has been both successful and cost-effective 
for terrestrial and closed water systems, especially in 
biogeographically isolated areas such as small islands 
and lakes (well established) {5.3.1, 5.3.2, 5.5.4}. While 

some management approaches can be applied at multiple 
scales across terrestrial and closed water systems (well 
established) {5.1.1, 5.3.1.4.}, pathway management (e.g., 
ballast water and biofouling; Box SPM.2) is by far the 
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Figure SPM	 6 	 Conceptual diagram of management–invasion continuum. 

Management objectives panels A and B show the generalized invasion curve without management and the expected changes 
in the trajectory of the invasion curve with appropriate management actions in (A) terrestrial and closed water systems (including 
lakes and coastal systems such as salt marshes) and (B) marine and connected water systems (including rivers). Post-establishment 
management actions (such as containment and control) are not shown in panel B as they are generally not achievable in such 
systems. In a management context, the first detection (introduction point), lag phase and exponential spread phase are important 
points at which to implement an early detection and rapid response management plan. This figure is conceptual, and the curves do 
not represent actual population dynamics of invasive alien species. In the Management target panels, the white boxes indicate 
the optimal management options at each stage of the biological invasion process. The colour gradient of the managing pathway, 
managing species, managing site and managing ecosystem boxes show how the relative importance of each changes as a biological 
invasion progresses (managing ecosystems is not applicable in marine and connected water systems). In the Actions to achieve 
objective panels, the white boxes indicate the typical management actions needed to achieve each management objective. 
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Prevention and 
preparedness

Horizon scanning

Import controls and border 
biosecurity

Pathway management

Risk analysis

Early detection Surveillance

Diagnostics

Eradication Physical eradicationª

Chemical eradicationª

Adaptive management

Containment  
and control

Physical controlª

Chemical controlª

Biological controlª

Adaptive management

Ecosystem 
restoration

Adaptive management

Public 
understanding

Public engagement

Column values

High Medium Low

Hashed boxes indicate a low level
of confidence in the assessment

Crossed boxes indicate no data was
available to perform an assessment

Table SPM	 1 	 Objectives and actions for managing biological invasions. 

Objectives and actions for managing biological invasions within terrestrial and closed water systems or marine and connected 
water systems and the level (high, medium, low) of their (a) current availability (availability of target-specific tools for implementing 
management); (b) ease of use (ease of implementation or specialist or technological expertise to implement); and (c) effectiveness 
(likely long-term efficacy and outcomes of implementation). Hashed boxes indicate responses with a low level of confidence 
and crossed boxes indicate there was no data available to perform an assessment. Actions are aligned with Figure SPM.6 and 
encompass pathway management, species-, site- and ecosystem-based management targets. All management approaches may 
have non-target impacts, as indicated by superscript a.
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most effective option for managing biological invasions in 
marine and connected water systems, and can be achieved 
by enhanced international and regional cooperation (well 
established) {5.5.1, 6.3.2.2}. 

 C16 There are effective decision-making 
frameworks and tools that can support 
management of biological invasions (Table SPM.1) 
(well established) {5.2.1, 5.2.2}. Frameworks and tools 
have been developed based on evidence from practice, 
science and other knowledge systems, including those of 
Indigenous Peoples and local communities. These can 
underpin impact assessment, monitoring and prioritization of 
intentional and unintentional introduction pathways, species 
and sites for the successful management of biological 
invasions (well established) {5.2.2}. Although many 
knowledge and data gaps exist (Table SPM.A1), the tools 
enable management actions to proceed under a risk 
assessment and risk management framework in line with a 
precautionary approach, as appropriate, using inclusive 
decision-making that leads to the review of all the measures 
(well established) {5.2.2.1, 5.2.2.3, 5.2.2.4, 5.3.3, 6.4.1}. 
Decision-making may be challenged by multiple sources of 
uncertainty, such as projections in other drivers of change, 
which can be recognized, quantified and documented to 
contextualize decisions (well established) {5.6.2.5}. Many 
sources of accessible literature and information (including 
open-access data), analytical tools and other types of 
knowledge can be used to support decision-making for all 
countries, which could lead to coordinated management 
outcomes globally (Table SPM.A3) (established but 
incomplete) {6.6.1.5}.

 C17 Preventing the introduction of invasive alien 
species is the most cost-effective management 
option (Figure SPM.6) (well established) {5.5.1}. 
Prevention measures through pathway management, 
including strictly enforced pre-border quarantine, import 
controls and border biosecurity, have increased interception 
rates and slowed the rate of invasive alien species arriving 
and establishing globally (well established) {5.4.3.1, 5.5.1}. 
For example, in Australasia, the number of interceptions of 
Halyomorpha halys (brown marmorated stink bug), 
recognized as a major threat in the agricultural sector, have 
declined following implementation of a systems-based 
pathway management approach (well established) {5.5.1}. 
Measures to address escape from confinement are also 
necessary (established but incomplete) {5.3.1.1}. It is, 
however, difficult to prevent further natural dispersal of 
invasive alien species from a previously invaded range (well 
established) {5.5.1, Box 1.6}. Prevention is important on 
islands and in ecosystems where eradication poses 
significant technical challenges (well established) {5.3.2}. 
Effective prevention measures depend on adequate and 
sustained funding, capacity-building, technical and scientific 
cooperation, transfer of technology, monitoring, and relevant 

and appropriate biosecurity legislation and enforcement, 
which is supported by strong infrastructure, quarantine and 
inspection facilities, including diagnostic support services 
(well established) {5.4.2, 5.6.2, 5.6.2.2, 5.7}. Risk 
assessment could be used by businesses to engage 
different sectors in the prevention and management of 
biological invasions (established but incomplete) {5.6.2.1}. 
Adoption of regulated species lists with explicit prohibition of 
or permission for the importing of specific alien species, 
underpinned by risk analysis, has been an effective 
prevention strategy (well established) {5.6.2.1, 6.3.1.4}. It is 
estimated that nearly 70 per cent of marine invasive alien 
species established worldwide were introduced via 
biofouling (established but incomplete) {5.5.1}.

 C18 When prevention fails or is not possible, 
preparedness, early detection and rapid response 
are effective at reducing rates of invasive alien 
species establishment in terrestrial and closed 
water systems, and critical for marine and 
connected water systems (well established) {5.4.2, 
5.5.1, 5.5.3, 5.5.2, 5.6.3.3}. Horizon scanning and risk 
analysis are examples of the many decision-support tools 
used to identify and prioritize emerging invasive alien 
species to support preparedness (well established) {5.2}. 
Such tools can inform the development of rapid response 
plans in advance of an incursion to guide action effectively 
following the detection of priority invasive alien species (well 
established) {5.2.2.1.a, 5.2.2.1.b, 5.5.1}. Early detection of 
invasive alien species can enable rapid intervention to 
contain and eradicate invasive alien species before they 
spread (well established) {5.1.1, 5.3.1.1, 5.5.2}. General 
surveillance strategies (e.g., through citizen science, sentinel 
sites, and remote sensing) for detecting new invasive alien 
species can also underpin effective preparedness 
(established but incomplete) {5.3.1.1, 5.4.2.1.a, 5.4.2.2.a, 
5.5.2, Box 6.20}. For example, in Africa, Asia and Latin 
America, the PlantwisePlus programme assists smallholder 
farmers with the identification of pests and damaged crops, 
contributing to early detection of invasive alien species 
outbreaks (well established) {5.5.2}. 

 C19 Eradication has been successful and cost-
effective for some invasive alien species, 
especially when their populations are small and 
slow-spreading in isolated ecosystems such as 
islands (established but incomplete) {5.5.3}. Over the 
last 100 years, there have been 1,550 documented 
examples of eradication on 998 islands, with success cited 
in 88 per cent of cases (well established) {5.5.3}. One of the 
many examples is French Polynesia, where Rattus rattus 
(black rat), Felis catus (cat), Oryctolagus cuniculus (rabbit) 
and Capra hircus (goat) have been successfully eradicated 
(well established) {Box 5.8}. Eradication of invasive alien 
plants is particularly difficult because of the longevity of 
dormant seeds that can persist in soil (i.e., soil seed bank), 
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although there are examples of successful eradication of 
invasive alien plant species with limited distributions (well 
established) {5.5.3}. Also, rapid response to incursions, 
detected early, of some invertebrates have been successful, 
for example, eradication of Solenopsis invicta (red imported 
fire ant) in New Zealand (well established) {Box 5.14}. There 
are examples of larger-scale eradications, such as Ondatra 
zibethicus (muskrat) and Myocastor coypus (coypu) from the 
United Kingdom (well established) {5.5.3}. However, 
large-scale eradications are difficult and unlikely to be 
feasible in many cases (well established) {5.5.3}. In addition 
to the extent of the area invaded, the success of eradication 
programmes depends on the support and engagement of 
relevant stakeholders and Indigenous Peoples and local 
communities (well established) {5.4.2.2.a, 5.5.3, 5.6.2.1, 
5.6.2.2}. Eradication programmes are aided by a rapid flow 
of information on the extent and location of invasive alien 
species, which can be provided by people who live nearby 
(well established) {5.4.2.2.a, 5.5.3}. Evidence suggests that 
there have been no fully successful eradication programmes 
for established invasive alien species in marine ecosystems 
(well established) {5.5.3}. While eradication programmes can 
only be achieved with access to upfront cost, they are 
generally cheaper than long-term and permanent control 
cost and impacts (well established) {5.5.3}.

 C20 When eradication is not possible for different 
reasons, invasive alien species can be contained 
and controlled, particularly in terrestrial and closed 
water systems (well established) {5.4.3, 5.4.4, 
5.5.4, 5.5.5}. There are many examples of successful 
containment and control of invasive alien species in 
terrestrial and closed water systems and aquaculture (e.g., 
containment of Styela clava (Asian tunicate) invading the 
aqua-cultured blue mussel in Canada) (well established) 
{5.5.4}, but most attempts in marine and open water 
ecosystems have been largely ineffective (established but 
incomplete) {5.5.4, 5.5.5}. Containment of invasive alien 
species can be achieved with physical, chemical and 
biological control actions or in combination (Table SPM.1) 
(well established) {5.4.3.2, 5.5.4}. Physical and chemical 

control options are mostly effective at a local scale but can 
also be effective at larger scales; these control options are 
limited by labour costs and generally provide short-term 
suppression but not sustained control (well established) 
{5.4.3.2.a}. Furthermore, chemical control may have 
non-target impacts, needs to be implemented under 
regulatory compliance requirements and has decreasing 
societal acceptability (well established) {5.4.3.2.b}. Biological 
control has been very effective in controlling some invasive 
alien plants, invertebrates and, to a lesser extent, plant 
microbes and a few invasive alien vertebrates, but it may 
have non-target impacts if not well regulated (well 
established) {5.5.5.3}. To reduce the risks of unintended 
consequences, including non-target impacts, from biological 
control, international standards and risk-based regulatory 
frameworks (developed under the International Plant 
Protection Convention) have been applied and continue to 
be effective across many countries (well established) {5.5.2}. 
The use of biological control for invasive alien plants and 
invertebrates has been successful in more than 60 per cent 
of documented cases (Box SPM.3), with one third of the 
alien plant species requiring no further form of control, while 
also leading to benefits to biodiversity and ecosystem 
resilience (well established) {5.5.5.3}. Classical biological 
control to suppress invasive alien species populations at 
landscape scales has been effectively practised for more 
than 100 years (well established) {5.5.5.3}. 

 C21 Adaptive management, including ecosystem 
restoration, can improve the management of 
invasive alien species and support the recovery of 
nature’s contributions to people in terrestrial and 
closed water systems (well established) {5.3.3, 
5.4.4.3a, 5.5.6, 5.7}. The integration of site- and/or 
ecosystem-based management, including ecosystem 
restoration, can improve management outcomes, enhancing 
ecosystem function and resilience to environmental change, 
including future invasive alien species, especially under 
climate and land-use change (Box SPM.4) (well 
established) {5.3.1, 5.3.2, 5.4.3, 5.5.6, 5.6.1.3}. The 
success of any applied adaptive site- or ecosystem-based 

Box SPM 3 	 Classical biological control of Mikania micrantha (bitter vine): an example of 
effective suppression of a widespread invasive alien species.

Classical biological control uses host-specific natural enemies 
(biological control agents) of invasive alien species (target) to 
suppress and control such species. Mikania micrantha (bitter 
vine), a native species of Central and South America, is one of 
the highest-impact fast-growing {2.5.2.1} invasive alien plants 
within the agricultural systems and natural and planted forests 
of the Asia-Pacific region {Box 5.21}, affecting the livelihoods of 
farmers and rural communities, including women {4.5.1, 4.6.1}. 

In the native range of Mikania micrantha, a rust fungus (Puccinia 

spegazzinii) specific to this invasive alien plant causes necrosis of 
leaves and cankers on the stem and petioles {Box 5.21}. Starting 
in 2006, Puccinia spegazzinii was introduced as a classical 
biological control agent and established in five countries in the 
Asia-Pacific region, where it has provided effective control of 
Mikania micrantha {Box 5.21}. However, in India the rust fungus 
failed to survive in the field following introduction {Box 5.21}.
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management approach, including ecosystem restoration, 
depends on long-term monitoring to assess management 
efficacy using ecological and social indicators (established 
but incomplete) {5.5.2, 6.6.3}. Long-term monitoring of sites 
ensures early detection of new introductions, reintroductions 
and re-emergence of invasive alien species (e.g., from a 
seed bank that includes invasive alien plants) and can inform 
further management actions (well established) {5.4.3.3.b, 
5.5.6}. However, most studies failed to quantify the 
effectiveness of ecosystem restoration since they failed to 
measure the initial status of native vegetation. This has led 
to inconsistent conclusions regarding the best invasive alien 
plant control option which may lead to the most effective 
ecosystem restoration {5.4.3.3b; 5.5.6}. Regarding 
freshwater ecosystems, monitoring biodiversity using 
macroinvertebrate-based indices is a widely used method 
globally. However, knowledge is lacking on how invasive 
alien species may affect the metric scores and therefore 
classification of a river’s status (established but incomplete) 
{5.6.2.3}. In marine and connected water systems, 
ecosystem restoration has so far proved to be largely 
ineffective because the systems are open, leading to 
difficulties in implementing and evaluating management 
actions (established but incomplete) {5.5.6, 5.6.1.1}.

 C22 Tools and technologies increase efficiencies 
when managing biological invasions and controlling 
invasive alien species, with many new options 
emerging (established but incomplete) {5.4}. The 
development of tools and technologies ranging from 
biotechnology to bioinformatics and data analytics is ongoing 
for managing pathways, surveillance and detection, rapid 
response and eradication, local containment and control of 
widespread invasive alien species (well established) {5.4.1, 
5.4.2, 5.4.3}. eDNA-based approaches have been used for 
detection and identification of invasive alien, mostly aquatic, 
species such as Orconectes rusticus (rusty crayfish) (well 
established) {5.4.2.1}. New approaches can be integrated 
with existing management actions to support site- and 

ecosystem-based management and restoration (established 
but incomplete) {5.4}. Multi-stakeholder engagement, 
including risk communication and context-specific 
application of approaches through local communities, can 
improve public acceptability and adoption of new tools and 
technologies for managing biological invasions and the 
control of invasive alien species (well established) {5.2.1, 
5.4.3, 5.6.2.1, 6.4.1}. Potential benefits and risks of novel 
technologies can be assessed using a risk assessment and 
risk management framework in line with a precautionary 
approach, as appropriate (well established) {5.4.3.2.f}. Using 
this framework in consultation with regulators, stakeholders 
and Indigenous Peoples and local communities can limit the 
potential for unintended consequences (well established) 
{5.4.3.2}. However, most countries do not have the 
regulatory frameworks and/or technical capabilities needed 
to guide and support development and implementation of 
new tools and technologies (established but incomplete) 
{5.4.3.2, 6.3.3.4}. Access to modern tools and technologies 
and the ability to utilize them can be limited, particularly in 
developing countries, meaning greater capacity-building is 
required and improved technical and scientific cooperation 
(well established) {5.6.2.4, 6.7.2.7}.

 C23 Stakeholder engagement, capacity-building 
and sustained resourcing are critical to the 
success of adaptive management (well established) 
{5.2.1, 5.6.2.1, 5.6.2.2, 5.6.2.4, 6.4.1, 6.5.3, 6.5.6, 
6.5.7}. Access to adequate and sustained financial and 
other resources, including international funding to support 
developing countries, underpins and improves the 
effectiveness of actions for long-term management of 
biological invasions, including eradication, control and 
ongoing monitoring, by, for example, providing access to 
modern tools and enhancing capacity to deploy them (well 
established) {5.3.1, 5.5.7, 5.6.2.1, 5.6.2.2, 5.6.2.4, 6.5, 
6.5.7}. Engagement by all stakeholders, governments and 
the private sector helps to optimize management of 
biological invasions in terms of economic, environmental 

Box SPM 4 	 Working for Water programme: an example of management of invasive alien 
species leading to recovery of nature’s contributions to people.

Control of widespread invasive alien species requires sustained, 
large-scale efforts but can lead to improvement in the provision 
of a range of nature’s contributions to people {Box 5.19}. 
Certain invasive alien plants, such as shrubs and trees, can 
reduce water availability, especially in scenarios of increasing 
drought caused by climate change {Box 5.4}. In South Africa, 
the Working for Water programme, an Expanded Public 
Works Programme, was introduced in 1995 and targeted 
historically disadvantaged communities, primarily women, 
youth and disabled people, creating jobs to reduce poverty 
nationally through the removal of widespread woody invasive 

alien species threatening water conservation {Box 5.19}. The 
programme generated 20,000 jobs per year over the first 
15 years and has helped to improve nature’s contributions 
to people by improving water security {Box 5.19}. It has 
contributed to rural development by providing training in 
entrepreneurial and management skills while encouraging a 
sense of community and dignity among workers, especially 
women. The Working for Water programme shows how 
partnerships with rural communities to manage invasive 
alien species can bring both ecological and social benefits 
{Box 5.19}.
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and social outcomes, particularly when resources are limited 
(well established) {5.2.1, 6.5.1}. Societal support is 
important for eradication and control of some invasive alien 
species, particularly vertebrates, for which there are ethical 
considerations {5.3.1.4, 5.4.3.2, 5.6.2.1}. A lack of 
stakeholder participation in adaptive management can lead 
to negative consequences for good quality of life, especially 
for Indigenous Peoples and local communities who have 
adapted by using invasive alien species, that include loss of 
livelihoods, marginalization and/or gender inequity (well 
established) {Box 4.18, 5.2.1, 5.4.3.3.a, 5.5.3, 5.6.1.2, 
6.4.1}. The involvement of all stakeholders can be achieved 
by using an adaptive co-management approach to the 
process, from decision-making to the implementation of 
management actions (well established) {5.4.3.3.a, 5.6.2.5}. 
Adaptive co-management includes capacity-building; 
co-creation, co-design, co-development and co-
implementation; social learning; and broad partnerships 
(established but incomplete) {5.7, 6.4.2, 6.4.3.2, 6.4.4}. 
Collaboratively addressing the management of biological 
invasions around which there are conflicting values among 
different sectors, stakeholders and Indigenous Peoples and 
local communities is a significant global policy challenge 
(well established) {5.6.1.2}.

 C24 The knowledge, practices, values and 
customary governance systems of Indigenous 
Peoples and local communities can improve 
management outcomes (established but 
incomplete) {5.2.1, 5.5.2, 5.5.4, 5.5.5, 5.6.1.2, 
6.4.3}. Many communities successfully manage invasive 
alien species on their lands (established but incomplete) 
{Box 5.6, 5.5.2, 5.5.4, 5.5.5}, leading to increases in 
nature’s contributions to people (Box SPM.4) (established 
but incomplete) {5.5.4, 5.5.5}. Consultation with 
Indigenous Peoples and local communities, through their 
free, prior and informed consent, by applying co-design 
principles for decision-making and actions helps to ensure 
efficacy of management outcomes at the local level 
(established but incomplete) {5.2.1, 6.4.3}. Co-delivered 
biocultural management plans based on shared scientific, 
technical and Indigenous and local knowledge systems 
have assisted surveillance and detection, eradication, 
containment and control of invasive alien species 
(established but incomplete) {5.5.3, 5.6.1.2, 6.4.3.2}. Such 
co-governance structures improve quality of life for 
Indigenous Peoples and local communities (established 
but incomplete) {6.4.3}.

D.	 Ambitious progress to manage biological invasions can 
be achieved with integrated governance

 D25 Management of biological invasions and 
prevention and control of invasive alien species 
can be achieved through a context-specific 
integrated governance approach with a set of 
complementary strategic actions (Figure SPM.7) 
(established but incomplete) {6.2.3, 6.7.1, 6.7.2, 
6.7.3}. Integrated governance for biological invasions 
consists of establishing the relationships between the roles 
of actors, institutions and instruments. This involves all those 
elements of the interactions between people and nature that 
act on biological invasion and their management, in order to 
identify the strategic interventions needed to improve 
outcomes of prevention and control of invasive alien species 
{Box 6.5}. A context-specific integrated governance 
approach provides flexibility for countries to identify which 
strategic actions should be prioritized and can help in 
managing trade-offs and policy conflicts and in avoiding 
unintended policy consequences and inefficient expenditure 
(established but incomplete) {6.2.3, 6.7.1}. Strategic actions 
to prevent the introduction and impact of invasive alien 
species include:

1.	 Enhance coordination and collaboration across 
international and regional mechanisms (established but 
incomplete) {6.2.3.4, 6.7.2.1}; 

2.	 Develop and adopt effective and achievable national 
implementation strategies (well established) {6.2.3.2, 
6.3.3.1, 6.7.2.3};

3.	 Share efforts and commitments and understanding 
of the specific roles of all actors (established but 
incomplete) {6.7.2.5};

4.	 Improve policy coherence (well established) {6.3.1.1, 
6.3.2, 6.3.3.1, 6.7.2.2};

5.	 Engage broadly across governmental sectors, industry, 
the scientific community, Indigenous Peoples and local 
communities and the wider public (established but 
incomplete) {6.4.2, 6.4.3, 6.7.2.4};

6.	 Support, fund and mobilize resources for innovation, 
research and environmentally sound technology 
(established but incomplete) {6.3.3.4, 6.7.2.7};

7.	 Support information systems, infrastructures and data 
sharing (established but incomplete) {6.6.2.3, 6.7.2.6}.

Effective implementation, robustness of relevant institutions, 
responsiveness and equitability are key properties of 
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Integrated governance of 
biological invasions
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that support integration
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implementation
strategies
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that maintain
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changing
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implementation
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institutions affected
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for the problem

Figure SPM	 7 	 Integrated governance of biological invasions.

A context-specific integrated governance approach to biological invasions is enabled by a governance system with properties that 
support integration, and a set of strategic actions that together are designed to bring about the progress needed to meet national 
and international goals and targets for biological invasions. Integrated governance is rooted in four essential properties of governance 
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systems (tree roots) that support the strategic actions (branches) to be achieved. Together, the properties and actions will bring 
about the step change needed for effective and sustainable management of biological invasions. Integrated governance for biological 
invasions reinforces the enabling conditions identified as necessary to fulfil the 2030 mission of the Kunming-Montreal Global 
Biodiversity Framework. An integrated governance approach activates specific strategic actions that promote transformative change 
to meet the goals of preventing and controlling biological invasions.

The strategic actions are:

1.	 Enhance coordination and collaboration across international and regional mechanisms.

2.	 Develop and adopt effective and achievable national implementation strategies.

3.	 Share efforts, commitments and understanding of the specific roles of all actors.

4.	 Improve policy coherence.

5.	 Engage broadly across governmental sectors, industry, the scientific community, Indigenous Peoples and local communities and 
the wider public.

6.	 Support, fund and mobilize resources for innovation, research and environmentally sound technology.

7.	 Support information systems, infrastructures and data sharing.

The proposed strategic actions are enabled when the system-wide properties of governance (roots) are robust, equitable and 
inclusive, responsive and focused on effective implementation. The numbers on the branches do not imply a ranking.

governance systems that enable integrated governance 
(Figure SPM.7), while the importance of context-
appropriate solutions is acknowledged (established but 
incomplete) {6.2.3, 6.7.3}. 

 D26 One of the most effective ways to manage 
biological invasions is to develop coherent policy 
instruments that reinforce strategic actions across 
sectors and scales (established but incomplete) 
{6.3.1, 6.3.2, 6.5.4}. Many policy instruments aimed at 
preventing the introduction of invasive alien species have 
been adopted, including multilateral agreements, national 
laws, multi-level regulations and voluntary codes of conduct 
(well established) {6.1.2, 6.3.1}. They have jointly 
contributed to reducing the impacts of invasive alien species 
on nature, nature’s contributions to people, and good quality 
of life (established but incomplete) {5.5.1, 6.1.3}. The work 
under various relevant international organizations, 
partnerships and multilateral environmental agreements 
(e.g., the Convention on Biological Diversity, the World Trade 
Organization, the International Maritime Organization, the 
International Plant Protection Convention, the World 
Organisation for Animal Health, the Convention on the 
Conservation of Migratory Species of Wild Animals and the 
Convention on International Trade in Endangered Species of 
Wild Fauna and Flora) is not adequately aligned to address 
the problem posed by invasive alien species (well 
established) {6.3.1.3, 6.3.1.4}. Enhanced coordination and 
collaboration across international and regional mechanisms 
are key strategic actions for rapid and transformative 
progress (established but incomplete) {6.7.2.1} and could 
help international, national and local agencies that 
implement policies for the environment, agriculture, 
aquaculture, fishing, forestry, horticulture, border control, 

tourism and trade (e.g., in wildlife, but also including online 
trade in other animals, plants and other organisms), 
community and regional development (including 
infrastructure), transportation and health deliver a coherent 
approach to biological invasions (well established) {6.3.1.1}. 
Such coordination and collaboration efforts would consider 
the trade-offs across sectors {6.3.1.1(2), 6.3.1.3}, 
stakeholders and Indigenous Peoples and local communities 
{1.5.1}, and the interdependence between invasive alien 
species and other drivers (established but incomplete) 
{3.1.1, 3.1.5, 6.2.3.2, 6.7.2.2}. Collaborative, multisectoral 
and transdisciplinary approaches (such as One Health) 
provide frameworks to prevent and control invasive alien 
species by strengthening the interconnections between the 
human, animal, plant and environmental health sectors, 
including biosecurity (e.g., as outlined in the One Biosecurity 
framework among others) (established but incomplete) 
{1.6.7.2, 6.3.1, 6.7.2.2}.

 D27 National-scale strategies and action plans are 
instrumental to successfully managing biological 
invasions as part of a context-specific integrated 
governance approach (well established) {6.2.3.2, 
6.3.2.1, 6.7.2.3}. The national strategies and action plans 
could be developed or updated to align with and implement 
the Kunming-Montreal Global Biodiversity Framework, 
particularly Target 6, as well as other relevant international 
guidelines for sustainable development, through aspirational, 
ambitious and realistic approaches (well established) {6.1.2, 
6.2.3.2, 6.3.2.1, 6.6.3, 6.7.2.3}. Coordinated efforts to 
strengthen national regulatory instruments, including for the 
regulation of online trade {6.3.1.4(3)}, are key to reducing 
the transport and introduction of invasive alien species 
(established but incomplete) {6.3.1.1, 6.7.2.1}. Voluntary 
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codes of conduct (Box SPM.1) have limitations but they 
can be a valuable part of integrated systems to reduce the 
risk of biological invasions, when in line with relevant 
international obligations and national legislations (established 
but incomplete) {6.3.1.4(4)}. Adequately designed and 
implemented national biodiversity strategies and action 
plans are instruments to help manage biological invasions 
and mitigate the impacts of invasive alien species 
(established but incomplete) {6.1.2, 6.3.3.1}. Implementation 
of strategies could be accelerated by measuring and 
monitoring resourcing of actions, implementation processes, 
outputs and outcomes of policy management (established 
but incomplete) {Table 6.5, Box 6.3, 6.6.3}, which could also 
create a conducive policy environment for the utilization of 
environmentally sound technologies (established but 
incomplete) {6.3.3.4}. 

 D28 Long-term commitment and resourcing from 
governments and institutions will support the 
implementation of strategic actions to underpin the 
integrated governance of biological invasions 
(established but incomplete) {6.2.3.2, 6.5.1, 6.5.3, 
6.5.7}. With adequate levels of sustained investment and 
resources (Table SPM.2), including support to developing 
countries {6.5.7}, specific options that address the gaps and 
inconsistencies in current policy instruments and 
coordination can be implemented over appropriate 
timeframes (established but incomplete) {6.7.2.2, 6.7.2.3}. 
Regulatory and market-based instruments such as tax relief 
and subsidization can be used to incentivize action on and 
investment in prevention and control of invasive alien species 
(established but incomplete) {6.3.1, 6.5.1, 6.5.2}, especially 
when responsibility for the burden of biological invasions, 
including environmental liability, is shared (Figure SPM.7). 
These instruments may be non-market mechanisms or 
voluntary codes of conduct (Box SPM.1) {6.3.1.4}, 
transparent and conducive regulatory settings for new 
technologies {6.3.3.4, 6.7.2.7}, information-sharing {6.6.2, 
6.7.3}, product labelling {6.3.1.4} or direct regulatory 
intervention {6.3.3.1, 6.3.3.3}. Regulations could be enforced 
with economic penalties and tariffs (established but 
incomplete) {6.5.1, 6.5.2}. However, taxation incentives, 
international standards and cost-sharing mechanisms are 
generally the preferable policy instruments for encouraging 
entities to participate in prevention and control activities 
(established but incomplete) {5.6.2.1, 6.5.1, 6.5.2, 6.5.4, 
6.5.5, 6.5.6}. Efforts to overcome the asymmetries and 
differences in resource capacity among stakeholders and the 
potential unequal burden and responsibilities of addressing 
the causes and impacts of invasive alien species can be 
embedded in policies (established but incomplete) {6.2.3.3, 
6.4.4.3}. Cost-benefit and “willingness to pay” analyses and 
stakeholder consultation can support the development of 
national policies to assist in justifying the use of public 
resources and developing the most appropriate incentives 
(established but incomplete) {5.2.2.1.i, 6.2.3.1(2), 6.2.3.4}.

 D29 Public awareness and engagement contribute 
to the effective management of biological 
invasions (well established) {5.6.2.1, 6.2.2(9), 
6.3.1.4, 6.4.1, 6.6.2.1, 6.7}. Public understanding of the 
risks associated with invasive alien species is particularly 
important for preventing new introductions (well 
established) {6.2.2(9), 6.4.1}. Increased understanding of 
possible biological invasions and the negative impacts of 
invasive alien species can be achieved through public 
awareness campaigns {Box 6.11, 6.7.2.5}, education 
across all age groups {6.7.2.4} and citizen science 
(established but incomplete) {5.4.2.2.a, 6.6.2.1}. 
Engagement of the general public via citizen science 
platforms, awareness campaigns and community-driven 
eradication campaigns also contributes to establishing 
shared responsibilities for managing biological invasions 
(established but incomplete) {6.7.2.5}. Surveillance for 
detecting invasive alien species through citizen science and 
social media provides broader security by empowering and 
engaging the public (established but incomplete) {5.4.2.1.a, 
5.4.2.2.a, 6.6.2.1}. Communication is an effective tool for 
inspiring collective action to monitor and control invasive 
alien species {6.2.3.1(4), 6.2.3.4, 6.4.4.4} by supporting the 
co-design of management actions, knowledge exchange 
and enhanced partnerships among stakeholders and 
researchers (established but incomplete) {6.2.3.3, 6.4.4.3}. 
It can also enable alignment of resource managers’ 
responses with national plans and policy priorities (well 
established) {6.3.1.3, 6.3.2.1}. An effective communications 
strategy considers the most appropriate timing, media and 
channels/interfaces for the target audience (established but 
incomplete) {Box 6.13, 6.6.2.6}. 

 D30 Indigenous Peoples and local communities 
have invaluable knowledge systems that could 
contribute to addressing biological invasions 
(established but incomplete) {Box 4.18, 5.5.3, 5.5.4, 
6.4.3.2}, yet their lack of land tenure and access 
rights can limit the extent to which they are able to 
take action (well established) {3.2.5, 6.4.3.1}. 
Indigenous Peoples and local communities can be partners 
in co-developing policies and strategies to address 
biological invasions while giving consideration to the 
challenge of conflicting perceptions and values in order to 
achieve consensus on management actions (established but 
incomplete) {5.6.1.2, 6.2.3.3, 6.4.3.1}. Participation of 
Indigenous Peoples and local communities can be 
enhanced with sufficient legal, political and financial support 
(well established) {6.4.3, Box 6.16}. Successful strategies 
respect the knowledge, priorities and rights of Indigenous 
Peoples and local communities, including customary 
governance systems, in accordance with national legislation 
(established but incomplete) {5.1.3, 5.2.1, 5.6.2, 6.4.3}. In 
cases where the impact of invasive alien species on the 
quality of life of Indigenous Peoples and local communities is 
unavoidable, those communities need ongoing support and 
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adequate resources to respond to the challenges of living 
with invasive alien species (established but incomplete) 
{1.6.7.2, 6.2.3.2, 6.2.3.5}.

 D31 Open and interoperable information systems, 
supported by international cooperation, play a 
critical role in tackling biological invasions 
(established but incomplete) {6.2.3.1(3), 6.6.2.2, 
6.7.2.6}. Strengthening existing open information systems 
can facilitate the management of biological invasions, 
including prioritization of actions, early detection and rapid 
response, and can improve the effectiveness of regulations 
(established but incomplete) {5.4.1, 6.6.2.3}. Open 
information systems can substantially reduce the costs of 

management by ensuring targeted and appropriate 
responses, avoiding duplication of efforts and facilitating the 
evaluation of the effectiveness of policy instruments using 
indicators (Table SPM.2) (well established) {6.6.2.4, 
6.6.2.6, 6.6.3}. The “rate of invasive alien species 
establishment” headline indicator adopted for monitoring 
progress towards Target 6 of the Kunming-Montreal Global 
Biodiversity Framework provides opportunities to build on 
existing indicators of biological invasions (Table SPM.A1) 
{6.6.3}. Collaboration and networking among stakeholders 
and governments can ensure equitable knowledge access 
(established but incomplete) {6.2.3.3, 6.2.3.4} and improve 
understanding of the context-specific features of biological 
invasions. It can also improve the availability of data and 

Table SPM	 2 	 Options for strengthening the governance of biological invasions at national, 
regional and global scales. 

Indication of the duration of investment needed to implement different options. The contribution of each of these options, together 
forming integrated governance, are given in Figure SPM.7. This table presents concrete options for action. 

Governance 
purpose

Options Duration of 
investment needed

Coordination and 
resourcing

Enhance multilateral coordination and collaboration to support the integrated 
governance of biological invasions

Engage broadly across affected and responsible parties

Build capacity to enable strategic actions

Policy Share efforts, commitments and understanding of the specific roles of all 

Strengthen compatibility of relevant regulatory instruments

Use national strategy and planning for invasive alien species to achieve policy 
implementation

Support, fund and mobilize resources for innovation, research and 
environmentally sound technology

Support information systems, infrastructures and open and equitable access to 
information on invasive alien species

Research, 
information,  
and technology

Invest in information systems for invasive alien species for information-sharing 
within and across countries

Maintain up-to-date information on necessary and enabling indicators

Monitor policy and management effectiveness and resourcing levels

Develop new solutions through research and technology

Short Periodic Ongoing
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knowledge across geographic regions, habitats and 
taxonomic groups and reduce the wide variation in response 
capability (established but incomplete) {6.2.3.3, 6.4.1, 
6.7.2.6}. Through citizen science, information systems have 
the potential to engage people, raise awareness and 
increase the availability of data (established but 
incomplete) {6.6.2.1}.

 D32 Existing evidence of the magnitude and extent 
of the impacts of invasive alien species supports 
immediate, strategic and sustained action to 
successfully address biological invasions (well 
established) {1.1, 2.2, 3.6.3, 4.3.1, 4.4.1, 4.5.1, 
5.6.2.5, 6.7.2}. The available data and knowledge 
reviewed for this assessment vary across regions, units of 
analyses, taxonomic groups and time because of language 
barriers, lack of targeted policies and legislation, lack of 
resources, uneven research capacity, data accessibility and 
other factors (Table SPM.A1), contributing to gaps in data 
and knowledge (well established) {2.7, 3.6.1, Box 3.12, Box 
3.13, 4.7.2, 6.6, Table 6.10}. Nonetheless, filling knowledge 
and data gaps, particularly at local scales, can bring about 
important improvements in the cost-effectiveness and 
success of prevention and management actions (well 
established) {6.6.1, 6.6.2}. For example, it would be 
particularly beneficial to increase the availability of 
information on invasive alien invertebrates and 
microorganisms; improve knowledge of the impacts of 
invasive alien species in parts of Africa, Central Asia and 
Latin America; gain a better understanding of the role of 
indirect and interacting drivers; develop management 
options for invasive microorganisms and marine species; 
and establish the effectiveness of different policy instruments 
(established but incomplete) (see Table SPM.A1 for a 
comprehensive presentation of knowledge gaps). Enhancing 
research capacity in some regions and collaboration 
between biological invasion experts in the developed and 

developing world and across knowledge systems could 
improve data and information availability as well as 
understanding of the context-specific features of invasive 
alien species and their impacts (established but incomplete) 
{6.2.4, 6.6.1.1(3)}. With political will, strategic long-term 
commitment and sufficient resources, management of 
biological invasions is an attainable goal (well established) 
{Boxes 5.2, 5.4, 5.5, 5.6, 5.7, 5.8, 5.9, 5.11, 5.12, 5.14, 
5.15, 5.16, 5.17, 5.19, 5.21, 6.7.3}.

 D33 Successfully addressing biological invasions 
can also strengthen the effectiveness of policies 
designed to respond to other drivers (established 
but incomplete) {5.6.1.3, 6.3, 6.7.2.2}. Mitigating the 
risks of invasive alien species will contribute to the effective 
delivery of the 2030 Agenda for Sustainable Development, 
including the Sustainable Development Goals, especially 
those addressing the conservation of marine (Goal 14) and 
terrestrial biodiversity (Goal 15 including, but not restricted 
to, Target 15.8), food security (Goal 2), sustainable 
economic growth (Goal 8), sustainable cities (Goal 11), 
climate change (Goal 13), and good health and well-being 
(Goal 3) (established but incomplete) {6.7}. An integrated 
governance approach that acknowledges the interactions 
between invasive alien species and other drivers, including 
climate change, direct exploitation of natural resources, 
pollution and land- and sea-use, alongside human, animal 
and plant health, can identify where to best direct policy 
alignment and mutually supportive efforts (established but 
incomplete) {3.1.5, 6.2.4, 6.7.2.1, 6.7.2.2, 6.7.2.5}. 
Evidence-based policy planning can reflect the 
interconnectedness of the drivers so that efforts to solve one 
problem do not exacerbate the magnitude of others and 
may even have multiple benefits (established but 
incomplete) {3.2.5, Box 3.9, 5.6.1.3, 6.2.4, 6.3.1.1(1), 
6.7.2.2}. 
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APPENDIX 1 
Communication of the degree 
of confidence

Figure SPM A  1  	The four-box model for the qualitative communication of confidence. 

Confidence increases towards the top-right corner, as suggested by the increasing strength of shading. Source: IPBES (2016).12 
Further details of the approach are documented in the IPBES Guide on the Production of Assessments.13
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QUANTITY AND QUALITY OF EVIDENCE

Low LowRobust

High High

In this assessment, the degree of confidence in each main 
finding is based on the quantity and quality of evidence 
and the level of agreement regarding that evidence (Figure 
SPM.A1). 

12.	IPBES (2016): Summary for Policymakers of the Assessment Report on 
Pollinators, Pollination and Food Production of the Intergovernmental 
Science-Policy Platform on Biodiversity and Ecosystem Services. Potts, 
S.G., Imperatriz-Fonseca, V. L., Ngo, H. T., Biesmeijer, J. C., Breeze, T. D., 
Dicks, L. V., Garibaldi, L. A., Hill, R., Settele, J., Vanbergen, A. J., Aizen, M. 
A., Cunningham, S. A., Eardley, C., Freitas, B. M., Gallai, N., Kevan, P. G., 
Kovács-Hostyánszki, A., Kwapong, P. K., Li, J., Li, X., Martins, D.J., Nates-
Parra, G., Pettis, J.S., Rader, R. and Viana, B.F. (eds.). IPBES secretariat, 
Bonn, Germany. http://doi.org/10.5281/zenodo.2616458.

13.	IPBES (2018): IPBES Guide on the Production of Assessments. Secretariat 
of the Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services, Bonn, Germany. Available at: https://ipbes.net/guide-
production-assessments.

The evidence includes data, theory, models and expert 
judgement. 

	 Well established: there is a comprehensive meta-
analysis or other synthesis or multiple independent 
studies that agree.

	 Established but incomplete: there is general 
agreement, although only a limited number of studies 
exist; there is no comprehensive synthesis, and/or the 
studies that exist address the question imprecisely.

	 Unresolved: multiple independent studies exist but 
their conclusions do not agree.

	 Inconclusive: there is limited evidence and a 
recognition of major knowledge gaps.

http://doi.org/10.5281/zenodo.2616458
https://ipbes.net/guide-production-assessments
https://ipbes.net/guide-production-assessments
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APPENDIX 2
Synthesis of knowledge  
and data gaps

CATEGORY GAP IMPLEMENTATION 
CHALLENGE

POTENTIAL GAIN
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Gaps in  
biomes, units 
of analysis and 
species groups

Incomplete or lack of inventories of invasive alien species in marine, 
tropical and Arctic ecosystems {2.5.2.1, 2.5.2.4, 2.5.2.5, 2.5.4}

Incomplete or lack of inventories of invasive alien microorganisms 
and invertebrates {2.3.1.11, 2.3.3.3}

Lack of understanding of the drivers of change that facilitate 
biological invasion for some animal groups (notably invertebrates), 
fungi and microbes {3.6.1}

Lack of understanding and synthesis of the impacts of invasive 
alien microbes {4.7.2}

Poor understanding of drivers of change that facilitate biological 
invasions in aquatic and marine systems {3.6.1}

Lack of data on successful restoration attempts in terrestrial and 
marine systems {5.5.6, 5.6.2.1}

Regional gaps 
in data and 
knowledge

Comparatively incomplete inventories of invasive alien species in 
Africa and Central Asia {2.4.2.5, 2.4.5.5}

Comparative lack of understanding of the drivers of change that 
facilitate biological invasions in developing economies {Box 3.12}

Lack of data and knowledge of the drivers of biological invasions in 
sub-Saharan Africa, tropical Asia and South America {3.6.1}

Incomplete data on the impacts of invasive alien species across 
Africa and Central Asia {4.7.2}

Interoperable 
data for 
monitoring 
invasive alien 
species and 
effects of drivers 
of biodiversity 
change

Lack of standardization of terminology for invasive alien species 
monitoring {2.4.4.5, 6.6.2.3, 6.6.2.7}

Lack of information on the role of indirect drivers, especially 
governance and sociocultural drivers, in affecting biological 
invasions {3.1.5, 3.6.1, Box 3.13}

Lack of understanding of the net effects of multiple interacting 
drivers in shaping and promoting biological invasions {3.5, Box 
3.10, 3.6.1, Box 3.13}

Lack of knowledge on interactions and feedback across drivers in 
promoting invasions {3.1.5, 3.6.1}

Table SPM	 A  1 	 Table of knowledge and data gaps 

Synthesis of the most important knowledge and data gaps identified and collated through the assessment. Confidence levels in the 
summary for policymakers were allocated with full consideration of the gaps listed in the table; closing those gaps would strengthen 
the understanding of biological invasions. Experts have assessed the estimated cost and scientific challenge of closing these gaps, as 
well as the potential gain in increasing understanding of and successfully tackling biological invasions globally (from very low to very 
high). The listed gaps may not be relevant at local or regional scales. 
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CATEGORY GAP IMPLEMENTATION 
CHALLENGE

POTENTIAL GAIN
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Interoperable 
data for 
monitoring 
invasive alien 
species and 
effects of drivers 
of biodiversity 
change

Lack of integration of impact data and knowledge sources across 
languages {4.7.2}

Incomplete data to undertake risk management, cost-effective 
species-based surveillance and detection of fungi, microbes and 
marine pests {Table 5.11}

Incomplete data to prioritize biological invasion management under 
climate, sea- and land-use change {5.6.1.3}

Lack of inventories at fine scales and for specific taxon and biome 
contexts to support decision-makers in determining when to 
implement species-based or site-based management (or both) 
{5.6.2.1, 5.7}

Incomplete data to develop pathway risk assessments and 
management for different taxonomic groups and biomes {Table 
5.11, 5.6.2.5}

Incomplete data and understanding of site-based and ecosystem-
based management concepts {5.6.2.1}

Incomplete data and understanding of the conditions that facilitate 
successful integration of policy developments into management 
plans {6.6.1.4}

Lack of indicators of the various dimensions of biological invasion 
that are policy-relevant, sensitive, reliable, relevant at national 
and global scales, sustained for medium-to-long-term tracking of 
progress and part of a responsive policy environment {6.6.3}

Gaps in how 
invasive alien 
species affect 
nature’s 
contributions to 
people

Incomplete data on impacts on nature’s contributions to people 
and good quality of life {4.7.2}

Management 
and policy 
approaches

Lack of control options for marine invasive alien species and 
invasive alien microbial fungal pathogens of plants and animals 
{5.6.1.1}

Lack of agreed-upon methods of supporting management decision-
making for invasive alien species with both positive and negative 
impacts {5.6.1.2}

Lack of methods of managing pathways for invasive alien 
species arriving as contaminants, or through shipping containers, 
e-commerce (legal/illegal), biofouling or ports, and across land 
borders and along trade supply chains {Table 5.11, 5.6.2.4}

Lack of methods for adaptive management of invasive alien 
invertebrates and plants using alternative approaches given the 
declining number of chemical control options {5.6.2.5}

Lack of eradication guidelines and strategies for generalist invasive 
alien invertebrates, diseases and hard-to-detect freshwater and 
marine invasive alien species {5.6.2.1, Table 5.11}

Lack of scenarios and models of invasive alien species that consider 
interactions with other drivers of global change {2.6.5, 6.6.1.6}

Missing information on the implementation of adaptive-collaborative 
governance for biological invasions and factors important to the 
success of that governance strategy {6.4.4.5}

Incomplete data on the effectiveness of policies, management 
strategies and actions related to biological invasions {6.1.3, 6.6.3}
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CATEGORY GAP IMPLEMENTATION 
CHALLENGE
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Gaps to fill to 
support the 
implementation 
of policy and 
management

Lack of tools and frameworks to predict biological invasions {6.2.1, 
6.6.1.6, 6.7.2.7}

Lack of tools to reduce the barriers to information-sharing within 
and across countries {6.6.2}

Lack of research and data on how best to implement integrated 
governance systems to manage biological invasions {6.6.1.3, 
6.6.1.4, 6.6.2}

Design principles for an integrated governance system to manage 
biological invasions {6.7.2.3, 6.7.3}

Lack of mechanisms that allow effective collaboration among 
different elements of the socioecological systems {Figure 6.7, 6.7}

Gaps in 
knowledge 
on invasive 
alien species 
of particular 
relevance to 
Indigenous 
Peoples 
and local 
communities

Lack of information on invasive alien species status and trends 
on land and water managed by Indigenous Peoples and local 
communities {Box 2.6}

Lack of information on Indigenous and local knowledge, values and 
culture regarding the drivers and impacts of invasive alien species 
on land and water managed by Indigenous Peoples and local 
communities {1.6.7.1, Box 3.12}

Lack of understanding of and mechanisms for sharing knowledge 
on invasive alien species and their drivers, impacts, management 
and governance among Indigenous Peoples and local communities 
and researchers and other outsiders {6.6.1.5}

Lack of consideration of the knowledge and perceptions of 
Indigenous Peoples and local communities in scenarios and models 
{1.6.7.3, 4.7.1, 6.6.1.6}

a A headline indicator has been adopted for planning and tracking 
of progress towards Target 6 of the Kunming-Montreal Global 
Biodiversity Framework, with opportunities to build on existing 
indicators for biological invasions {6.6.3}.Very low Low Intermediate High Very high
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APPENDIX 3 
Examples of data  
and knowledge products
Information components including description and importance of the information for documenting and managing biological 
invasions of existing invasive alien species databases that may provide relevant information. 

Websites are provided at the first mention of each database (see chapter 2 for databases relevant for status and trends and 
chapter 6, section 6.6.3 for databases supporting policy options). Gaps identified within the data and knowledge products 
are also given {Table 5.4}. 

Fields Description Database 
purpose

Examples of data and knowledge products Identified gaps

Taxonomy Scientific name, 
higher taxonomy, 
synonyms,  
common names

Name consistency 
and locating 
specimens 

•	 GBIF – https://www.gbif.org/ 

•	 World Register of Introduced Marine Species – 
http://www.marinespecies.org/introduced/ 

•	 FishBase – https://fishbase.org/ 

•	 Plant List – http://www.theplantlist.org/ 

•	 The Reptile Database –  
http://www.reptile-database.org/ 

•	 AlgaeBase – https://www.algaebase.org/

•	 IUCN Red List of Threatened Species –  
https://www.iucnredlist.org/

Underrepresented 
biomes and taxa

Identification Identification guides, 
diagnostic tools

Correct 
identification, 
early detection

•	 iNaturalist – https://www.inaturalist.org 

•	 Lucidcentral – https://www.lucidcentral.org

•	 Antweb – a comprehensive diagnostic tool for ants 
– http://antweb.org/ 

•	 Plant net – https://plantnet.rbgsyd.nsw.gov.au/ 

•	 eBird – https://ebird.org/home

•	 BioNET – EAFRINET – https://keys.lucidcentral.org/
keys/v3/eafrinet/plants.htm

•	 Portaleei Latin America –  
http://portaleei.fcien.edu.uy/ 

Ecology Including habitat, 
species interactions 
(e.g., host species)

Management 
risk assessment

•	 Global Invasive Species Database (GISD) –  
http://www.iucngisd.org/gisd 

•	 Centre for Agriculture and Bioscience International 
Invasive Species Compendium – 
https://www.cabi.org/isc 

•	 FishBase

•	 National invasive alien species databases –  
http://www.inbiar.uns.edu.ar/;  
http://bd.institutohorus.org.br;  
https://caribbeaninvasives.org;  
https://sieei.udelar.edu.uy;  
https://guyra.org.py;  
https://invasoras.biodiversidad.gob.ec 

Spatial data Distribution,  
native and 
introduced range, 
occurrence

Origin, 
management, 
risk assessment

•	 Global Invasive Species Database

•	 Global Register of Introduced and Invasive Species 
(GRIIS) – http://www.griis.org/ (Pagad et al., 2018, 
2022b, 2022a) {Table 5.4}

•	 Centre for Agriculture and Bioscience International 
Invasive Species Compendium

•	 FishBase

•	 Global Naturalized Alien Flora (GloNAF) –  
https://glonaf.org

https://www.gbif.org/
http://www.marinespecies.org/introduced/
https://fishbase.org/
http://www.theplantlist.org/
http://www.reptile-database.org/
https://www.algaebase.org/
https://www.iucnredlist.org/
https://www.inaturalist.org
https://www.lucidcentral.org
http://antweb.org/
https://plantnet.rbgsyd.nsw.gov.au/
https://ebird.org/home
https://keys.lucidcentral.org/keys/v3/eafrinet/plants.htm
https://keys.lucidcentral.org/keys/v3/eafrinet/plants.htm
http://portaleei.fcien.edu.uy/
http://www.iucngisd.org/gisd
https://www.cabi.org/isc
http://www.inbiar.uns.edu.ar/
http://bd.institutohorus.org.br
https://caribbeaninvasives.org
https://sieei.udelar.edu.uy
https://invasoras.biodiversidad.gob.ec
http://www.griis.org/
https://glonaf.org


THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

LV 

S
U

M
M

A
R

Y
 F

O
R

 P
O

L
IC

Y
M

A
K

E
R

S

Fields Description Database 
purpose

Examples of data and knowledge products Identified gaps

Spatial data Distribution,  
native and 
introduced range, 
occurrence

Origin, 
Management, 
Risk assessment

•	 Global Avian Invasions Atlas –  
https://doi.org/10.6084/m9.figshare.4234850.v1

•	 SeaLifeBase – https://www.sealifebase.ca

•	 WOAH – https://www.woah.org/en/what-we-do/
animal-health-and-welfare/disease-data-collection/
world-animal-health-information-system/

•	 European Alien Species Information Network – 
https://easin.jrc.ec.europa.eu/easin/#

•	 Pacific Islands Ecosystems at Risk –  
http://www.hear.org/pier/ 

•	 Species observations for the United States and 
Territories – https://www.gbif.us

•	 Atlas of Living Australia. Analytic software 
platforms, extensive and open source –  
www.ala.org.au 

•	 National invasive alien species databases 

•	 Biomodelos – Biomodels of potential distribution 
maps and invasive species fauna and flora in 
Colombia – http://biomodelos.humboldt.org.co/en 

•	 International Union for Conservation of Nature Red 
List of Threatened Species

•	 Regional plant protection organizations –  
https://www.ippc.int/en/external-cooperation/
regional-plant-protection-organizations/

Status and 
provenance

Biological invasion 
status in introduced 
range including 
abundance, 
occurrence (extent 
of spread) and 
invasiveness

Origin, 
prioritization and 
management 
prioritization

•	 Global Invasive Species Database

•	 Global Register of Introduced and Invasive Species

•	 Centre for Agriculture and Bioscience International 
Invasive Species Compendium

•	 FishBase

•	 European Alien Species Information Network

•	 Pacific Islands Ecosystems at Risk 

•	 World Register of Introduced Marine Species 

•	 SeaLifeBase – https://www.sealifebase.ca/

•	 WOAH World Animal Health Information System – 
disease status 

•	 National invasive alien species databases 

Primary and 
secondary 
pathways 

Intentional or 
unintentional 
pathways of 
introduction and 
spread

Biosecurity 
management

•	 Global Invasive Species Database

•	 Global Register of Introduced and Invasive Species

•	 Centre for Agriculture and Bioscience International 
Invasive Species Compendium

•	 FishBase

•	 European Alien Species Information Network

•	 Pacific Islands Ecosystems at Risk 

•	 World Register of Introduced Marine Species

•	 Database on Introductions of Aquatic Species

•	 IPPC Documentation on ISPM – https://www.ippc.
int/en/core-activities/standards-setting/ispms/

•	 National invasive alien species databases –  
http://www.inbiar.uns.edu.ar/ 

Secondary 
pathways 
classification 
inconsistent or 
missing

Monitoring 
and 
surveillance

Data from multiple 
sources in a real 
time

Early detection •	 Early Detection and Distribution Mapping System – 
https://www.eddmaps.org/

Impact Environmental 
and socio-
economic impacts, 
mechanisms of 
impact, outcomes of 
these impacts and 
ecosystem services 
impacted

Risk assessment 
policy 
management

•	 Global Invasive Species Database

•	 Global Register of Introduced and Invasive Species

•	 Centre for Agriculture and Bioscience International 
Invasive Species Compendium

No transparent, 
standardized 
way to report on 
impacts

https://doi.org/10.6084/m9.figshare.4234850.v1
https://www.sealifebase.ca
https://www.woah.org/en/what-we-do/animal-health-and-welfare/disease-data-collection/world-animal-health-information-system/
https://www.woah.org/en/what-we-do/animal-health-and-welfare/disease-data-collection/world-animal-health-information-system/
https://www.woah.org/en/what-we-do/animal-health-and-welfare/disease-data-collection/world-animal-health-information-system/
https://easin.jrc.ec.europa.eu/easin/#
http://www.hear.org/pier/
https://www.gbif.us
www.ala.org.au
http://biomodelos.humboldt.org.co/en
https://www.ippc.int/en/external-cooperation/regional-plant-protection-organizations/
https://www.ippc.int/en/external-cooperation/regional-plant-protection-organizations/
https://www.sealifebase.ca/
https://www.ippc.int/en/core-activities/standards-setting/ispms/
https://www.ippc.int/en/core-activities/standards-setting/ispms/
http://www.inbiar.uns.edu.ar/
https://www.eddmaps.org/
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Fields Description Database 
purpose

Examples of data and knowledge products Identified gaps

Impact Environmental 
and socio-
economic impacts, 
mechanisms of 
impact, outcomes of 
these impacts and 
ecosystem services 
impacted

Risk assessment 
policy 
management

•	 InvaCost database – https://figshare.com/articles/
dataset/InvaCost_References_and_description_
of_economic_cost_estimates_associated_with_
biological_invasions_worldwide_/12668570/4 

•	 Millennium ecosystem assessment –  
https://www.millenniumassessment.org 

•	 IUCN Red List of Threatened Species –  
https://www.iucnredlist.org/resources/threat-
classification-scheme

•	 FishBase

No transparent, 
standardized 
way to report on 
impacts

Risk 
assessments

Developed risk 
assessments with 
outcomes

Management •	 Global Invasive Species Database

•	 Pacific Islands Ecosystems at Risk 

•	 Environmental Impact Classification of Alien Taxa 
and the Socio-Economic Impact Classification for 
Alien Taxa

•	 Global Compendium of Weeds –  
http://www.hear.org/gcw/ 

•	 East and South European Network for Invasive Alien 
Species – www.esenias.org

•	 Pacific Invasive Ants Toolkit – http://www.piat.org.nz/

•	 National invasive alien species databases 

Policy 
response 

Legislations 
enacted, regulations, 
voluntary codes of 
conduct

Policy 
management

•	 ECOLEX – https://www.ecolex.org 

•	 FAOLEX – fao.org/faolex/en/

•	 InforMEA – United Nations Information Portal on 
Multilateral Agreements – https://www.informea.org

•	 EU Regulations – https://ec.europa.eu/environment/
nature/invasivealien/index_en.htm

Databases not 
searchable for 
invasive alien 
species

Eradication Successes Management •	 DIISE – http://diise.islandconservation.org/

•	 Global Eradication and Response Database –  
http://b3.net.nz/gerda/

•	 National invasive alien species databases 

Control Management 
practices, failure, 
best practices, 
biocontrol

Management •	 Pacific Islands Ecosystems at Risk 

•	 Database of introductions of insect biological 
control agents for the control of insect pests (Cock 
et al., 2016) {Table 5.4}

•	 Biological Control of Weeds. A world catalogue of 
agents and their target weeds –  
https://www.ibiocontrol.org/ 

•	 iMapInvasives – sharing information for strategic 
management – https://www.imapinvasives.org

•	 Centre for Agriculture and Bioscience International 
Invasive Species Compendium 

•	 Pacific Invasive Ant Toolkit

•	 Caribbean Invasive Alien Species Network –  
https://caribbeaninvasives.org/

•	 Database of Island Invasive Species Eradications

•	 Global Eradication and Response Database 

•	 Early Detection and Distribution Mapping System 

•	 East and South European Network for Invasive Alien 
Species

•	 National invasive alien species databases 

No standardized 
way to report 
on management 
outcomes

https://figshare.com/articles/dataset/InvaCost_References_and_description_of_economic_cost_estimates_associated_with_biological_invasions_worldwide_/12668570/4
https://figshare.com/articles/dataset/InvaCost_References_and_description_of_economic_cost_estimates_associated_with_biological_invasions_worldwide_/12668570/4
https://figshare.com/articles/dataset/InvaCost_References_and_description_of_economic_cost_estimates_associated_with_biological_invasions_worldwide_/12668570/4
https://figshare.com/articles/dataset/InvaCost_References_and_description_of_economic_cost_estimates_associated_with_biological_invasions_worldwide_/12668570/4
https://www.millenniumassessment.orghttp://
https://www.iucnredlist.org/resources/threat-classification-scheme
https://www.iucnredlist.org/resources/threat-classification-scheme
http://www.hear.org/gcw/
www.esenias.org
http://www.piat.org.nz/
https://www.ecolex.org
fao.org/faolex/en/
https://www.informea.org
https://ec.europa.eu/environment/nature/invasivealien/index_en.htm
https://ec.europa.eu/environment/nature/invasivealien/index_en.htm
http://diise.islandconservation.org/
http://b3.net.nz/gerda/
https://www.ibiocontrol.org/
https://www.imapinvasives.org
https://caribbeaninvasives.org/
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CHAPTER 1. INTRODUCING BIOLOGICAL INVASIONS AND THE IPBES THEMATIC ASSESSMENT OF INVASIVE ALIEN SPECIES AND THEIR CONTROL
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Chapter 1 

INTRODUCING BIOLOGICAL 
INVASIONS AND THE IPBES THEMATIC 
ASSESSMENT OF INVASIVE ALIEN 
SPECIES AND THEIR CONTROL

1.1	 INTRODUCTION: 
THE IPBES THEMATIC 
ASSESSMENT OF INVASIVE 
ALIEN SPECIES AND THEIR 
CONTROL

Invasive alien species (Figure 1.1), through the process 
of biological invasion, are widely recognized as a major 
threat to nature and nature’s contributions to people, with 
important implications for good quality of life (IPBES, 2018e, 
2018f, 2018g, 2018h, 2019; Glossary). Biological invasions 
are a consequence of human activities and invasive alien 
species are acknowledged as one of the major drivers 
of local species extinctions within terrestrial and inland 
water ecosystems (Bellard et al., 2016; IPBES, 2019a; 
Chapters 3 and 4); they have dramatically altered habitats 
within terrestrial, marine, and freshwater ecosystems 
around the world (Cacabelos et al., 2020; Liu et al., 2020; 
Chapter 4; Glossary). Invasive alien species, alongside 
other drivers of change in nature, are considered to be one 
characteristic of a new epoch – the Anthropocene (Capinha 
et al., 2015; Crutzen & Stoermer, 2000). While the problems 
associated with invasive alien species have increased over 
the past century (Chapters 2 and 4), considerable progress 
has been made toward understanding (Chapters 2, 3 
and 4) and developing strategies and actions to manage 
them (Figure 1.2; Chapter 5). The thematic assessment 
report on invasive alien species and their control of the 
Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services (IPBES; hereafter termed the 
IPBES invasive alien species assessment) provides a timely 
synthesis of this complex but fascinating multidisciplinary 
field of research to underpin potential options for policy- and 
decision-making (Chapter 6). 

Throughout the IPBES invasive alien species assessment, 
the term biological invasion is used to describe a process 
involving the transport of a native species outside of its 
natural range, intentionally or unintentionally, by human 
activities to new regions where it may become established 
and spread (Richardson et al., 2010). The term invasive alien 
species refers to particular species within the context of the 

process of biological invasion; namely those that negatively 
impact (Glossary) nature and also, in some cases, nature’s 
contributions to people, and good quality of life. 

The rapidly growing threat that invasive alien species pose 
to nature, nature’s contributions to people, and good 
quality of life remains underestimated and, in some cases, 
overlooked by policy and decision makers (IPBES, 2018a, 
2019). However, concerns over the adverse impacts 
of invasive alien species have driven multiple efforts to 
establish regional and international initiatives (Figure 1.2; 
Clout & De Poorter, 2005) and policy goals (Box 1.1). 
A pioneering initiative was the Scientific Committee on 
Problems of the Environment (SCOPE), which engaged 
scientists to document biological invasions and invasive 
alien species from a global perspective in 1982 (J. A. Drake 
et al., 1989; Mooney et al., 2005). 

The overarching aim of the IPBES invasive alien species 
assessment is to critically evaluate available evidence on 
the severity of the threat of invasive alien species to inform 
potential options for decision-making. The need for sustained 
social-ecological (Kull et al., 2018), interdisciplinary (Vaz et 
al., 2017) and transdisciplinary approaches (Kapitza et al., 
2019), which are sensitive to differing knowledge systems, 
value perceptions and cultural attributes, is acknowledged 
throughout this assessment and will be critical in addressing 
the recently adopted goals of the Kunming-Montreal Global 
Biodiversity Framework (CBD, 2022).

While previous regional, global and thematic IPBES 
assessments have considered biological invasions and 
invasive alien species, an in-depth and quantitative and 
qualitative global analysis of them has not been conducted. 
Therefore, the IPBES invasive alien species assessment 
not only extends the findings of the previous IPBES 
assessments, including the IPBES Global Assessment 
Report on Biodiversity and Ecosystem Services (IPBES, 
2019), but addresses important gaps in information. 
Ultimately, through the synthesis and harmonization of 
information at a global scale, the IPBES invasive alien 
species assessment examines the magnitude of the threat 
of invasive alien species to nature, nature’s contributions to 
people, and good quality of life (Box 1.2). 
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Figure 1  1  	 Definitions of important terms used to describe the status of a species from 
native to invasive alien through the process of biological invasion.

The definition of native species provides the context for the term natural range. Stages of the biological invasion process (transport, 
introduction, establishment and spread) are defined in section 1.3.

Native species

Alien species

Established alien

Invasive alien

species

species

Biological invasion process

The term biological invasion describes the process involving the intentional or unintentional transport or 
movement of a species outside its natural range by human activities and its introduction to new regions, where 
it may become established and spread.1

 Native species (synonym indigenous species) are taxa 
that have originated in a given area (their natural range) 
without human involvement, or that have arrived there without 
intentional or unintentional intervention of humans, from an area 
in which they are native. This definition excludes products of 
hybridization involving alien taxa since “human involvement”, 
in this case, includes the introduction of an alien parent.2 Some 
native species can spread or undergo rapid population increase 
and have harmful impacts. Despite their adverse effects, such 
native species are not considered invasive alien species.3

 Alien species, as opposed to native species (synonyms 
exotic, introduced, non-indigenous, non-native), are those 
whose presence in a region is attributable to human actions, 
intentional or unintentional, that enable them to overcome 
biogeographical barriers.1 Native species that expand their 
natural range without intentional or unintentional human 
involvement, for example in response to other anthropogenic 
drivers such as changes in land use and climate change, are 
not considered to be alien species.4, 5 However, a species that 
spreads to new regions without direct human involvement from 
a region where it is alien is considered to be alien in the new 
region.2

 “Invasive alien species are animals, plants or other 
organisms introduced directly or indirectly by people into 
places out of their natural range of distribution, where they 
have become established and dispersed, and generating a 
negative impact on local ecosystems and species”.8 Invasive 
alien species are a subset of established alien species that have 
negative impacts.

 Established (synonym naturalized) alien species produce 
self-sustaining and viable populations for a given period of time 
during which climatic extremes typical for the invaded region 
are experienced, without direct intervention by humans, or 
despite human intervention.6, 2, 7

Impacts are changes to nature, nature’s contributions 
to people and/or good quality of life.9 Impacts can be 
observed or unobserved. Generally, negative impacts 

become more apparent and problematic when invasive alien 
species are well established, widespread and present for a 
long time. Along with their adverse effects, some invasive 
alien species may have positive impacts providing benefits to 
some people.

Drivers are factors that directly or indirectly facilitate 
biological invasions.

1.	 Richardson et al. (2010);
2.	 Pyšek et al. (2004); 
3.	 Wallingford et al. (2020); 
4.	 Essl et al. (2019); 
5.	 Essl et al. (2016); 
6.	 Blackburn, Pyšek et al. (2011); 
7.	 Rojas-Sandoval & Acevedo-Rodríguez (2015); 
8.	 IPBES (2018e);
9.	 Ricciardi et al. (2013).
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Box 1  1  	 International policy targets for biological invasions.

The setting of global policy goals and targets is often considered 
an effective and transparent way to motivate governments and 
other actors (Kanie & Biermann, 2017). In recent decades, the 
need for prevention and management (Glossary) of biological 
invasions has been widely recognized by the Conference of the 
Parties to the Convention on Biological Diversity (CBD), which 
adopted the Strategic Framework for Biodiversity 2011-2020 in 
2010, including the Aichi Biodiversity Targets (United Nations, 
1992) which adopted the Strategic Framework for Biodiversity 
2011-2020 in 2010, including the Aichi Biodiversity Targets, 
and the United Nations General Assembly, which adopted the 
2030 Agenda for Sustainable Development and its Sustainable 
Development Goals (SDGs) in 2015. More specifically, two 
international commitments were made: 

	 “By 2020, invasive alien species and pathways are 
identified and prioritized, priority species are controlled 
or eradicated and measures are in place to manage 
pathways to prevent their introduction and establishment.” 
Aichi Biodiversity Target 9, Strategic Plan for Biodiversity 
2011-2020 (CBD, 2010; Glossary).

	 “By 2020, introduce measures to prevent the introduction 
and significantly reduce the impact of invasive alien 
species on land and water ecosystems and control or 
eradicate the priority species.” Target 15.8, SDG15 (United 
Nations, 2020a).

These targets were mostly directed towards biodiversity and 
conservation. However, while the wording of these targets 
does not address good quality of life directly, they are framed 
within a broader policy context aimed at conserving biodiversity 
and ensuring its sustainable use by human communities, the 
equitable sharing of benefits from genetic resources (CBD, 
2020), and the broader goal of achieving a better and more 
sustainable future for all (United Nations, 2020b). As such the 
2020 targets recognized the current and future threats posed 
by invasive alien species to humanity. 

None of the 20 Aichi Biodiversity Targets were achieved at 
the global level (Secretariat of the CBD, 2020). The Kunming-
Montreal Global Biodiversity Framework was adopted in 2022 
and includes a target on invasive alien species, Target 6:

	 “Eliminate, minimize, reduce and or mitigate the impacts 
of invasive alien species on biodiversity and ecosystem 
services by identifying and managing pathways of the 
introduction of alien species, preventing the introduction 
and establishment of priority invasive alien species, 
reducing the rates of introduction and establishment 
of other known or potential invasive alien species by at 
least 50 per cent, by 2030, eradicating or controlling 
invasive alien species especially in priority sites, such as 
islands.” Kunming-Montreal Global Biodiversity Framework 
(CBD, 2022).

Box 1  2  	 Overarching questions on biological invasions.

The IPBES invasive alien species assessment addresses 
11 overarching questions (IPBES, 2018a).

a.	 What progress has been made in tackling the Aichi 
Biodiversity Targets of relevance to invasive alien species 
globally? 

b.	 What global-level policy initiatives would assist in invasive 
alien species prevention and management? 

c.	 What are the obstacles to the uptake of invasive alien 
species prevention and management measures? 

d.	 What methods are available for prioritizing invasive alien 
species threats? 

e.	 How can networks assist in the prevention and 
management of invasive alien species? What role can 
regional partnerships play? 

f.	 Are there perverse policy drivers that unintentionally create 
risks in relation to invasive alien species? 

g.	 How can decision makers decide which issues to tackle 
first given limited resources? 

h.	 Would there be value in developing a database of 
effective legislation, monitoring and response systems for 
invasive alien species, and of those countries and other 
stakeholders in need of capacity-building? 

i.	 What are the impacts, risks and benefits of invasive 
alien species for biodiversity and ecosystem services, 
sustainable development and human well-being? 

j.	 How might policy sectors, businesses, non-governmental 
organizations and other stakeholders benefit from better 
prevention and management of invasive alien species? 

k.	 How does one prevent and manage invasive alien species 
that cause harm to biodiversity but contribute to economic 
activities? 
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(2014)
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(2017)
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Examples of introductions

Examples of management

Milestone events

Major publications

Magallana angulata

Acacia dealbata
Oryctolagus cuniculus

Pontederia crassipes

Leiothrix lutea

Boiga irregularis 
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2000

International Convention - 
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(1881)

Magallana angulata (Portuguese oyster) was introduced in Europe in the 1500s

Oryctolagus cuniculus (rabbit) was first recorded in Australia in 1859

Acacia dealbata (acacia bernier) was first recorded in Sri Lanka in 1870

Pontederia crassipes (water hyacinth) was first recorded in North America in 1884

Leiothrix lutea (red-billed leiothrix) was first introduced in Europe in the late 1800s

Rhinella marina (cane toad) was first recorded in Australia in 1935
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Figure 1  2  	 Timeline of key strategic events and advances in the understanding of 
biological invasions. 

There has been considerable progress not only in understanding the process of biological invasions and invasive alien species but 
also in developing strategies and actions to manage them. The timeline shows milestone events relevant to biological invasions ( ), 
major publications on biological invasions ( ), examples of invasive alien species’ first record ( ), and examples of successful 
management ( ), with the central line graph illustrating the global escalation in first records of alien species. Data management 
report available at: https://doi.org/10.5281/zenodo.7560099

Boiga irregularis (brown tree snake) was first recorded in Guam in the late 1940s or early 1950s

Lates niloticus (Nile perch) was first recorded in Lake Victoria in 1954

Dreissena polymorpha (zebra mussel) was first recorded in North American Great Lakes in 1986

Mnemiopsis leidyi (sea walnut) was first recorded in the Black Sea in 1982

Control of Opuntia monacantha (common prickly pear) in South Africa (1913) and Australia (1914)

Eradication of Ondatra zibethicus (muskrat) in the United Kingdom in 1939

Anopheles gambiae (African malaria mosquito) was successfully managed in Brazil in the 1930s and early 1940s

Control of Oryctolagus cuniculus (rabbits) in Australia in 1955

Rinderpest is first wild animal disease to be eliminated globally in 2011

Charles Darwin observed two European plants invading the pampas, Patagonia (1833-1836)

International Convention on Measures to be taken against Phylloxera vastatrix (1881)

Creation of the Office International des Epizooties (OIE) in 1924

African Convention on the Conservation of Nature and Natural Resources: Article 7(5) (1933)

Adoption of the International Plant Protection Convention (IPPC) in 1951

Launch of the Scientific Committee on Problems of the Environment (SCOPE) programme on the Ecology of Biological Invasions in 1982

Adoption of the United Nations Convention on the Law of the Sea (UNCLOS) in 1982

Opening for signature of the Convention on Biological Diversity (CBD), including Article 8(h) on alien species, in 1992

Creation of the International Union for Conservation of Nature (IUCN) Invasive Species Specialist Group (ISSG) in 1994

Launch of the Global Invasive Species Programme (GISP) in 1997

Adoption of the CBD Guiding Principles annexed to decision VI/23 on alien species, in 2002

Adoption of the Ballast Water Management Convention (BWM) in 2004

Adoption of the Strategic Plan for Biodiversity 2011-2020 (including the Aichi Biodiversity Targets) in 2010

Adoption of the European Union Regulation 1143/2014 on Invasive Alien Species in 2014

Adoption of the 2030 Agenda for Sustainable Development, including the 17 Sustainable Development Goals (SDGs) in 2015

Creation of the International Association for Open Knowledge on Invasive Alien Species (INVASIVESNET) in 2017

Adoption of the Arctic Invasive Alien Species (ARIAS) Strategy and Action Plan in 2017

Creation of the Global Register of Introduced and Invasive Species (GRIIS) in 2017

Adoption of the Kunming-Montreal Global biodiversity framework in 2022

Joseph Hooker – devastation of native plants on islands by introduced plants, goats, and rabbits (1867)

Alfred Russel Wallace – adverse impacts of introduced plants and animals on continents and islands (1880, 1889)

Theodore S. Palmer – adverse impacts of introduced birds and mammals including myna in Hawaii (1898)

Charles Elton – synthesis of evidence across diverse themes to provide first overview of the global scale and escalating adverse 
impacts of biological invasions (1958)

IPBES Global Assessment Report on Biodiversity and Ecosystem Services (2019)

IPBES Thematic assessment of invasive alien species and their control (2023)

https://doi.org/10.5281/zenodo.7560099
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1.2	 ASSESSMENT 
STRUCTURE

The first assessment of biological invasions and invasive alien 
species that is global in scope, the IPBES invasive alien species 
assessment, is interdisciplinary, spanning environmental and 
social science as well as the humanities, and comprises six 
chapters written by experts from all regions of the world. 

There are many links and several overarching cross-cutting 
and key issues across the six chapters (Figure 1.3), but 
all the chapters can be read as standalone documents 
presenting syntheses of existing knowledge and highlighting 
gaps and priorities.

The assessment is composed of six chapters: 

	 Chapter 1 introduces the concept of invasive alien 
species; the risks posed to marine, terrestrial and 

freshwater ecosystems; the IPBES conceptual 
framework; the cross-cutting themes (good quality of 
life, Indigenous and local knowledge, and scenarios and 
models), and common themes;

	 Chapter 2 assesses past, current and future trends 
in the spread, pathways, evolutionary change and 
distribution of invasive alien species;

	 Chapter 3 presents the direct and indirect drivers 
responsible for the introduction, spread, abundance and 
dynamics of invasive alien species;

	 Chapter 4 assesses the impacts of invasive alien 
species on nature and nature’s contributions to people 
and good quality of life;

	 Chapter 5 evaluates the effectiveness of past and 
current programmes and tools for the global, national 
and local prevention and management of biological 

STATUS & TRENDS
Chapter 2

FUTURE OPTIONS
Chapter 6

DRIVERS
Chapter 3

IMPACTS
Chapter 4

MANAGEMENT
Chapter 5

SETTING THE SCENE
Chapter 1

Common themes:

Communications

Small Islands Developing States

Citizen science

Adaptation

Cross-cutting themes: 

Good quality of life

Indigenous and local knowledge

Scenarios and models

Technology

Protected areas

Microogranisms

Globalization

Global environmental changes

Global biodiversity crisis

Figure 1  3  	 Structure of the IPBES thematic assessment of invasive alien species and 
their control. 
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invasions and invasive alien species and their 
impacts; and

	 Chapter 6 introduces future options for the 
prevention and management of biological invasions 
and invasive alien species and provides an analysis 
of possible policies and support tools for policy and 
decision makers.

Three cross-cutting themes – 1) Indigenous and local 
knowledge systems (Glossary), 2) good quality of life 
including human health, and 3) scenarios and modelling of 
trends (Glossary) and development of robust projections, 
are featured prominently throughout the IPBES invasive 
alien species assessment (Figure 1.3). Several key issues, 
with relevance to two or more of the chapters, emerged 
during the assessment including globalization, adaptation, 
environmental change, the global biodiversity crisis, the 
role of technology, the role of communication, citizen (or 
community) science, the specific context of Small Island 
Developing States (SIDS), the role of protected areas 
(terrestrial, coastal, and marine) and of microorganisms. In 
many chapters these topics will appear as case studies. 
As this IPBES assessment will demonstrate, addressing 
invasive alien species, which are affecting many facets of 
the socioecological systems in which people live, can have 
far-reaching benefits for biodiversity and human health, and 
will shape the ability of future generations to live healthy, 
sustainable lives.

1.3	 INVASIVE ALIEN 
SPECIES: WHAT THEY ARE 
AND WHY THEY MATTER

1.3.1	 What are invasive alien 
species?

The term “alien” (synonyms: non-native, exotic, introduced, 
non-indigenous, allochthonous) species refers to species 
whose presence in a region is attributable to human actions, 
intentional or unintentional, that enable them to overcome 
biogeographical barriers (Essl et al., 2018; Richardson et al., 
2010; Rojas-Sandoval & Acevedo-Rodríguez, 2015). It is 
widely acknowledged that some alien species (i.e., invasive 
alien species) can become established, spread (dispersed) 
and cause dramatic biotic and abiotic changes in the 
ecosystem to which they are introduced, resulting in the 
reduction in abundance or even extinction of native species, 
and/or major shifts in ecosystem functioning, and/or major 
adverse health, economic, social, or cultural impacts on 
human communities. Invasive alien species are defined in 
the scoping report for this assessment as “animals, plants 

or other organisms introduced directly or indirectly by 
people into places out of their natural range of distribution, 
where they have become established and dispersed, and 
generating an impact on local ecosystems and species” 
(IPBES, 2018e; Figure 1.1 and Glossary). Although much 
of the focus of this assessment is on the negative impacts of 
invasive alien species, benefits are also discussed. 

Invasive alien species can be introduced unintentionally or 
intentionally, and as these terms are more commonly used 
than directly or indirectly, they have been adopted throughout 
this assessment. Domestic or managed alien animals and 
plants are not considered to be invasive alien species 
while they remain in captivity or are managed by humans, 
but such species that establish feral or wild populations 
outside of captivity or cultivation would be termed invasive 
alien species. Furthermore, it is important to note that feral 
populations of domestic or managed animals (e.g., goats 
and fish) can have considerable adverse impacts prior 
to establishing sustained populations in the wild. Native 
species that expand their natural range without human 
involvement, for example in response to other anthropogenic 
drivers including land- and sea-use and climate change, are 
not considered to be alien species even though some of 
these range expansions result in dramatic ecosystem-level 
changes (Figure 1.1; Cannone et al., 2022).

Invasive alien species are generally considered problematic 
because they cause environmental harm and also, in 
some cases, affect good quality of life. This standpoint 
is consistent with Article 8(h) of the CBD, which calls on 
the parties to “prevent the introduction of or control or 
eradicate those alien species that threaten ecosystems, 
habitats or species” (Box 1.1). The term “invasive alien 
species” was adopted by the CBD Guiding Principles for the 
Prevention, Introduction and Mitigation of Impacts of Alien 
Species that Threaten Ecosystems, Habitats or Species 
(CBD, 2002; Chapter 6, Table 6.3) to define species 
whose introduction and spread threaten biological diversity. 
However, perceptions of invasive alien species may vary 
amongst stakeholders and Indigenous Peoples and local 
communities (section 1.5.2; see also Chapter 5, section 
5.6.1.2) and it is therefore important to view invasive 
alien species not in isolation but within the context of the 
socioecological systems they are affecting (section 1.5.2). 

It can take time for the negative impacts of some alien 
species to become apparent and so a precautionary 
approach (Glossary) is often adopted when categorizing 
an alien species as an invasive alien species (Coutts et 
al., 2018). Generally authors do not consider the inclusion 
of impact within the definition of biological invasions, and 
instead their definition is based exclusively on ecological 
and biogeographical criteria (Blackburn, Pyšek, et al., 
2011; Occhipinti-Ambrogi & Galil, 2004; Pyšek et al., 
2004; Rojas-Sandoval & Acevedo-Rodríguez, 2015); 
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many of the datasets collated for alien species follow 
this approach (Pyšek et al., 2017; 2020). The definition 
of invasive alien species, supported by the International 
Union for Conservation of Nature (IUCN), the CBD and 
the World Trade Organization (WTO), often used in policy 
discussions, explicitly assumes that invasive alien species 
cause adverse impacts on nature and also to the economy 
and good quality of life, including human health (IUCN, 
2000). This IPBES invasive alien species assessment follows 
the definition of invasive alien species outlined within the 
scoping report (IPBES, 2018a) which includes the concept 
of impact on local ecosystems and species. Key terms 
within this definition are provided in Figure 1.1.

1.3.2	 How many invasive alien 
species are there?

Patterns in the numbers of established alien species have 
been documented for all IPBES regions (Chapter 2, 
section 2.4; and specifically Bailey et al., 2020; Genovesi 
et al., 2009; Lambdon et al., 2008; Turbelin et al., 2017) 
and most taxonomic groups (Chapter 2, section 2.3; 
in particular Dawson et al., 2017; Dyer et al., 2017; van 
Kleunen et al., 2015). However, as mentioned above, these 
datasets rarely distinguish those alien species which are 
invasive (Richardson et al., 2010), and, as such, in this 
section the term alien species is used. Island and coastal 
mainland regions have higher alien species richness (i.e., 
total number of species) than mainland regions (Dawson et 
al., 2017; Figure 1.4). Alien species richness is dependent 
on the number of different species introduced to a 
given location, often referred to as colonization pressure 
(Blackburn et al., 2020; Lockwood et al., 2009; Glossary). 

Not all alien species transported beyond their natural ranges 
establish sustaining populations (Cassey et al., 2018; 
Richardson et al., 2010). Propagule pressure (Glossary) 
is a measure of introduction intensity comprising both the 
number of individuals introduced per introduction event 
(propagule size) and the frequency of introduction events 
(Cassey et al., 2018; Colautti et al., 2006; Lockwood et al., 
2005). Given suitable environmental conditions, the total 
number of individuals of a particular alien species that are 
introduced has been shown to be positively correlated with 
the establishment success of alien populations (Colautti 
et al., 2006; Lockwood et al., 2009). The more individuals 
released, the greater probability that the population will have 
sufficient genetic variation to adapt to local conditions and 
establish self-sustaining populations (Blackburn et al., 2009). 

Social and economic factors, including gross domestic 
product per capita and population density (Chapter 3, 
sections 3.2.2 and 3.2.3), are important in determining 
alien species richness globally (Dawson et al., 2017). High 
trade and transport connectivity amongst regions which 
have similar environmental conditions can also be important 
in predicting the risk of invasive alien species (Glossary; 
Capinha et al., 2014; Cope et al., 2019; Early & Sax, 
2014; Fitzpatrick et al., 2007; Li et al., 2014; Parravicini et 
al., 2015) and describing global patterns of alien species 
richness (Chapters 2 and 3).

1.3.3	 Drivers of change in nature 
affecting invasive alien species

Direct and indirect drivers of change refer to all external 
factors that affect nature and consequently nature’s 
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Figure 1  4  	 Number of documented alien taxa in terrestrial (including freshwater) and 
marine environments. 

The size of regions is scaled proportionately by the number of documented alien taxa. Gaps for global alien species records are 
documented in Chapter 2. Data source: Seebens (2021).
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contributions to people and good quality of life (Brondizio 
et al., 2019). Direct drivers may be both human 
(anthropogenic) and non-human factors. Direct drivers affect 
nature directly in physical ways and include land or sea-use 
change, direct exploitation of natural resources, climate 
change, pollution, and invasive alien species. Indirect drivers 
are human actions that act on and alter direct drivers and 
other indirect drivers. Indirect drivers do not physically affect 
nature or nature’s contributions to people, but they are the 
underlying cause of direct anthropogenic drivers. Indirect 
drivers include the role of institutions and governance 
(Glossary) systems, economic policies, and demographic, 
technological, and cultural influences. 

The categories of indirect and direct drivers used throughout 
the IPBES invasive alien species assessment are based on 
the IPBES conceptual framework (Díaz et al., 2015) with 
modifications specifically relevant to biological invasions 
and invasive alien species outlined in Chapter 3, section 
3.1.2. The importance of interactions between invasive 
alien species and other drivers of change is acknowledged 
across the IPBES assessments (IPBES, 2018d, 2018e, 
2018f, 2018g, 2019), and MacDougall & Turkington (2005) 
note that some invasive alien species may be considered 
passengers of global change because they only persist 
in an ecosystem through continued human disturbance. 
However, it is also important to recognize that alien species 
are themselves a component of biodiversity; they may 
be affected by other direct and indirect drivers while also 
interacting with native biodiversity and other alien species 
(Chapter 3, section 3.3.5). 

Drivers may act alone or interact with each other to 
varying degrees, leading to additive or multiplicative effects 
(Chapter 3; Díaz et al., 2018; Newbold et al., 2015; Sala 
et al., 2000) in which it is difficult to determine the relative 
importance of one driver over another (Boxes 1.3 and 1.4). 
For example, land-use changes are widely recognized as 

playing a role in promoting invasive alien species (IPBES, 
2018c; Mooney & Hobbs, 2000). However, the role of 
indirect and direct drivers, and the complex interplay 
amongst them, will vary through the stages of the biological 
invasion process (section 1.4; Glossary). This complexity is 
rarely addressed within studies on invasive alien species but 
is increasingly recognized as an important consideration in 
understanding biological invasions and deriving solutions to 
mitigate or manage invasive alien species. It is important to 
recognize that drivers of change in nature such as land- and 
sea-use change, climate change and invasive alien species 
act at different temporal and spatial scales (Chapter 3; also 
Figure 1.9 in section 1.5; Bonebrake et al., 2019).

1.3.4	 What are impacts in the 
context of invasive alien species? 

For the purposes of this assessment, an impact is defined 
as a measurable change to nature, nature’s contributions 
to people, and/or good quality of life (Figure 1.1; Ricciardi 
et al., 2013; Chapter 4, section 4.1.2). It is useful to 
discriminate between measurable changes in physical or 
social parameters and value-laden decisions on whether 
such changes are beneficial or detrimental to humans or 
native species (Vimercati et al., 2020). Invasive alien species 
can cause changes in physical, chemical, and/or biological 
properties, which can result in an increase or decrease in a 
parameter or an index. Such change may be considered as 
a harmful impact with respect to nature if whole ecosystems 
and communities are affected, or if other species are 
negatively (e.g., reduction in their performance and/or 
population size, or extinction) or positively (e.g., increase in 
their performance and/or population size, or establishment 
of new populations) affected. Impacts can also be 
considered as harmful (negative) or beneficial (positive) for 
humans if people suffer or gain from changes in nature’s 
contributions to people or constituents of good quality of life 

Box 1  3  	 Interactions between invasive alien species and climate change as drivers of 
biodiversity loss.

The IPBES-IPCC Co-Sponsored Workshop Report on 
Biodiversity and Climate Change (Pörtner et al., 2021) 
recognized that climate change and biodiversity loss are 
interconnected and share common drivers through human 
activities. Although the outcomes of interactions between 
climate change and invasive alien species on community 
level processes is poorly understood (Robinson et al., 2020), 
disproportionate changes in community composition across 
trophic levels are predicted to decrease species diversity 
and stability (Zarnetske et al., 2012). As an example, climate 
change is anticipated to affect top predators more strongly than 

lower trophic levels, leading to an increase in herbivores and 
a decrease in plants (Zarnetske et al., 2012). It is evident that 
the ongoing unprecedented changes in climate will alter the 
interactions between native and alien species (section 1.6.8). 
Interactions amongst drivers of change in nature, including 
climate change and invasive alien species but also other 
drivers, can generate complex feedback loops (Sinclair et al., 
2020; Glossary) with pronounced and unpredictable outcomes 
on evolutionary and ecosystem level processes (Pörtner et al., 
2021; Chapter 3, section 3.5).
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Box 1  4  	 Climate change, fire, and invasive alien plants.

Many regions are experiencing unprecedented fire regimes 
because of human-driven ignition, coupled with intense 
droughts and record high temperatures associated with 
human-induced climate change (Bowman et al., 2020; Kelly et 

al., 2020). Undoubtedly, the increase in frequency and intensity 
of fires is threatening ecosystems and good quality of life in 
almost all parts of the world (Bowman et al., 2011; Figure 1.5). 
Invasive alien species can worsen the situation by adding 
fire-prone fuel, which can increase not only the fuel quantity 
but also its flammability and its spatial continuity (Brooks et 

al., 2004; Gaertner et al., 2014). Studies have found that in 
several biomes, including tropical, temperate and Mediterranean 
regions, invasive alien plants may benefit from fires but can also 
act as promoters of more intense and frequent fire regimes, 
potentially causing more carbon release into the atmosphere 
(Nuñez et al., 2021). In the Cerrado forest of Brazil, for example, 
Melinis minutiflora (molasses grass) and Urochloa brizantha 
(palisade grass) introduced in the 1800s are more prone to fire 
and although fire is a natural disturbance of this ecosystem, 
invasive alien grasses increase the frequency and intensity of 
fires (Damasceno & Fidelis, 2020). In Mediterranean climates 
and other semi-arid and arid ecosystems, some land-use 
practices, such as overgrazing, have resulted in significant 

increases in invasive alien European grasses such as Bromus 

tectorum (downy brome) that increase fuel load, continuity, and 
flammability. These conditions create a positive feedback loop 
between severe fires and the invasion of Bromus tectorum that 
results in multiple negative changes of natural grasslands and 
shrub steppe ecosystems and services (e.g., Western North 
America; see Pyke et al., 2016). In areas with Mediterranean 
and temperate climates, especially in the southern hemisphere, 
shrubs and trees native to fire-prone ecosystems may cause 
extreme changes in fire regimes. In southern Africa and southern 
South America, Australian species of Acacia have shown to 
spread rapidly after fires and their biomass can fuel more intense 
fires (Le Maitre et al., 2011). Similar positive feedback loops 
between invasive alien species and fires have been observed for 
Pinus across several ecosystems in the southern hemisphere 
(Cóbar-Carranza et al., 2014; Franzese & Raffaele, 2017; 
Taylor et al., 2017). Fire-prone invasive alien plants are likely to 
continue to spread under the more extreme climate scenarios 
and with the anticipated increase in conditions favourable to 
fire (Hurteau et al., 2014). Consequently, these invasive alien 
plants are predicted to play a role in promoting more intense fire 
regimes with potential impacts on carbon cycling and further 
potential synergies with climate change. 

Figure 1  5  	 Invasive alien plants increase fire intensity and spread. 

A volunteer in Chile is trying to control a wildfire in an area invaded by Genista monspessulana (Montpellier or French broom). 
Photo credit: Guillermo Salgado Sánchez – CC BY 4.0.
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(Chapter 4, sections 4.1.3, 4.4 and 4.5; García-Llorente 
et al., 2008; Pyšek & Richardson, 2010; F. Williams et al., 
2010). It is important to acknowledge that the outcomes of 
assessments of the benefits or positive impacts of invasive 
alien species should not be used to balance or offset the 
harmful or negative impacts, which may be irreversible 
including ecosystem transformation (Lockwood et al., 
2023; Chapter 4). Invasive alien species can have direct or 
indirect adverse impacts in their new environment even if 
their populations are not established or conversely can have 
negligible impacts even when established and widespread 
(Glossary; Jeschke et al., 2013). While most literature on 
invasive alien species refers to the detrimental effects on 
ecological processes in terrestrial, freshwater and marine 
environments, new evidence is revealing the devastating 
effects on social (Bacher et al., 2018; Gallardo et al., 2019) 
and economic aspects (Diagne et al., 2020). There is 
consensus among the scientific community that impacts of 
invasive alien species cannot be understood independently 
of other drivers of change in nature and that ecological, 
social, and economic aspects are also closely intertwined 
(Pyšek, Hulme, et al., 2020; Shackleton, Shackleton, et 
al., 2019).

Previous IPBES assessments have concluded that 
increased biotic homogenization (Glossary), or loss of 
biotic uniqueness, of biological communities is a major 
negative impact of invasive alien species which can result 
in the introduction and establishment of further alien 
species (IPBES, 2018d, 2018e, 2018f, 2018g, 2019). Local 
community assemblages are becoming more similar to each 
other on average, and this biotic homogenization (Finderup 
Nielsen et al., 2019; McKinney & Lockwood, 1999; Yang et 
al., 2021) has also been referred to as the “anthropogenic 
blender” (Olden, 2006). A recent review highlighted a 
consistent trend of decreasing taxonomic and phylogenetic 
diversity globally, providing strong evidence of widespread 
biotic homogenization (D. Li et al., 2020). The consequences 
of biotic homogenization for ecosystem processes and 
nature’s contributions to people can be substantial, but 
are often context specific, are hard to predict, and remain 
understudied. Ongoing environmental transformation is 
reducing the ability of ecosystems to withstand disturbance, 
including the arrival of invasive alien species, and so leading 
to decline in the resilience (Glossary) of natural systems 
(Dasgupta, 2021). 

The introduction of one invasive alien species can 
facilitate invasion by another (Chapter 3, section 3.3.5; 
Simberloff & Von Holle, 1999). In some cases, this has led 
to an increasing rate of establishment and consequently 
communities of interacting invasive alien species are 
becoming increasingly common (Jackson, 2015; Simberloff 
& Von Holle, 1999). This facilitation is more likely to occur 
when a high number of species are introduced to an area 
(e.g., islands) or for alien species that are already known 

to interact with one another (e.g., species that co-occur 
within the native range or previously invaded ranges), such 
as pests and parasites. Indeed, parasites and pathogens 
are frequently introduced into new communities alongside 
invasive alien species and are implicated in altering the 
outcome of biological invasions by changing the strength 
of interactions between alien and native species (Dunn & 
Hatcher, 2015; Box 1.14 in section 1.6.7.2). Co-occurring 
and interacting invasive alien species may amplify and 
exacerbate negative impacts. Indeed, biotic facilitation 
(Glossary), the synergistic interactions amongst different 
alien species within an invaded ecosystem, can lead to 
extreme adverse effects on ecosystem functions, which 
have been termed “invasional meltdown” (Simberloff, 2006; 
Simberloff & Von Holle, 1999; Glossary). However, in some 
cases interactions amongst invasive alien species can 
mitigate the adverse effects, for example when a predator 
is introduced and reduces the population of the prey of the 
invasive alien species (Chapter 3, section 3.3.5; Braga et 
al., 2018; Facon et al., 2006; Jackson, 2015). 

The effects of an invasive alien species on an invaded biotic 
community will increase as the density of the invading 
organisms increases (Shea & Chesson, 2002). Effects on 
and responses of the resident species will in turn determine 
whether the community provides opportunities for invasive 
alien species (Parker et al., 1999). However, while it is 
recognized that the outcome of biological invasions can be 
partially explained by the traits of alien species (invasiveness, 
i.e., the intrinsic biological characteristics of the species 
that result in the ability to invade a particular ecosystem) 
and characteristics of the recipient community (invasibility, 
i.e., susceptibility of an ecosystem to be invaded by one or 
multiple species), high levels of uncertainty (Leung et al., 
2012) are often a feature of predictions on the dynamics of 
invasive alien species (Facon et al., 2006; Hui & Richardson, 
2019). It is critical to integrate characteristics of the invading 
species alongside characteristics of the recipient habitats to 
account for the context within which the biological invasion 
is occurring (Foxcroft et al., 2011). 

Invasive alien species may reduce the phylogenetic distance 
among species within a community and, although in 
some cases they may increase the phylogenetic diversity 
within local sites, they can reduce phylogenetic diversity 
between sites (D. Li et al., 2020). Ecosystem function 
is influenced by phylogenetic diversity (Cadotte et al., 
2012); ecosystems comprising community assemblages 
with higher phylogenetic diversity are considered to be 
more resilient to disturbance because they have the 
evolutionary potential to adapt to changing environmental 
conditions (D. Li et al., 2020). The diversity and relative 
abundances (evenness) of species may strongly affect 
ecosystem function for community assemblages comprising 
combinations of functionally different species with low 
niche overlap (Cadotte et al., 2012). While it is difficult to 



THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

16

Box 1  5  	 Role of invasive alien species within novel or emerging ecosystems.

Changes in the composition of communities as a 
consequence of invasive alien species will lead the emergence 
of new species combinations. Ecosystems containing these 
new species combinations are termed “novel ecosystems” or 
“emerging ecosystems” (Hobbs et al., 2006). A broad range 
of examples document the emergence of novel ecosystems 
specifically in the context of biological invasions leading to 
new species combinations (Haram et al., 2021; Lindenmayer 
et al., 2008; Lugo, 2004; Mascaro et al., 2008; Wilkinson, 
2004). The adverse consequences of these changes include 
hybridization (e.g., between Sporobolus maritimus (small 
cordgrass) and Sporobolus alterniflorus (smooth cordgrass) 
leading to the emergence of the invasive alien Sporobolus 

anglicus (common cordgrass)), species declines (e.g., brown 
tree snake decimation of the forest bird species in Guam; 
Rodda & Savidge, 2007), or ecosystem-level change (e.g., 
changes in nutrient cycles, fire cycles or hydrology; Ehrenfeld, 
2010; Ramakrishnan & Vitousek, 1989; Simberloff, 2011; Vilà 
et al., 2011; Vitousek, 1986). However, novel ecosystems 
have shown to be beneficial in some contexts (Munishi 
& Ngondya, 2022) including, for example, by restoring 
ecosystem processes (Ewel & Putz, 2004; Lugo, 2004; C. 
E. Williams, 1997) or by providing nature-based solutions to 
mitigate environmental change (Munishi & Ngondya, 2022) 
although it is recognized that more evidence is needed for 
the latter (Turner et al., 2022). Furthermore, context-specific 
adaptive governance (Glossary; Chapter 6, Table 6.6) 
coupled with pathway management (Glossary; Chapter 5, 
section 5.4.3.1) and understanding of drivers (Chapter 3) 
and more broadly the biology of alien species, including 
their interactions with native species, is considered critical to 
success of nature-based solutions for managing biological 
invasions (Munishi & Ngondya, 2022).

The formation of novel ecosystems that include invasive 
alien species has led to discussions about the implications 
of resulting compositional and ecological changes (e.g., 
Hobbs et al., 2014; Murcia et al., 2014). Perceptions 
(section 1.5.2) depend on many factors including concerns 
over environmental and societal impacts but also differing 
cultural values toward “nativeness” and “exoticism” and how 
such beliefs develop over time (Higgs, 2003). The range 
of perceptions may also be based on how effective the 
actions are likely to be in reversing the changes caused by 
invasive alien species. On one side of the spectrum, reversal 
of the novel state generated by alien species is viewed as 
a useful, morally necessary, and achievable goal (Hallett 
et al., 2013; Hobbs et al., 2006). On the other side of the 
same spectrum, the transition to a novel system due to alien 
species impacts is viewed as irreversible when a system 
has crossed an ecosystem restoration (Glossary) threshold 
(Hallett et al., 2013; Hobbs et al., 2006). The latter is the 
case for most marine biological invasions, where post-
establishment management actions are mostly unsuccessful 
and invasive alien species can alter ecosystem functions 
and ultimately transform the entire landscape (E. Sala et al., 

2011). As an example, the snail Littorina littorea (common 
periwinkle), first recorded in the mid-1800s in the north-west 
Atlantic subsequently spread throughout the Atlantic coast 
of North America, altering the diversity, abundance and 
distribution of many benthic species on rocky and soft shores 
(Carlton, 1992).

Irreversible impacts are also likely to occur in scenarios where 
invasive alien species remain undetected for long periods of 
time. These historical biological invasions hamper our ability 
to recognize pre-existing native landscapes and ecosystems 
causing what is called “ecological mirages” (Bortolus et al., 
2015). The historical introduction of Sporobolus alterniflorus 
to the east coast of South America during the 1800s modified 
the pre-existing and extensive bare mudflats into vegetated 
salt marsh areas, leading to shifts in bird, fish and invertebrate 
biodiversity, with concomitant trophic cascades, but these 
changes were long overlooked (Bortolus et al., 2015). 

Acknowledging the uncertainty of outcomes of novel 
ecosystems and the potential for invasional meltdown 
(Chapter 3, sections 3.1.3.2 and 3.3.5), it is desirable 
to adopt a cautious and context-specific approach when 
considering the impacts of alien species and of the novel 
ecosystems they generate (Hobbs et al., 2006), including the 
potential role of novel ecosystems as nature-based solutions 
to mitigating other drivers of change in nature (Seddon et al., 
2021). This uncertainty also highlights the value of pragmatism 
when recommending management strategies, and the 
benefits of engaging all stakeholders with available evidence 
to consider desirability, cost, and resource availability 
(Chapters 5 and 6; Hallett et al., 2013; Miller & Bestelmeyer, 
2016). There are many ways in which alien species interact 
with one another and with native species (Hui et al., 2021). 
Novel mutualistic interactions (pollination, seed dispersal 
and plant-microbial symbioses) amongst alien species have 
been shown to facilitate other invasive alien species(Traveset 
& Richardson, 2014) leading to cascading effects that alter 
ecosystem functioning (Box 1.11). Less attention has been 
given to interactions between alien and native species which 
lead to benefits, or indeed reductions in the magnitude of 
adverse impacts of interacting alien species (Liu et al., 2018; 
Ross et al., 2004), but it is acknowledged that beneficial 
interactions are also important in determining the outcomes 
of biological invasions on communities and consequently 
ecosystem function (Braga et al., 2018; Halpern et al., 2007; 
Viana et al., 2019). The outcomes of species interactions are 
highly context-dependent (Lord et al., 2017) and other drivers 
of change in nature will alter the population dynamics of alien 
and native species with consequences for eco-evolutionary 
and community-level processes which can be difficult to 
predict (Facon et al., 2006; Robinson et al., 2020). 
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quantify niche overlap and functional differences among 
multiple species, phylogenetic diversity can be used as 
a proxy of similarities and differences amongst species 
(Cavender-Bares et al., 2009). Species-specific traits 
or human-mediated processes have been shown to be 
more important sources of variation in establishment and 
spread of invasive alien species than phylogenetic diversity 
(Chapter 3; Diez et al., 2008). However, it is important 
to include multiple facets of biodiversity when assessing 
impacts, and phylogenetic diversity can be used as metric 
for predicting multifunctionality of ecosystems (Lishawa 
et al., 2019). Innovative approaches integrating species 
distributions, traits, phylogenies, and interaction networks 
incorporating feedback loops will contribute to better 
understanding of biodiversity change (Pollock et al., 2020) 
including predicting the outcomes of biological invasions 
(Hui & Richardson, 2019).

Since invasive alien species interact with resident species 
in evolving ecosystems (Box 1.5), elucidating the complex 
adaptive networks these invasive alien and resident species 
form is critical to underpin understanding of the dynamics 
of invasive alien species and management of biological 
invasions. Network ecology embraces the multitude of 
biotic interactions within a framework of feedback loops 
which affect species persistence and coexistence (Borrett 
et al., 2014; Hui et al., 2016) and ultimately the functioning 
of ecosystems (Harvey et al., 2017). Emerging insights 
in understanding the influence of human decisions, 
perceptions and management efforts within the context of 
ecological networks will improve forecasts on the response 
of networks to invasive alien species (Kueffer, 2017). 

Ecological impacts of invasive alien species include adverse 
effects on biodiversity and also on nature’s contributions 
to people (Chapter 4, sections 4.3 and 4.4). Invasive 
alien species can lead to extreme disruptions in the good 
quality of life of local communities (Chapter 4, section 4.5) 
either by indirect impacts on human health (e.g., introduced 
mosquitoes and disease; see Box 1.14 in section 1.6.7.2), 
reduction of food security (e.g., invasive alien species as 
weeds in crop systems) or through degradation of habitats 
on which people depend (e.g., fire regime shifts caused by 
some invasive alien plants that are particularly flammable). 
As with any ecosystem change, there are cases where 
invasive alien species may provide opportunities for people 
to adapt and take advantage of the new conditions the 
species can provide. Production of firewood, new food 
sources and strengthening of aesthetic and cultural values 
have been recognized as beneficial outcomes of biological 
invasions (Shackleton, Shackleton, et al., 2019). However, 
the overall impact on nature’s contributions to people and 
good quality of life is hard to assess, as these species may 
have also disrupted the traditional and cultural ways of 
living of many Indigenous Peoples and local communities 
(Chapter 4, section 4.6). 

1.4	 BIOLOGICAL INVASION 
PROCESS

Over the past thirty years, different approaches to describe 
biological invasions have been developed (Colautti 
& MacIsaac, 2004; Leung et al., 2012; Rejmanek & 
Richardson, 1996; Rojas-Sandoval & Acevedo-Rodríguez, 
2015; Williamson, 1996; Williamson & Fitter, 1996). The 
unified framework for biological invasions (Figure 1.6) 
emerged from the integration of key features from across 
these commonly used frameworks and represents a 
single conceptual model that can be applied to all human-
mediated biological invasions (Blackburn, Pyšek, et al., 
2011). This framework is used throughout the IPBES 
invasive alien species assessment.

The unified framework divides the biological invasion 
process into a series of stages (transport, introduction, 
establishment, and spread), recognizing the need for a 
species to overcome the barriers (geography, captivity 
or cultivation, survival, reproduction, dispersal, and 
environmental) that obstruct transition between each stage. 
Different factors may be advantageous in allowing species 
to pass through each stage (Figure 1.6). The two barriers, 
survival and reproduction, recognize that the establishment 
stage is a population process, and establishment of a 
viable population requires self-sustaining populations 
encompassing multiple generations. Chapter 4 provides 
a synthesis of the environmental, economic and social 
impacts which can occur throughout the biological invasion 
process. Evolutionary processes and mechanisms, including 
evolutionary history, founder effects, and hybridization, are 
also relevant (Dlugosch et al., 2015; Estoup et al., 2016; 
Facon et al., 2006; Hufbauer et al., 2012; Zenni et al., 2017) 
and considered further within Chapter 2, Box 2.3. 

1.4.1	 Transport

Transport is the first stage in the biological invasion process 
(Williamson, 1996). Species have native geographic 
distributions with limits imposed by natural constraints, 
both biotic and abiotic. Human activities, such as shipping 
for trade, agricultural practices, and ornamental planting, 
can result in the movement of species beyond the barrier(s) 
that define these natural limits (Chapter 3). Humans can 
deliberately or inadvertently break down the natural barrier(s) 
which otherwise define these natural limits in the global 
distribution of species. This barrier is termed “geography” 
(Rojas-Sandoval & Acevedo-Rodríguez, 2015) in the 
unified framework as it is typically a physical feature (e.g., 
a mountain range or ocean) or a climatic barrier through 
which a species cannot normally disperse. However, 
the barrier may also be biogeographical, if distributional 
limits are imposed by biotic factors such as the presence 
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Prevention

“prevention of introduction between and within regions”
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“application of measures in and around an invaded area to prevent spread”
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“early detection & eradication from a defined geographic area”

Adaptive management

“collaborative and interdisciplinary approaches to mitigate impacts of biological invasions”

Figure 1  6  	 The biological invasion process.

Alien species terminology adopted throughout the assessment. The status of the species is reflected in the change in terminology and 
depends on the stage within the biological invasion process. Each stage is separated from the next by a barrier which a species must 
overcome in order to pass to the next stage. Alien species at different stages are associated with different management interventions.
Solid horizontal lines represent the core application of the terminology, or management interventions and broken lines indicate extended 
application of the terminology in some contexts and where suitable management interventions may have some relevance. Adapted 
from Blackburn, Pyšek, et al. (2011), https://doi.org/10.1016/j.tree.2011.03.023, under Copyright 2011 Elsevier Ltd.

Box 1  6  	 Pathways of introduction of invasive alien species.

Pathways describe the many ways in which an alien species 
can be intentionally or unintentionally introduced through 
human activities from one geographical location to another 
(Hulme et al., 2008; Pyšek et al., 2011). Recognizing the 
importance of linking pathways to management or legislative 
options, a pathway scheme was developed by Hulme et al. 
(2008) that coupled policy options with the broad mechanisms 
by which alien species could be introduced to a region. 
The Conference of the Parties to the CBD subsequently 
adopted (and refined) the pathway scheme proposed by 
Hulme and colleagues (Hulme, 2014; Hulme et al., 2008) to 
give a unified system for categorizing alien species pathways 
(CBD, 2014). The CBD Pathway Scheme distinguishes 
intentional and unintentional introductions, the six broad 
mechanisms of introduction (categories) and a number of 
corresponding subcategories. Furthermore, Saul et al. (2017) 
have published guidance for interpretation of the categories in 
introduction pathways, including for the six broad mechanisms 
of introduction:

Release in nature: intentional introduction of alien species for 
the purpose of human use in the natural environment;

Escape: unintentional movement of alien species from 
confinement (e.g., in zoos; aquaria; botanic gardens; 
agriculture; horticulture; aquaculture and mariculture facilities; 
scientific research or breeding programmes; or from keeping as 
pets) into the natural environment;

Transport-contaminant: unintentional movement of alien 
species as contaminants of a commodity that is intentionally 
transferred through international trade, development 
assistance, or emergency relief;

Transport-stowaway: unintentional movement of alien 
species attached to transporting vessels and associated 
equipment and media;

Corridor: unintentional movement of alien species into a new 
region following the construction of transport infrastructures in 
whose absence spread would not have been possible;

Unaided: secondary natural dispersal (section 1.4.4) of alien 
species that have been introduced by means of any of the 
foregoing pathways.

https://doi.org/10.1016/j.tree.2011.03.023
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of competitors, predators, parasites and pathogens, or 
the absence of mutualists. Barriers to dispersal promote 
diversification by driving important evolutionary processes 
(e.g., speciation) and as such environmental conditions 
that prevent organisms from dispersing have far-reaching 
consequences for the organization of life on earth (Caplat et 
al., 2016). The ways in which alien species are intentionally 
or unintentionally introduced through human activities from 
one geographical location to another are termed “pathways” 
(Hulme et al., 2008; Pyšek et al., 2011). An alien species 
may arrive within a new region through the importation of a 
commodity, arrival of a transport vector (physical means or 
agent, such as ship, train, aircraft, or other vehicle), which 
an alien species moves in or on (IUCN, 2017), and/or natural 
spread from a previously invaded region (Hulme et al., 
2008). These three mechanisms of arrival can be subdivided 
into six major pathways (Box 1.6). It is evident that the 
pathways through which alien species are transported and 
introduced to new regions are changing over time (Essl et 
al., 2015; Hulme et al., 2008) and it is apparent that some 
of the most problematic invasive alien species arrive through 
multiple pathways (Essl et al., 2015; Saul et al., 2017) and 
repeated introductions (J. R. U. Wilson et al., 2009). The 
movement of alien species may be facilitated by a broad 
range of human factors, or drivers of change, especially 
those related to the economy, human demography, and 
land-use (Chapter 3). 

1.4.2	 Introduction 

A species may be moved to a location beyond its natural 
distributional limits but will only go on to invade an area if it is 
introduced beyond captivity and cultivation from that location 
(Williamson, 1996). To become introduced, individuals 
of that species must overcome the (sometimes literal) 
barriers imposed by captivity or cultivation (Rojas-Sandoval 
& Acevedo-Rodríguez, 2015). A deliberate (intentional 
introduction) act may be with the aim of establishing an 
alien species, for example if the species can be considered 
economically (e.g., game species) or environmentally (e.g., 
biological control agents, Glossary) or culturally (e.g., 
landscape gardening; van Kleunen et al., 2018) beneficial. 
Over time, a wider understanding of the harm that invasive 
alien species can cause (Pyšek, Hulme, et al., 2020) led to 
the conclusion that most introductions are not deliberate, but 
are unintentional. Important anthropogenic factors, or drivers, 
that may facilitate the introduction of invasive alien species 
include escape from captivity (e.g., pet animal escapes, seed 
spread from botanical gardens, larvae or adults that escape 
from aquaculture facilities) or escape by stowaways (e.g., 
organisms in ballast water), although some can result from 
intentional liberation of individuals into a novel environment 
(e.g., ceremonial release of animals) (Dyer et al., 2017; 
Magellan, 2019; Pyšek, Hulme, et al., 2020; Simberloff et al., 
2013; Chapter 3). 

1.4.3	 Establishment

Introduced species will fail to become invasive if they are 
unable to produce a self-sustaining and viable population in 
the new location, a process that is termed “establishment” 
(Williamson, 1996). This stage in the biological invasion 
process requires that introduced individuals both survive 
and reproduce in the new environment, and hence that 
barriers to survival and reproduction are overcome (Pyšek, 
Bacher, et al., 2020; Rojas-Sandoval & Acevedo-Rodríguez, 
2015). Therefore, as mentioned in section 1.3.2, biological 
invasions are a function of propagule pressure, colonization 
pressure, abiotic characteristics of the invaded ecosystem 
and biotic characteristics of the recipient community and 
invading species (Catford et al., 2009; Lockwood et al., 
2009) including ecological and evolutionary change (Facon 
et al., 2006). 

The number of individuals introduced into a new 
environment has been the most consistently described 
and widespread correlate of establishment success of alien 
species (Blackburn, Prowse, et al., 2011; Lockwood et al., 
2005). Indeed, propagule pressure is considered the most 
reliable predictor of biological invasion success (Colautti 
et al., 2006). As already described, the term propagule 
pressure incorporates both the number of individuals 
released in one introduction event and the number of 
such events (Lockwood et al., 2005). Small introduced 
populations, with a few notable exceptions (Briski et al., 
2018; Roman & Darling, 2007), are likely to fail to establish 
because of constraints of demography, genetics or 
environmental variation, even if the location is suitable for 
their survival and reproduction (as is also the case for small 
populations of threatened native species) (Cassey et al., 
2018; Duncan et al., 2014; Lockwood et al., 2005). 

The outcome of a specific introduction and establishment 
is dependent on resource availability, interactions with other 
species including natural enemies (predators and parasites), 
and the abiotic environmental conditions (Catford et al., 
2009; Roy & Lawson Handley, 2012; Shea & Chesson, 
2002). These factors all vary in time and space and can be 
modified by human influences or drivers of change in nature 
(Chapter 3) and natural disturbances (Catford et al., 2012). 
The relative importance of these factors varies between 
species. As an alien species increases in population density, 
it will influence the invaded locality through interactions 
with other species within the community. The process of 
biological invasion is dynamic and specific outcomes of 
interactions vary over time and with context including the 
responses of humans to the invasive alien species, which 
can range from adaptation to management including 
eradication and ecosystem restoration (Box 1.7). 

The concept of invasibility, the susceptibility of a community 
to become invaded by one or several species, has been 
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described as an intrinsic community and ecosystem 
attribute, but this view has been challenged because the 
lack of available information on species that have failed to 
establish makes it difficult to infer whether some species are 
more invasive or some habitats more invasible than others 
(Colautti et al., 2006; Zenni & Nuñez, 2013). Furthermore, 

invasiveness of an alien species and the invasibility of 
the recipient ecological network are interlinked (Hui et 
al., 2021); establishment success is a function of the 
interaction between traits or invasiveness of the species 
(e.g., behaviour, physiology, life history) and invasibility of the 
environment (e.g., climate, habitat) (Abramides et al., 2011), 

Box 1  7  	 Ecosystem restoration enhancing resilience to invasive alien species.

Ecosystem restoration is defined as any intentional activity that 
initiates or accelerates the recovery of an ecosystem from a 
degraded state (IPBES,3 e.g., Figure 1.7) – i.e., assisting the 
recovery of an ecosystem that has been degraded, damaged, 
or destroyed – and is often used to reinstate ecosystems that 
have been altered by invasive alien species. An exciting extra 
role for ecosystem restoration is to prevent the establishment 
and spread of invasive alien species in the first place. Indeed, 
there is increasing interest in using restoration to enhance 
ecosystem resilience to perturbations as environmental 
change accelerates.

Invasive alien species are recognized as one of five major 
drivers of change in nature, with adverse impacts on nature 
and also, in some cases, nature’s contributions to people 
and good quality of life (Chapter 4). As such, management 
of biological invasions is critical to achieving ecosystem 
restoration (Chapter 5, section 5.5.7). However, there is also 
considerable evidence of invasive alien species as “passengers” 
of change (S. D. Wilson & Pinno, 2013). Restoring ecosystems 
to prevent the establishment and spread of invasive alien 
species is most obviously beneficial under the so-called 
“Passenger Model”, under which invasive alien species are 
facilitated by anthropogenic environmental change – such as 
disturbance or eutrophication (Chapter 3, sections 3.3.1 and 

3.	 IPBES glossary: https://ipbes.net/glossary

3.3.3). In this case invasive alien species are “passengers” that 
benefit from the altered environment rather than themselves 
driving change (MacDougall & Turkington, 2005). 

Invasive alien species are frequently a problem during 
ecosystem restoration, and much research focuses on how 
to control them. By contrast, studies of the ability of restored 
ecosystems to prevent the establishment and spread of 
invasive alien species are few, and most assess resistance 
during the early stages of ecosystem restoration. For example, 
Foster et al. (2015) found that following experimental additions 
of invasive alien species, including the highly invasive alien 
legume Lespedeza cuneata (sericea lespedeza), restored 
American prairie strongly limited invasive alien species 
compared to unrestored prairie. In general, a high native 
diversity might be expected to increase resistance to invasive 
alien species (Byun et al., 2018). However, there is a lack of 
evidence about the ability of ecosystem restoration to limit 
biological invasions over the long-term and at large scales.

2021 marked the start of the United Nations-sponsored Decade 
on Ecosystem Restoration, acknowledging that ecosystem 
restoration could become central in efforts to resist and effectively 
prevent biological invasions. Ecosystem restoration has many 
other benefits, including the enhancement of ecosystem functions 
and benefits to people, the provision of habitat for native species, 
and resilience to ongoing environmental change.

.

Figure 1  7  	 Restoring calcareous grassland in southern England. 

Left: flower rich calcareous grassland following ecosystem restoration. Right: Ochlodes venata faunus (large skipper) after 
ecosystem restoration. Photo credit: Maico Weites – CC BY 4.0.

https://ipbes.net/glossary


CHAPTER 1. INTRODUCING BIOLOGICAL INVASIONS AND THE IPBES THEMATIC ASSESSMENT OF INVASIVE ALIEN SPECIES AND THEIR CONTROL

21

1.4.4	 Spread 

The next stage in the biological invasion process is known 
as spread, whereby individuals from an established 
population disperse across the new environment 
(Williamson, 1996), increasing the size of the geographic 
distribution of the alien species. An alien species can 
spread in various ways, such as through natural dispersal or 
transport alongside human activities (section 1.4.1). Spread 
requires the alien species to overcome a barrier imposed 
by limits to dispersal (e.g., the distance between suitable 
habitat patches), and a barrier imposed by environmental 
suitability (Rojas-Sandoval & Acevedo-Rodríguez, 2015), 
which will tend to increase with distance from its location 
of establishment (Lomolino et al., 2010). Spread of an alien 
species is a sequence of population establishments, and 
so environmental suitability can be viewed as presenting 
barriers to survival and reproduction that must be overcome 
in each newly colonized location. Human factors, especially 
those related to disturbance and the creation of corridors, 
may act as drivers facilitating the spread of alien species 
within and beyond their non-native range (Chapter 3, 
sections 3.3.1, 3.4.2). It is important to note that there are 
often time lags, sometimes of decades or more, between 
introduction, establishment, and spread (Essl et al., 2011; 
Kowarik, 1995; Seebens et al., 2017).

Introduced populations of alien species can also be a 
source of new introductions; this is referred to as secondary 
spread (Bertelsmeier & Keller, 2018). Patterns of spread 
of alien species have been widely documented (Ascunce 
et al., 2011; Chapman et al., 2020; Keller et al., 2012; 
Lombaert et al., 2010) and the mechanisms underpinning 
secondary spread have been the subject of many studies 
and some debate (Bertelsmeier & Keller, 2018). A single 
introduced population can be the source of many secondary 
introductions and so an alien species may spread rapidly 
even in the absence of further direct introductions from 
the native range. This has led to the hypothesis that 
adaptations for increased invasiveness could have occurred 
in introduced populations compared to native populations. 
The term “bridgehead population” or “bridgehead effect” 
has been used in reference to alien species establishing a 
stronghold or base population prior to further incursions 
to other environmentally suitable regions (Lombaert et al., 
2010). However, evidence for adaptive evolution within 
bridgehead populations of introduced alien species is 
lacking (Bertelsmeier & Keller, 2018) but evolution can 
play a role in the survival and establishment of introduced 
species through local adaptation to the novel conditions 

in the invaded range (Facon et al., 2006; Hufbauer et al., 
2012). Introduced populations can reach higher densities 
than those in the native range, for example because of 
increased resource availability in the invaded range (Catford 
et al., 2009). The resulting high abundance, alongside 
other factors including ongoing introductions from the 
native range, increases the probability of the alien species 
moving to new regions with human activities, including 
trade networks (Banks et al., 2015), providing the necessary 
connectivity to facilitate the secondary spread (Chapman et 
al., 2020). 

1.4.5	 The management-invasion 
continuum

The invasion curve (Figure 1.8; Glossary) diagrammatically 
presents the four stages of biological invasion over time. 
The curve can be contextually interpreted as number 
of alien species, area occupied or levels of impact over 
space and time. It was first developed for policymakers in 
Australia (Victorian Government, 2010), and is now widely 
used across government agencies in the United States, 
Canada, New Zealand and Japan and by some international 
organizations including the IUCN. As already stated, invasive 
alien species often have a lag-phase during establishment 
(Essl et al., 2011; Kowarik, 1995; Seebens et al., 2017). 
This is followed by a dispersal phase of variable duration 
during which there is often logarithmic growth, up until 
the point at which the invasive alien species occupies a 
large area and so is in the widespread phase when the 
biophysical or socioecological negative impacts are high 
and affect a large proportion of the landscape/seascape 
(Chapter 4). The invasion curve highlights the importance 
of preventative measures (Figure 1.8; Chapter 5, section 
5.5.2) before an invasive alien species arrives, and retaining 
the ability to manage an invasive alien species in the early 
stages of invasion after arrival. It supports understanding 
and decision-making of management options along the 
management-invasion continuum (Chapter 5, sections 
5.2 and 5.3). While the invasion curve is employed 
widely to understand the process of biological invasions, 
this assessment will also utilize the IPBES conceptual 
framework, which is described in section 1.6.1.

but crucially also depends on human actions (Duncan 
et al., 2003; Redding et al., 2019) and on many different 
and interacting drivers of change in nature (Chapter 3, 
section 3.5).



THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

22

Management objectives

Prevention and 
preparedness

Early detection and 
eradication

Containment
Control & 

restoration

WidespreadSpreadEstablishmentAbsent

Introduction

Lag phase
TIME

Conceptual invasion curve without management
Conceptual invasion curves with management

A
R

E
A

 IM
P

A
C

T
E

D

A) Terrestrial and closed water systems

WidespreadSpreadEstablishmentAbsent

WidespreadSpreadEstablishmentAbsent

Managing pathway

Management target - Relative importance (white highest)

Managing species

Managing site/catchment

Managing ecosystem/catchment

Actions to achieve objective

Border
biosecurity/
quarantine

Preparedness

Risk assessment, prioritization & decision-making

Surveillance and monitoring

Chemical, physical, and biological controls

Adaptive management

Management objectives

A
R

E
A

 IM
P

A
C

T
E

D

Spread         WidespreadEstablishmentAbsent

Lag phase
TIME

Conceptual invasion curve without management
Conceptual invasion curves with management

Prevention and  
preparedness Early detection for 

low-mobility organisms, 
eradication

Post-establishment
management is

largely ineffective

B) Marine and connected water systems

Introduction Spread         WidespreadEstablishmentAbsent

Spread         WidespreadEstablishmentAbsent

Management target - Relative importance (white highest)

Managing pathway

Managing species

Managing sites

Border
biosecurity

Risk assessment, prioritization and decision-making

Surveillance and monitoring

Actions to achieve objective

Preparedness

Figure 1  8  	 Conceptual diagram of management-invasion continuum (see also Chapter 5, 
Figure 5.1). 

The generalized invasion curve without management and the expected changes in the invasion curve with appropriate management 
actions in A) terrestrial and closed water systems (including coastal systems and salt marshes) and in B) marine and connected water 
systems. White boxes indicate the optimal management objectives at each stage of the biological invasion process. Colour gradient 
of managing pathway, species, site and ecosystem boxes show how the relative focus generally changes as biological invasions 
progress. White boxes indicate typical management actions necessary to achieve each management objective. Post-establishment 
management actions are not shown under panel B since these are generally not achievable in these systems. In a management 
context, the first detection (introduction point), the lag phase (see Glossary) and the exponential spread phases are important points 
to design an early detection and rapid response management plan. This figure is conceptual, and the curves do not represent actual 
population dynamics of invasive alien species.
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1.5	 SOCIOECOLOGICAL 
CONTEXT 

Increasing attention has been given to understanding the 
context dependency of biological invasions (Pyšek, Bacher, 
et al., 2020; Sapsford et al., 2020). Thus, the outcome of 
each biological invasion not only depends on the propagule 
pressure and traits of the species invading, but on the 
recipient ecosystem and its defining parameters within a 
specific time span and a specific spatial scale (Pauchard 
& Shea, 2006; section 1.3.2; Figure 1.9). This context 
dependency goes beyond ecological parameters as it is 
at least partly determined by human culture, incorporating 
behaviour, government policies and regulations, and other 
social components, including social differentiation and, at 
times, violent conflict (Figure 1.9; Howard, 2019; Kelsch et 
al., 2020). 

Modelling and predicting the spread and potential impacts 
of invasive alien species on biodiversity and human health 

and well-being are widely seen as critical to better curtail 
the harm they can cause to ecosystems and human 
communities (Chapter 4, section 4.7.1, and Chapter 5, 
section 5.6.3.2). Although there have been considerable 
advances in this regard, increasingly, scientists are 
recognizing the inherent difficulties of forecasting these 
processes in complex socioecological systems (Lenzner 
et al., 2019). There are several reasons why this remains 
the case, despite progress in both the natural and social 
sciences in the study of biological invasions.

Invasive alien species respond to multiple natural and 
anthropogenic drivers (Chapter 3), which can also have 
synergistic effects on the outcomes of biological invasions. 
Pörtner et al. (2021) highlight the importance of recognizing 
the complex and multiple connections between climate 
and other drivers of change in nature. For example, positive 
feedback loops between plant invasions and more intense 
and frequent fires (Box 1.4) associated with climate change 
can completely shift fire regimes (Brooks et al., 2004). The 
sphere of social interactions and human behaviour increases 
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Figure 1  9  	 Context dependency in biological invasions across multiple spatial and 
temporal scales, and governance and ecological levels. 

Underlying processes span various spatial (bottom-left: local to global) and temporal scales (bottom-right: short to long-term). Impacts 
of invasive alien species on nature, nature’s contributions to people and good quality of life also vary across temporal and spatial 
scales and may differentially affect each level of ecological organization (top-right: from individuals to ecosystems). For some invasive 
alien species, the impacts are immediate and continue into the long-term (e.g., fast-spreading pathogens such as Zika virus, or 
fast-spreading predators such as lionfish) while for others there may be a considerable time lags, spanning decades in some cases, 
before the impacts are apparent (e.g., many invasive alien trees, see Kowarik, 1995). Some invasive alien species have local impacts 
(e.g., Carassius auratus (goldfish) released into small ponds by pet owners) while others impact globally (e.g., Batrachochytrium 
dendrobatidis (chytrid fungus)); and while many invasive alien species have impacts at the individual, population, or community 
level, others adversely impact entire ecosystems (e.g., eucalyptus and pine trees transforming native grasslands into shrub or wood 
land). Finally, different levels of governance (top-left: from local to inter-government) affect how biological invasions progress and are 
managed (e.g., local governance of invasive alien species may differ from national or international policies).
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the complexity of mitigation efforts, which can be very 
difficult to communicate to policy- and decision-makers, to 
a wide variety of stakeholders, and to Indigenous Peoples 
and local communities. The effects of human caused fires 
(i.e., ignition) associated with a particular cultural behaviour 
have the potential to accelerate fire regime changes, and 
complicate management decisions alongside the outcomes 
from biotic and abiotic modelling. As another example, 
many aquatic invasive alien species are spread through 
recreational boating and if people who engage in this activity 
are unaware of the need to practice hull cleaning, and of 
the damage that invasive alien species can inflict on other 
recreational pastimes, they will be unlikely to take part in 
mitigation efforts.

Human responses to the threats posed by invasive alien 
species, including the introduction of alien species to 
achieve biological control and the use of chemicals or other 
agents in eradication programmes, can also affect the 
possibility of future biological invasions and the range of 
management responses and policy choices (Chapters 5 
and 6). If people have begun to adapt to the presence 
of invasive alien species in a way that benefits them, 
then efforts to eradicate these species may not be seen 
as acceptable by some stakeholders (Howard, 2019), 
and there may also be resistance, on ethical grounds, to 
management methods that involve lethal responses.

Understanding the process of biological invasions within 
the context of varying spatial and temporal scales is 
important but can be challenging, because mechanisms 
underpinning the patterns are influenced by scale and the 
peculiarities of the phenomena being studied (Pauchard 
& Shea, 2006; Sapsford et al., 2020). While patterns of 
biological invasions have now been documented at multiple 
spatial and temporal scales (Chapter 2), most studies 
have explored the mechanisms behind biological invasions 
only at small spatial scales because of the difficulties in 
experimental design and replicability. Furthermore, most 
mechanistic studies only look at short periods of time (i.e., a 
few years). Thus, there is still a critical gap in understanding 
the process of biological invasion over a range of scales. 
Simple scaling up is of limited value because processes 
and mechanisms vary at different scales and changes 
over time are rarely linear (Kowarik, 1995; Levin, 1992). 
However, in the last two decades and because of the 
accumulation of extensive observational datasets and the 
development of new analytical tools (Sagarin & Pauchard, 
2012), macroecological studies are filling some of these 
gaps. It is now possible to consider invasive alien species on 
large temporal and spatial scales and therefore link patterns 
to processes and reveal underpinning mechanisms more 
robustly than was previously possible (e.g., Seebens et al., 
2015, 2021; Chapter 2). Indeed, the first estimates of future 
alien species projections, based on long-term alien species 
trends, are now available (Seebens et al., 2021), indicating 

that past trends of invasive alien species will continue 
to accelerate for many taxonomic groups and regions. 
Multiscale solutions can help to address the threats posed 
to the natural world by multiple drivers of change in nature 
(Bonebrake et al., 2019).

1.5.1	 Characterizing stakeholders 
and biological invasion stages

Invasive alien species can variously affect, and be affected 
by, different categories of stakeholders across the stages of 
the biological invasion process (Figure 1.10). A stakeholder 
refers both to those people who have the capacity to 
affect (influence) or are affected by (have interests in) 
biological invasion processes, outcomes, and policies. 
The IPBES invasive alien species assessment identifies 
three groups of stakeholders in relation to stages of the 
biological invasion process. They include “influencing 
stakeholders”, who influence biological invasion processes, 
management or policies; “affected stakeholders”, who are 
affected by biological invasions as “winners” or “losers”; 
and “contributing stakeholders” (Figure 1.10), who 
contribute directly or indirectly to biological invasions without 
necessarily being influential or affected (Dandy et al., 2017). 
Such groups are not mutually exclusive – both individuals 
and organizations can belong to several of these categories 
(Figure 1.10). 

Within the “influencing” and “affected” stakeholder 
groups, Dandy et al. (2017) identify several categories of 
stakeholders, described in Table 1.1. 

1.5.2	 Perceptions and values

Social and cultural dimensions of biological invasions 
encompass people’s awareness, perceptions, values, 
attitudes, and interests (Table 1.2). The study of these 
dimensions helps to better understand social conflicts, 
engagement and action or inaction throughout the biological 
invasion process described in section 1.4, and particularly 
in the context of the management of biological invasions 
and control of invasive alien species (Estévez et al., 2015; 
Kueffer & Kull, 2017; Novoa et al., 2017; Shackleton, 
Richardson, et al., 2019). Some key literature from the 
environmental humanities has been critical in drawing 
attention to the entanglement of the ecological context and 
cultural values in biological invasions (Frawley & McCalman, 
2014; Head, 2017; Tassin & Kull, 2015) and in showing that 
management of biological invasions depends on human 
decision making and behavioural change for success (Head 
et al., 2005; McNeely, 2001). 

Research activity on the social and cultural dimensions 
of biological invasions is slowly accelerating but is still in 
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Contributing stakeholders
They directly or indirectly contribute to 
invasive alien species (traders, 
producers, retailers, travelers, 
contractors…)

Influencing stakeholders
They influence invasive alien species 
processes, outcomes and policies 
(regulators, plant and animal health 
authorities, land and sea managers…)

Affected stakeholders
Their interests are directly or indirectly 
impacted by invasive alien species 
and/or management actions (citizens 
and future generations, farmers, 
insurance companies, exporters, 
tourist sector…)

Governors, managers, 
monitors, networkers, 

vector stakeholders

Value losers, collateral
losers, cost losers,
outcome winners

Influencing
stakeholders

Contributing
stakeholders

Affected
stakeholders

Decrease (or increase)
impacts of invasive 

alien species

Increase impacts
of invasive 
alien species

Regulate

Figure 1  10  	 Involvement of different stakeholder groups in the context of biological 
invasions.

Stakeholder 
group

Stakeholder 
category

Description

Influencing  
stakeholders

Vector-
stakeholders

Individuals or organizations whose activities, intentionally or unintentionally transport, introduce 
and/or spread invasive alien species

Governors
Individuals or organizations who set formal and informal rules or establish norms that guide and 
drive management of biological invasions and adaptation, including prevention across all stages of 
the biological invasion process

Monitors
Individuals or organizations who predict, identify, detect, conduct surveillance of and share 
information on invasive alien species across all stages of the biological invasion process

Managers
Individuals or organizations who undertake “on-the-ground” responses to biological invasions 
across all stages of the biological invasion process

Networkers
Individuals or organizations who disseminate information and key messages between actors 
relevant to biological invasions management, connecting other stakeholders with differing 
perspectives and operating at different scales

Affected 
stakeholders

Value losers
Individuals or organizations for whom nature’s contributions to people and good quality of life are 
reduced by invasive alien species or by management responses across all stages of the biological 
invasion process

Cost losers

Individuals or organizations who bear the direct economic costs of responding to invasive alien 
species, such as paying for labour and materials required for eradication or containment, or for 
information dissemination across all stages of the biological invasion process. These direct costs can 
be incurred in addition to the loss of existing value (i.e., cost losers may often also be value losers)

Collateral losers
Individuals or organizations who lose value indirectly as a consequence of the adverse impacts of 
invasive alien species or their management across all stages of the biological invasion process

Outcome winners

Individuals or organizations for whom nature’s contributions to people and good quality of life 
are increased by invasive alien species or by their management responses across all stages of 
the biological invasion process. In some cases, invasive alien species provide additional nature’s 
contributions to people, in other cases, these stakeholders are able to turn harm into benefit

Contributing 
stakeholders

Individuals or organizations who directly or indirectly contribute to biological invasions

Table 1  1  	 Groups and categories of stakeholders considered in the IPBES invasive alien 
species assessment. 

For a full description of the Stakeholder categories, please consult Supplementary material 1.1.
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Table 1  2  	 Primary and underlying factors that shape people’s perceptions of invasive alien 
species. 

Updated from Shackleton, Richardson, et al. (2019). 

its infancy (Kapitza et al., 2019; Vaz et al., 2017). There 
have been important contributions to the understanding 
of biological invasions from the humanities (Box 1.8) and 
social sciences. However, a review of studies on biological 
invasions published between 1950 and 2014 revealed that 
contributions from the social sciences were limited to less 
than five per cent and that up to the 1990s interdisciplinary 
collaborations were largely confined to interactions between 
ecological and environmental sciences (Vaz et al., 2017). 

Kapitza et al. (2019) conducted a systematic review of 
studies on social perceptions of invasive alien species 
published before 2016. While the scope of this study 
was limited to the perception of invasive alien species 
themselves (thus excluding studies on perceptions 
of control or management of invasive alien species) it 
does reveal some important insights. First, most studies 

investigated perceptions of the general public (79 per 
cent), followed by decision-makers’ (35 per cent) and 
scientists’ (23 per cent) perspectives. Second, these 
studies reported a frequent use of quantitative methods 
using questionnaires, while only 14 per cent of the studies 
used qualitative methods such as interviews. Arguably, 
this indirectly led to a bias towards measuring perceived 
detrimental impacts of invasive alien species as these were 
more commonly included as items in questionnaires than 
the benefits of invasive alien species. Third, there were large 
biases in taxonomy (more than half of the studies (58 per 
cent) focused on plants), ecosystems (the majority of the 
studies (78 per cent) focused on terrestrial ecosystems), 
and geographical region (more than half of the studies were 
conducted in either North America (32 per cent) or Europe 
(28 per cent). This systematic review demonstrates the 
difficulty of ascertaining a clear picture of social perceptions 

Primary factors driving perceptions of 
invasive alien species 

Example sub-categories 

Individual(s) Demographic characteristics (gender, education, job, etc.)
Experience of species and effects
Knowledge systems
Sense of place
Social relationships and group membership 
Individual values and beliefs 
Livelihood strategies

Species Introduction and species status (invasion status)
Residence time 
Species traits
Taxonomic/functional group
Species charisma

Effects/Impacts (potential and realized) 
(beneficial and detrimental)

Economic
Ecological
Social, religious, and cultural
Food security

Socio-cultural contexts Land tenure system
Management history
Public and media discourse
Socio-economic development 
Social and cultural institutions and value systems 
Relationship to the land
Social memory
Language used
Livelihoods

Landscape context Availability of alternative resources (e.g., from native species)
Ecosystem type
Land use and cover
Landscape beauty/scenery or attractiveness
Management history
Ecosystem services

Institutional, governance and policy context Historical processes
Institutional frameworks
International agreements
Legislation, regulation, and enforcement
Policy and governance strategy
Scientific knowledge and understanding
Power and responsibility
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Box 1  8 	 Contributions to understanding of biological invasions from historical studies.

Since the emergence of the field of invasion biology in the 
1980s, ecologists have increasingly recognized that the study 
of biological invasions involves significant ethical and cultural 
considerations that fall outside the purview of the biological 
sciences (Frawley & McCalman, 2014; Simberloff & Rejmanek, 
2011). Historians have contributed to this research in three key 
ways: 1) by identifying the historical drivers of species migration; 
2) by describing the emergence of narratives of biological 
invasion in scientific discourse and the impacts of invasive 
alien species control programmes; and 3) by deconstructing 
the language of prevalent biological invasions frameworks. 
They have shown that although species have always migrated 
across ecosystems, species movement accelerated from the 
eighteenth century onwards due to the mobilization of global 
agriculture, the extraction of biological matter for “exotic” 
horticulture, and land-use change (K. Thomas, 1984; Robbins, 
2002; Ritvo, 2014; Bewell, 2017). Historians have described 
this advent of species movement “the Columbian exchange” 
(Crosby, 1972) and “ecological imperialism” (Crosby, 1986); 
few would disagree that the spread of commercial trade has 
been and continues to be the main driver facilitating species’ 
introductions, including those now driven by climate change. 

Legislation permitting the widespread control of certain plants 
and animals, unintentionally imported to colonial plantations, 
that had negative impacts on crops date back to the late 
eighteenth century. However, it wasn’t until the late nineteenth 
century that some alien species were described as invasive. 
Historians have pointed to Charles Darwin, T.H. Huxley, his 
grandson Julian Huxley, and Charles Elton as key figures in the 
articulation of invasive alien species as a subject of scientific 
interest. This emergent narrative of biological invasion has been 
associated with xenophobia, successive wars, the start of the 
collapse of European empires, and early science fiction that 
addressed themes of alien invasion and scientific attempts to 
control it (Alt, 2010; Hovanec, 2018; Chang, 2019). 

Historians and geographers have argued that neither “invasive” 
nor “native” are stable characteristics but are rather narratives 
of behaviours and interactions between species in ever-
changing bio-cultural environments (Cronon, 1992; Smout, 
2003; Frawley & McCalman, 2014). Such narratives often 
change over time (Hobbs et al., 2006; Pawson & Christensen, 
2014; Rangan & Kull, 2009; Ritvo, 2014). Some argue that 
“invasive” implies the previous existence of a static biota free 
from alien species when no such past exists (Rotherham 
& Lambert, 2013; Ritvo, 2014). Others have analysed the 
theory of “shifting baselines” — the way that each generation, 
without considering historical factors, bases science and policy 
decision-making around their own ecological circumstances 
(Dizard, 2010; Pauly, 1995; Vera, 2010).

Several critical studies have addressed the power of narratives 
about biological invasions in driving responses to changing 
environments such as eradication programmes (Smout, 2003; 
Trigger, 2008), and suggest that such stark binaries obscure 
the dynamism of changing environments (Head & Muir, 2004; 
Beinart & Wotshela, 2003; C. D. Thomas, 2017; Shah, 2020), 
including biodiversity gains and cultural losses. Failures to 
consider the diversity of rights-holders and stakeholders 
when addressing anthropogenic drivers of species loss in 
the past have enabled the continuation of colonial science 
in conservation decision-making (Grove, 1996; Griffiths & 
Robin, 1997; Caluya, 2014). Some historians urge that there 
is a need to emphasize the role of class and race in order 
to avoid deepening global inequalities (Nixon, 2011; Moore, 
2016; Caluya, 2014). Researchers across the humanities are 
nevertheless in agreement that to solve the current and future 
interconnected problems of the global environmental crisis, 
we need to understand the complex interactions of ecologies, 
cultures, and societies of the past.

of biological invasions, despite their importance to the 
IPBES invasive alien species assessment.

An important aspect of perception is public awareness of 
invasive alien species. Public awareness is notoriously difficult 
to measure, but it is fundamental if preventive regimes (see 
Glossary) are to be adopted within communities. Schelhas et 
al. (2021) conducted an extensive review of public awareness 
and derived four important conclusions: 

1.	 Knowledge of public awareness of invasive alien species 
is still quite limited and comes from either case study 
research or census studies. Case studies found that 
people are often generally aware of the existence of 
invasive alien species, but have limited knowledge about 
specific species, their impacts on biodiversity or the 
role of people in their introduction (e.g., García-Llorente 

et al., 2008; Lindemann-Matthies, 2016; Verbrugge et 
al., 2013, 2014). Findings from a survey on attitudes of 
citizens towards biodiversity show that, across Europe, 
introduced plants and animals are perceived as a 
lower threat to biodiversity compared to air and water 
pollution, human-made disasters, intensive farming, 
deforestation and over-fishing, climate change and 
conversion of natural areas to other uses (European 
Commission, 2013, 2015, 2019). However, in highly 
impacted locations, such as Hawai’i (Kalnicky, 2012) 
and in countries with a long history in plant and animal 
invasions, such as New Zealand (Hulme, 2020b), public 
interest and knowledge are often greater, as is support 
for management. 

2.	 Invasive alien species are often viewed differently by 
the public than by scientists or policy makers. A mail 
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survey in the United States showed that members of 
the public ranked invasive alien species as 19 out of 24 
ecological risk items, while professional risk assessors 
ranked them as ninth (Slimak & Dietz, 2006). A species’ 
perceived harmfulness and human responsibility for 
its spread were the most important animating factors, 
while non-nativeness did not necessarily raise concerns 
(Qvenild et al., 2014; Selge et al., 2011). However, 
species’ charisma (characteristics that positively 
affect the perceptions, attitudes, and behaviours of 
people towards them) can also have implications on 
public perceptions and consequently management 
interventions (Jarić et al., 2020). Time also plays a role in 
shaping public perceptions, as people may be unaware 
of the origin of introduced species as they are regarded 
as normal or desirable in their natural surroundings 
(Genovart et al., 2013) – this is sometimes also referred 
to as shifting baseline syndrome (Clavero, 2014).

3.	 It is suggested that the terminology employed to call 
attention to invasive alien species and their control 
should be chosen carefully (Clergeau & Nuñez, 2006; 
Janovsky & Larson, 2019; Larson, 2005; Verbrugge et 
al., 2016). The use of metaphors or derogative language 
is common in both scientific and popular writing about 
biological invasions, but little is known about the effects 
on public values or opinions. How the issue-area is 
framed by officials, scientists, politicians, and other 
leaders will have an impact on subsequent policy 
development; biological invasions can be seen primarily 
as threats to biodiversity, national security, human health, 
trade, or even cultural homogeneity (Stoett, 2010).

4.	 Indigenous voices and values are under-represented in 
scholarly discourse about invasive alien species (e.g., 
Bhattacharyya & Larson, 2014). The IPBES invasive 
alien species assessment has attempted to be inclusive, 

but see Schelhas et al. (2021) for an elaborative view 
on the importance of considering Indigenous and local 
knowledge, unique cultural dimensions and engaging 
Indigenous Peoples and local communities in the 
management of biological invasions and the control of 
invasive alien species, using two examples from the 
United States to show how invasive alien species can 
either culturally impoverish or enrich Indigenous Peoples 
and local communities (see also Pfeiffer & Voeks, 
2008). The social justice concerns related to Indigenous 
Peoples and local communities as they manage 
biological invasions should not be overlooked (Head & 
Atchison, 2015).

Perceptions of invasive alien species and support for 
management are thus influenced by a wide range of values 
(Table 1.2; Boxes 1.9 and 1.10; see also Carter et al., 
(2021) who extend this overview with ethical considerations 
for including social perspectives in research planning 
and decision-making). Research in the past five years 
has become more diverse in terms of theoretical and 
methodological approaches, for example by analysing how 
socio-historical processes interact with biological invasions 
(Archibald et al., 2020), developing “sense of place” as a 
concept to explain how place attachment can promote or 
impede action against invasive alien species, or reframing 
biological invasions as socioecological phenomena to 
enhance cross-fertilization across ecological sciences 
and social sciences (Gawith et al., 2020; Vaz et al., 2017). 
Encouragingly, collaborative knowledge platforms are being 
developed (e.g., Bennett & van Sittert, 2019; Udo et al., 
2019), but further efforts for realizing collaboration between 
natural and social sciences are much needed for a more 
holistic understanding of perceptions of invasive alien 
species and critical for developing adequate control and 
policy responses.

Box 1  9  	 Human values and the invasive alien carp in North America.

A group of invasive alien carps (cyprinid fishes) were 
brought from Eastern Asia to Arkansas, United States of 
America in the 1960s to serve as biological control agents 
in aquaculture ponds (Besek, 2019). Many escaped soon 
after their importation and have since been migrating up the 
Mississippi River watershed, adversely impacting both social 
and ecological systems along the way. Since the early 2000s, 
many stakeholders with an interest in the North American 
Great Lakes have been advocating for the construction of a 
hydrologic barrier to stop invasive alien carp from entering and 
impacting their fisheries. This proposed barrier, however, would 
drastically impact regional shipping and transportation, setting 
up a substantial political battle regarding how to best manage 
invasive alien carp spread. This contentious social context has 

significantly impacted the work of scientists trying to assess 
invasive alien carp migration, tying their work to local politics 
and human values in numerous ways. For instance, most 
scientists have refused to offer unqualified predictions about the 
future migration of invasive alien carp because the ecological 
processes involved are so complex, and many political actors 
have seized on this indeterminacy to publicly question science 
methodologies and laboratory techniques used to study 
invasive alien species. Some scientists have been requested 
to explain and defend their work in federal courtrooms. This 
heated political climate has in some ways given extra attention 
to detection techniques, improving their precision, but has 
also led many scientists to avoid working on invasive alien 
carp altogether.
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1.5.3	 Ethics and invasive alien 
species

The management of invasive alien species, in particular 
sentient animals, raises multiple ethical debates with 
regards to animal welfare and rights, and this is considered 
an under-addressed animal welfare issue in conservation 
(Carter et al., 2021; Doherty & Russell, 2019; Hampton & 
Hyndman, 2019; Chapter 5, section 5.6.2.1). 

There are philosophical differences between proponents 
of animal rights, who focus on the individual animal, and 
those who focus on conservation at a species or ecosystem 
level, with the former having an increasing influence on 
public opinion and legislation. The extension of legal rights 
to animals and nature imposes moral and legal limits on 
acceptable human uses of the environment, and if the legal 
personality (Glossary) of both ecosystems and individual 
animals is acknowledged, the interests of individual animals 
may conflict with interests of individual species, as can be 
the case with native and invasive alien species (Futhazar, 
2020). Arguably, the rights of native species to exist need 
to be respected (hence the importance of prevention and 
adapting the precautionary principle) but once an invasive 
alien species is established, the picture is more complicated.

Deciding whether and how to control invasive alien species 
involves analysing risks, and considering international 
consensus principles for ethical wildlife control which 

are informed by social and cultural values in addition to 
scientific, technical, and practical information. As discussed 
above, there is a diverse range of perceptions of invasive 
alien species, both positive and negative (Shackleton, 
Richardson, et al., 2019). Moral dilemmas posed by 
controlling invasive alien species can involve subjective 
judgements about the perceived ecological value of 
protected species versus the lack of importance of invasive 
alien species (Mankad et al., 2019) or indeed the charisma 
of one species compared to another (Jarić et al., 2020). 

Different invasive alien species management methods can 
raise different ethical debates. Genome editing can pose 
ethical questions because of concerns about the risks and 
unknown consequences of releasing genetically modified 
plants or animals into the wild (Chapter 5, section 5.4.4.2) 
(Bertolino, 2020). Gene suppression-drives may pose risks 
to global populations of invasive alien species and so are 
being considered with caution (Thresher, 2020). There 
are several reports outlining the risks and opportunities of 
these technologies (Chapter 5, section 5.4.4.2; Invasive 
Species Advisory Committee (ISAC), 2017; Redford et 
al., 2019). Biological control can pose potential social and 
environmental risks, but often brings benefits (Müller-Schärer 
et al., 2020; Thomas & Willis, 1998), and evokes a normative 
debate (Mankad et al., 2019). It is relevant to consider social 
values and emotional and cultural associations, in addition 
to stakeholder preferences, humaneness and effectiveness, 
when managing invasive alien species (Mankad et al., 2019).

Box 1  10  	 Conceptual perspectives from the social sciences.

Social science and humanities research on biological invasions 
has grown steadily since the 1990s (Vaz et al., 2017). Some 
of this work addresses perceptions, attitudes, and behaviours 
with a perspective towards enabling management and 
control of invaders (Rotherham & Lambert, 2013; Shackleton, 
Richardson, et al., 2019). Arguably, when social science is 
integrated with biological invasion science, it has followed an 
“ABC” framework, focusing primarily on attitudes, behaviour, 
and choice (Shove, 2010). Some researchers are leaning 
towards more explicitly “critical” approaches to biological 
invasion science (Head, 2017; Kull, 2018). By “critical”, 
social scientists refer to approaches that question underlying 
processes and conceptual foundations, seeing knowledge as 
political and transformative. 

Several factors inform a critical social science perspective. It 
is challenging to consider landscapes being invaded without 
looking at how they have been co-produced by humans in 
myriad ways (for instance, clearance, soil degradation and 
introductions), and in many cases the invasive alien species 
themselves (for instance, genetic selection for species that 
have been introduced). This focus shifts attention from 
dangerous invaders to human complicity in biological invasions 

(Kueffer, 2017). Second, the study of invasive alien species 
has a specific trajectory and social context that shapes the 
knowledge produced on biological invasions (Archibald et 

al., 2020). The social-political context of the institutions that 
undertake biological invasion-related research and seek to 
manage biological invasions and control invasive alien species 
(state weed agencies, land managers), is relevant, as this 
determines the voices and knowledge systems that are heard. 
The IPBES conceptual framework is attentive to the need to 
examine a variety of knowledge systems (Díaz et al., 2015). 
A third necessity is to investigate how knowledge about 
invasive alien species is used and implemented, and what the 
consequences are for people and landscapes (Kull, 2018). 
The establishment of lists of high risk invasive alien species, 
for quarantine systems, or for community weed-pulling days; 
sending rangers out to spray herbicides on invasive alien plants 
or lay poison traps for invasive alien animals; establishing major 
public works policies like South Africa’s “Working for Water” 
programme – each of these actions has knock-on effects, 
creates winners and losers, and creates ripples in the system 
that are not entirely predictable nor agreed to by all parties 
(Atchison & Head, 2013; Bach et al., 2019; Fall, 2013; Gallardo 
et al., 2019; Head et al., 2015).
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Lethal management methods can be particularly 
controversial and a framework for assessing the success 
and sustainability of a particular management decision that 
takes into account ecology, economic and ethics has been 
proposed (Warburton & Anderson, 2018). Prevention is 
often the “preferred option for managers and desirable and 
philosophically acceptable to animal rights advocates” (Perry 
& Perry, 2008). Furthermore, proponents of compassionate 
conservation state that humans should do no harm and 
consider that individual animals matter.

Given the range of values and management options, 
there are unique conceptual and governance challenges 
associated with invasive alien species (Stoett, 2007). The 
language used to describe invasive alien species has 
sometimes been labelled as nativist (Gbedomon et al., 
2020), and is predominantly negative. Inglis (2020) states 
that; “the invasive discourse is couched in language which 
immediately prejudices people against the animals. This 
leads to the killing of these animals being viewed as both 
morally acceptable and indeed necessary.” Nevertheless, 
Shackelford et al. (2013) suggest finding middle-ground 
in the native/non-native debate that recognizes the merits 
of both sides when assessing management options. 
Furthermore, there is no globally accepted definition of 
animal welfare and interpretation of the concept of animal 
welfare evolves with advances in our understanding of 
animals (Dawkins, 2017; Harrop, 2013; Mellor et al., 2020; 
White, 2013).

An eighteenth Sustainable Development Goal on 
animal health, welfare and rights has been suggested 
to ameliorate trade-offs between animal welfare and 
sustainability, with the management of invasive alien 
species noted as an example (Visseren-Hamakers, 2020). 
Accordingly, as discussed in Chapter 6, balancing values 
across multiple and interrelated stakeholder groups is 
an important consideration within invasive alien species 
management (Carter et al., 2021).

1.6	 CONCEPTUAL BASIS 
FOR THE INVASIVE ALIEN 
SPECIES ASSESSMENT
IPBES assessments aim to identify policy-relevant findings 
for decision-making in government, the private sector 
and civil society by synthesizing and critically evaluating 
peer-reviewed scientific literature, grey literature, and 
other available knowledge, such as Indigenous and 
local knowledge. Assessments do not generate new 
data, but seek to create new understanding through 
summary, sorting and synthesis using different methods to 
manage complexity.

The IPBES invasive alien species assessment builds 
upon several IPBES assessments, which include 

Box 1  11  	 Biological invasions and pollination processes.

The IPBES Assessment 
Report on Pollinators, 
Pollination and Food 
Production (IPBES, 
2016b) considered the 
outcomes of biological 
invasions on pollinator 
populations, diversity, 
network structure and 
pollination processes 
and confirmed that 
ecological and 
evolutionary contexts 
are important. Although 
predicting the 
consequences of the 
arrival of an invasive 

alien species within a pollinator network is difficult, because of 
the ecological complexity inherent with multiple interacting 
species, it is apparent that the trophic position (plant/herbivore/
pollinator/predator) and degree of specialization of an invasive 
alien species can be informative. Invasive alien species can alter 

the function, structure and stability of plant-pollinator networks 
with adverse impacts on specific native pollinator species and, 
sometimes, reductions in overall pollinator abundance or 
diversity (Vilà et al., 2009). In native pollination networks 
dominated by generalist plants and pollinators, invasive alien 
plant species are often readily integrated. Consequently, 
networks including alien plants are characterized by increased 
plant and pollinator richness and high values of nestedness 
(Stouffer et al., 2014). As an example, alien species (plants and 
pollinators) comprised 56 percent of the total number of 
interactions within pollination networks on the Galápagos 
Islands. Alien insects within these pollination networks linked 
mostly to generalist plant species resulting in increased 
nestedness and network stability (Traveset et al., 2015). Such 
changes to the community structure increase network 
cohesiveness but disrupt native ecological interactions 
(Traveset et al., 2015). The impacts of invasive alien species on 
pollinators and pollination are likely to be further exacerbated 
when coupled with other threats including wildlife diseases, 
climate or land-use change (González-Varo et al., 2013; 
Schweiger et al., 2010; Sunny et al., 2015; Vanbergen & 
Initiative, 2013). 
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thematic assessments of Pollinators, Pollination and Food 
Production (IPBES, 2016b; Box 1.11), Land Degradation 
and Restoration (IPBES, 2018c); Sustainable Use of Wild 
Species (IPBES, 2022c); Methodological Assessments 
of Scenarios and Models of Biodiversity and Ecosystem 
Services (IPBES, 2016c), and of the Diverse Values 
and Valuation of Nature (IPBES, 2022a); four regional 
assessments of Biodiversity and Ecosystem Services 
(IPBES, 2018d, 2018e, 2018f, 2018g); and the Global 
Assessment of Biodiversity and Ecosystem Services 
(IPBES, 2019).

1.6.1	 The IPBES conceptual 
framework and its use in the 
invasive alien species assessment

The IPBES conceptual framework4 aims to facilitate 
interdisciplinary collaboration and science-policy dialogues 
(Díaz et al., 2015). It explicitly considers diverse disciplines, 
different stakeholders and Indigenous Peoples and local 
communities (section 1.5.2), and several knowledge 
systems (natural sciences, social sciences and humanities, 
Indigenous, local and practitioners’ knowledge). 

4.	 A full description of the IPBES conceptual framework, and associated 
definitions, is available in Supplementary material 1.2.

The IPBES conceptual framework includes six interlinked 
elements constituting a socioecological system that 
operates at various scales in time and space: nature; 
nature’s contributions to people; anthropogenic assets; 
institutions and governance systems and other indirect 
drivers of change; direct drivers of change; and good quality 
of life.

The IPBES invasive alien species assessment falls within the 
IPBES conceptual framework, and uses it to understand 
how the major threat posed by invasive alien species can 
be reduced while those that are considered important 
components of nature and nature’s contributions to people 
can be maintained in order to improve good quality of life. 
The assessment recognizes the importance of integrating 
this knowledge in the broader context of global change. 
By superimposing the specificities of the assessment over 
the IPBES conceptual framework, Figure 1.11 shows the 
interactions between invasive alien species and the other 
elements of the IPBES conceptual framework. All these 
relationships are dynamic, changing over time, and different 
scenarios (i.e., trajectories for each component) are likely 
to lead to different outcomes. Socioecological contexts, 
including public awareness and stakeholder engagement 
levels, can also change according to the spatial scale under 
consideration (i.e., local, regional, global), thus affecting how 
invasive alien species are perceived and managed. 

Box 1  12  	 Nature’s contributions to people.

Nature’s contributions to people are an integral part of the 
IPBES conceptual framework (Figure 1.11) and represent all 
the contributions, both positive and negative, of living nature 
(i.e., diversity of organisms, ecosystems, and their associated 
ecological and evolutionary processes) to the quality of life 
for people (Díaz et al., 2018). Beneficial contributions from 
nature include such things as food provision, water purification, 
flood control, and artistic inspiration, whereas detrimental 
contributions include transmission of disease, particularly 
those affecting animal, plant, and human health (Box 1.14), 
and other ways in which harm to people or their assets or 
community stability/resilience may occur as a consequence of 
invasive alien species. Many of nature’s contributions to people 
may be perceived as beneficial or detrimental depending on 
the cultural, temporal, or spatial context (Díaz et al., 2018; 
sections 1.5.2, 1.5.3; Chapter 4, section 4.1.3). The concept 
of nature’s contributions to people addresses the need to 
recognize the cultural and spiritual impacts of biodiversity, in 
ways that are not restricted to a discrete cultural ecosystem 
services category, but instead encompass diverse world views 
of human-nature relations (Mace, 2014). 

The IPBES invasive alien species assessment adopts the 
18 categories identified by IPBES for reporting nature’s 

contributions to people (Díaz et al., 2018). These 18 categories 
of nature’s contributions to people are organized into 
three partially overlapping groups, according to the type of 
contribution they make to people’s quality of life (Figure 1.12):

Material nature’s contributions to people: substances, 
objects, or other material elements from nature that directly 
sustain people’s physical existence and material assets. 
They are typically physically consumed in the process of 
being experienced.

Non-material nature’s contributions to people: nature’s effects 
on subjective or psychological aspects underpinning people’s 
quality of life, both individually and collectively.

Nature’s regulating contributions to people: functional and 
structural aspects of organisms and ecosystems that modify 
the environmental conditions experienced by people, and/
or sustain and/or regulate the generation of material and non-
material contributions.
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Box 1  12  	

1. Habitat creation and maintenance

2. Pollination and dispersal of seeds and other propagules

3. Regulation of air quality

4. Regulation of climate

5. Regulation of ocean acidification

6. Regulation of freshwater quantity, location and timing

7. Regulation of freshwater and coastal water quality

8. Formation, protection and decontamination of soils and sediments

9. Regulation of hazards and extreme events

10. Regulation of detrimental organisms and biological processes

11. Energy

12. Food and feed

13. Materials, companionship and labor

14. Medicinal, biochemical and genetic resources

15. Learning and inspiration

16. Physical and psychological experiences

17. Supporting identities

18. Maintenance of options

Material NCP Non-material NCP Regulating NCP

Figure 1  12  	 Categories of nature’s contributions to people (NCP).

From Brondizio et al. (2019), https://doi.org/10.5281/zenodo.3831852, under license CC BY 4.0. These categories are used 
in this assessment of invasive alien species.
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1.6.2	 Literature review

The IPBES invasive alien species assessment’s findings 
emerge from systematic and transparent evaluations of 
available evidence to date5 combined with experts’ inputs, 
taking into account different worldviews and knowledge 
systems. Existing evidence encompasses published 
scientific and grey literature, including Indigenous and local 
knowledge, government publications, policy documents and 
briefs, technical reports and datasets, etc. This assessment 
also builds on previous IPBES assessments and other 
relevant global assessments such as the Global Biodiversity 
Outlook series, the United Nations Environment Programme 
(UNEP) Global Environment Outlook series, and the 
Millennium Ecosystem Assessment.

Authors were guided by the IPBES Data Management Policy 
(IPBES, 2020a), and the flexible protocol for systematic 

5.	 The cut-off date for the inclusion of published sources was 15 December 
2021, which corresponds to the start of the second external review 
(second draft of the chapters and first draft of the summary for 
policymakers). In line with IPBES procedures, additional citations were 
included passed this date when prompted by a comment made during the 
second external review (accessible at https://ipbes.net/ias) and when seen 
as relevant by experts.

review that was first developed by the Global Assessment of 
Biodiversity and Ecosystem Services (Brondizio et al., 2019; 
Collaboration for Environmental Evidence, 2013), which is 
critical to achieve scientific credibility and transparency of 
the assessment, following the FAIR (findable, accessible, 
interoperable, and reusable) data principles.

Authors sought to represent the most relevant and highest 
quality evidence, with the highest level of synthesis 
available as a priority; and provided supplemental material 
if necessary to fully cover and evaluate the topic, or to 
include the most up-to-date information. Methodologies and 
workflows for literature reviews usually include two practical 
steps: 1) concurrent database searches of different kinds of 
literature (e.g., peer reviewed and “grey” published literature, 
unpublished but openly available reports and databases) 
to minimize potential biases and 2) personal knowledge 
and experience of authors regarding key seminal resources 
or publications not appearing as an output from first step 
(if available).

Data and information have been compiled from many 
sources and domains spanning scales from local to 
global (Figure 1.13). Throughout the chapters, following 

Figure 1  11  	 The IPBES conceptual framework adapted to the IPBES invasive alien species 
assessment.

Interactions amongst the components of the IPBES conceptual framework that are relevant to biological invasions are 
indicated in numbered arrows (boxes, arrows and numbers), with detailed descriptions provided in the lower panel of the 
figure. Unnumbered arrows represent the relationships between different components of the IPBES conceptual framework as 
defined in Díaz et al. (2015), that are not studied in this assessment. Adapted from Díaz et al. (2015), https://doi.org/10.1016/j.
cosust.2014.11.002, under license CC BY-NC-SA 3.0.

1 Status and trends of invasive alien species: invasive alien species are one of five major direct drivers of change, and at 
the same time are part of nature. This assessment captures both aspects, with their dynamics being addressed in Chapter 2.

2 Synergies and interactions of invasive alien species with other drivers of change in nature: the transport, 
introduction, establishment and spread of invasive alien species are facilitated, modified and amplified through interactions 
and synergies with other direct and indirect drivers of change in nature (e.g., climate change, economic drivers) as well as by 
natural hazards and biodiversity loss (addressed in Chapter 3). 

3 Impacts of invasive alien species on nature, nature’s contributions to people and good quality of life: invasive alien 
species impact nature in diverse ways, and often in ways that interact with other drivers of change in non-linear ways 
(synergistic, antagonistic) (addressed in Chapter 4). Changes to nature, including in ecosystem functions, underpin changes to 
nature’s contributions to people (see Box 1.12), which can affect society in detrimental or, in some cases, beneficial ways 
(addressed in Chapter 4). The effects of invasive alien species on people and good quality of life (section 1.6.7.2) can be 
direct or through other components of the ecosystems (e.g., human health may be affected by parasites and contagious 
emergent diseases) (addressed in Chapter 4). 

4 Responses to biological invasions: institutions, governance and other societal indirect drivers of change in nature can 
respond to biological invasions through direct management measures, including prevention and adaptation, restoration and 
policies (addressed in Chapters 5 and 6). 

5 Influence of people on responses to invasive alien species: biological invasions’ management and policies are driven 
by how people perceive and act in response to the threat of invasive alien species (addressed in Chapters 1, 5 and 6). 

6 Adaptation to invasive alien species: society can also adapt to invasive alien species and thus mitigate their adverse 
impacts on good quality of life; for example, invasive alien species can become new sources of food security (addressed in 
Chapters 5 and 6). 

https://ipbes.net/ias
https://doi.org/10.1016/j.cosust.2014.11.002
https://doi.org/10.1016/j.cosust.2014.11.002
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extensive synthesis of available evidence, gaps in existing 
knowledge were revealed and documented with an 
overarching synthesis of gaps, and options for addressing 
them, provided within Chapter 6. The IPBES Regional 
Assessments of Biodiversity and Ecosystem Services 
all recognize gaps in data and information which are 
particularly pronounced in some regions and for many taxa 
(IPBES, 2018g, 2018f, 2018d, 2018e, 2018c). However, 
the growth in availability of datasets globally is encouraging 
(Chapter 2, section 2.1.4), although there remain lags in 
collating and sharing information on invasive alien species 
and consequently gaps in datasets across all regions. 

The analysis of Indigenous Peoples and local communities’ 
issues and knowledge also benefited from an “online call 
for contributions”, which collected 30 references that 
were reviewed and selected to inform specific sections of 
the assessment. Three Indigenous and local knowledge 
dialogue workshops were also held throughout the 
timeframe of the assessment, which led to suggested 
literature and government reports being reviewed 
(section 1.6.7.1).

Authors documented their sources as well as their 
methodologies and workflows for literature reviews in 

data management reports, which are linked as footnotes, 
where appropriate. Across all chapters, references are 
cited within the text and the full reference is provided at 
the end of each chapter. The executive summaries of the 
chapters and the background text of the summary for 
policymakers include statements with traceability enclosed 
in curly brackets linking the statements to their underlying 
chapter subsections.

These systematic literature reviews, combined with 
expert-based critical opinions, are intended to enable the 
IPBES invasive alien species assessment to generate key 
findings and policy-relevant messages to support decision-
makers in better understanding and tackling the complex 
issue of biological invasions and invasive alien species 
(section 1.6.3).

1.6.3	 IPBES confidence framework 

Confidence levels assist authors in the process of 
assessing and communicating the degree of uncertainty, 
or confidence, related to key findings. The evidence 
includes publications, data, theory, models and information 
(Figure 1.14) from multiple disciplines and knowledge 
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Figure 1  13  	 Connections amongst types of evidence. 

Data and knowledge (Chapter 2) from many sources and domains spanning various scales and sampling techniques are combined 
to establish information in the form of metrics, indicators and indices which contributes knowledge on drivers (Chapter 3) and 
impacts (Chapter 4), ultimately informing management (Chapter 5) and future options (Chapter 6).
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systems. These confidence terms inform and communicate 
to decision-makers the degree of confidence that the 
assessment author teams associate to the key findings 
throughout the assessment and, importantly, highlight where 
further investigation is required to inform robust evidence-
based decision making. Further details of the approach 
are documented in the IPBES Guide to the Production of 
Assessments (IPBES, 2018b). 

The summary terms to describe the evidence are: 

	 Well established: There is a comprehensive meta-
analysis or other syntheses/multiple independent 
studies that agree. 

	 Established but incomplete: There is general 
agreement although only a limited number of studies 
exist; there is no comprehensive synthesis, and/or the 
studies that exist address the question imprecisely. 

	 Unresolved: Multiple independent studies exist but 
their conclusions do not agree. 

	 Inconclusive: There is limited evidence and a 
recognition of major knowledge gaps. 

1.6.4	 IPBES regions and sub-regions

The IPBES invasive alien species assessment is global and 
encompasses alien species in terrestrial, freshwater and 
marine ecosystems across regions. It adopts the IPBES 
categorization of regions and sub-regions (Figure 1.15; 
IPBES technical support unit on knowledge and data, 2021) 
to structure its analysis (Chapters 2, 3, 4, 5 and 6). The 
IPBES technical support unit on knowledge and data (2021) 
also produced the dataset describing the IPBES regions and 
sub-regions and their corresponding countries or areas, in 
line with decision IPBES-3/1.

1.6.5	 IPBES units of analysis

Each region and sub-region (Figure 1.15) are divided into 
multiple spatial units (biomes and ecosystems), spreading 
across borders. The invasive alien species assessment 
therefore adopts the 17 IPBES units of analysis (Table 1.3, 
see Chapters 2, 3, 4, 5 and 6) also used in previous IPBES 
assessments and defined by the IPBES Global Assessment 
(IPBES, 2019)6 to support its analysis.

6.	 Definitions of the IPBES units of analysis available in Supplementary 
material 1.3
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Figure 1  14  	 The four-box model for the qualitative communication of confidence. 

Confidence increases towards the top-right corner as suggested by the increasing strength of shading. The four-box confidence  
framework developed for IPBES assessments is based on the quantity and quality of evidence assessed (x-axis) in combination with 
the level of agreement of experts using their judgment (y-axis). From IPBES (2016a), https://doi.org/10.5281/zenodo.2616458, under 
license CC BY 4.0.

https://doi.org/10.5281/zenodo.2616458
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Figure 1  15  	 IPBES regions (top) and sub-regions (bottom). 

Source: IPBES technical support unit on knowledge and data (2021), https://doi.org/10.5281/zenodo.5719431, under license CC 
BY 4.0.
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Figure 1  16  	 Photo montage of invasive alien species across regions and biomes. 

From top to bottom, left to right: Pinus mugo (mountain pine); Passer domesticus (house sparrow); Rattus rattus (black rat); Vulpes vulpes 
(red fox); Vachellia nilotica (gum arabic tree); Aedes albopictus (Asian tiger mosquito); Undaria pinnatifida (Asian kelp); Lissachatina fulica 
(giant African land snail); Pontederia crassipes (water hyacinth); Solenopsis invicta (red imported fire ant); Procambarus clarkii (red swamp 
crayfish); Carcinus maenas (European shore crab); Caulerpa taxifolia (killer algae); Pterois miles (lionfish); Mustela vison (American mink). 

Photo credits: David J. Stang, WM Commons – CC BY-SA 4.0 (Pinus mugo) / Charles J. Sharp, WM Commons – CC BY-SA 4.0 
(Passer domesticus) / Carlos Aranguiz, Adobe Stock – Copyright (Rattus rattus) / Martin Mecnarowski, WM Commons – CC BY-SA 
3.0 (Vulpes vulpes) / Franz Xaver, WM Commons – CC BY-SA 4.0 (Vachellia nilotica) / James Gathany – CC BY 4.0 (Aedes albopictus) 
/ Nicolás Battini – CC BY 4.0 (Undaria pinnatifida) / Sonel.SA, WM Commons – CC BY-SA 3.0 (Lissachatina fulica) / Bharat B. 
Shrestha – CC BY 4.0 (Pontederia crassipes) / elharo, Adobe Stock – Copyright (Solenopsis invicta) / Clothilde Pérot-Guillaume –CC 
BY 4.0 (Procambarus clarkii) / Nicolás Battini – CC BY 4.0 (Carcinus maenas) / Coughdrop12, WM Commons – CC BY-SA 4.0 
(Caulerpa taxifolia) / Oren Klein – CC BY 4.0 (Pterois miles) / tsaiproject from Canada, WM Commons – CC BY 2.0 (Mustela vison).

Table 1  3  	 Examples of invasive alien species for each IPBES unit of analysis. 

The examples do not necessarily include the most widespread or harmful invasive alien species, but examples to provide 
representation of the diversity of species in each unit of analysis.

Unit Biomes Examples7,8- see Figure 1.16 for illustrations

1. Tropical and subtropical dry and 
humid forests

Terrestrial Cenchrus setaceus (fountain grass)
Lissachatina fulica (giant African land snail)
Cenchrus ciliaris (buffel grass)
Homalodisca vitripennis (glassy winged sharpshooter)

2. Temperate and boreal forests and 
woodlands

Terrestrial Lupinus polyphyllus (garden lupin)
Lumbricus terrestris (lob worm)
Pueraria montana (kudzu)
Solenopsis invicta (red imported fire ant)

3. Mediterranean forests, woodlands 
and scrub

Terrestrial Acacia longifolia (golden wattle) 
Pheidole megacephala (big-headed ant)
Centaurea solstitialis (yellow starthistle)
Aedes albopictus (Asian tiger mosquito)

4. Tundra and high mountain habitats Terrestrial Pinus mugo (mountain pine)
Poa annua (annual meadowgrass)

5. Tropical and subtropical savannas 
and grasslands

Terrestrial Prosopis glandulosa (honey mesquite)
Felis catus (cat)
Andropogon gayanus (tambuki grass)
Bubalus bubalis (Asian water buffalo)

6. Temperate grasslands Terrestrial Pinus radiata (radiata pine)
Pinus patula (Mexican weeping pine)
Rattus rattus (black rat)
Rattus norvegicus (brown rat)

7. Deserts and xeric shrublands Terrestrial Bromus tectorum (downy brome)
Canis lupus dingo (dingo)
Vachellia nilotica (gum arabic tree)
Sus scrofa (feral pig)

8. Wetlands – peatlands, mires, bogs Freshwater Reynoutria japonica (Japanese knotweed)
Mimosa pigra (giant sensitive plant)
Procambarus clarkii (red swamp crayfish)
Pomacea canaliculata (golden apple snail)

9. Urban/Semi-urban Human (anthrome) Parthenium hysterophorus (parthenium weed)
Linepithema humile (Argentine ant)
Lonicera tatarica (Tatarian honeysuckle)
Aedes albopictus (Asian tiger mosquito)
Passer domesticus (house sparrow) 
Sturnus vulgaris (common starling)
Columba livia (pigeons)
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Unit Biomes Examples7,8- see Figure 1.16 for illustrations

10. Cultivated areas (incl. cropping, 
intensive livestock farming, etc.)

Human (anthrome) Artemisia vulgaris (mugwort)
Mustela vison (American mink)
Acacia longifolia (golden wattle)
Nosema bombi (microsporidian parasite)

11. Cryosphere Terrestrial, freshwater 
and marine

12. Aquaculture areas Human (anthrome) Undaria pinnatifida (Asian kelp)
Magallana gigas (Pacific oyster)
Carassius gibelio (Prussian carp)
Pacifastacus leniusculus (American signal crayfish)

13. Inland surface waters and water 
bodies/freshwater

Freshwater Potamogeton crispus (curlyleaf pondweed)
Dreissena polymorpha (zebra mussel)
Gambusia affinis (western mosquitofish)
Myxobolus cerebralis (whirling disease agent)
Phragmites australis (common reed)
Pontederia crassipes (water hyacinth)

14. Shelf ecosystems (neritic and 
intertidal/littoral zone)

Marine Sargassum muticum (wire weed)
Carcinus maenas (European shore crab)
Hemigrapsus sanguineus (Asian shore crab)
Mytilus galloprovincialis (Mediterranean mussel)

15. Open ocean pelagic systems 
(euphotic zone)

Marine Pterois volitans (red lionfish) and Pterois miles (lionfish)

16. Deep sea Marine

17. Coastal areas intensively and 
multiply used by human

Marine Batillaria attramentaria (Japanese false cerith)
Caulerpa racemosa (green algae)
Caulerpa taxifolia (killer algae)
Carcinus maenas (European shore crab)

7.	 For more examples, see Supplementary material 1.4

8.	 Note that scientific names follow the taxonomy used in the original papers. Examples were chosen based on a systematic literature review. Data management 
report available at: https://doi.org/10.5281/zenodo.5518254

Table 1  3  

1.6.6	 Nomenclature and taxonomy 

The IPBES invasive alien species assessment generally 
follows the Global Biodiversity Information Facility (GBIF) 
Backbone taxonomy (GBIF, 2021), with a few exceptions 
for marine species, where authors have followed the World 
Register of Marine Species (WoRMS, 2022).

For increased accessibility where available, English common 
names, following the Centre for Agriculture and Bioscience 
International (CABI) Invasive Species Compendium (CABI, 
2022) as the main reference source, are indicated alongside 
scientific names throughout the report. 

The assessment acknowledges the diversity of common 
names across the globe, as well as their cultural importance 
(section 1.6.7.1). Common names are therefore sometimes 

included in the local language if pertinent to a specific case 
study, where such names are available and appropriate. 

1.6.7	 Cross-cutting themes

A number of cross-cutting themes have been acknowledged 
as important to IPBES assessments. In this assessment, 
three major cross-cutting themes are developed across 
chapters. 1) Indigenous Peoples and local communities 
are recognized as possessing detailed knowledge on 
biodiversity and ecosystems, and accordingly, IPBES 
is committed to promoting an enhanced recognition of 
and to working with Indigenous and local knowledge 
systems (Annex 1 of decision IPBES-7/1). 2) Good 
quality of life is included within the context of the IPBES 
conceptual framework and within the ongoing IPBES 

https://doi.org/10.5281/zenodo.5518254
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values assessment (IPBES, 2022a). 3) The Methodological 
Assessment of Scenarios and Models of Biodiversity and 
Ecosystem services (IPBES, 2016c) led to the commitment 
to continuing advanced work on scenarios and models 
of biodiversity and ecosystem functions. For each of the 
three cross-cutting themes, liaison groups were formed 
with representation of at least one expert from each of 
the chapters.

1.6.7.1	 Indigenous and local knowledge 

Engaging with Indigenous Peoples and local 
communities 

Indigenous Peoples and local communities is a term used 
internationally by representatives, organizations, and 
conventions to refer to individuals and communities who 
either self-identify as Indigenous or as members of distinct 
local communities that maintain an inter-generational 
historical connection to place and nature through livelihoods, 
cultural identity, languages, worldviews, institutions, and 
ecological knowledge (IPBES, 2019). Indigenous Peoples 
and local communities are, typically, ethnic groups who are 
descended from and identify with the original inhabitants 
of a given region, in contrast to groups that have settled, 
occupied or colonized the area more recently (IPBES, 2019). 
At least a quarter of the global land area is traditionally 
owned, managed, used, or occupied by Indigenous 
Peoples, representing about 38 million km2 (Garnett et al., 
2018). In addition, a diverse array of local communities, 
including farmers, fishers, herders, hunters, ranchers, 
and forest users, manage substantial areas under various 
property and access regimes (IPBES, 2019). Accordingly, 
Indigenous Peoples and local communities are stewards to 
an impressive diversity of nature’s contributions to people 
(Brauman et al., 2020; see Chapter 2, Box 2.6). However, 
these lands and waters may be increasingly impacted by 
invasive alien species (Chapter 2, Box 2.6; Chapter 4, 
section 4.6). 

As a result of their close relationship with nature, and 
dynamic Indigenous and local knowledge systems, 
many Indigenous Peoples and local communities have 
developed new understandings and knowledge of biological 
invasions and invasive alien species (Howard, 2019; 
Jevon & Shackleton, 2015). They are observers to the 
introduction and spread of invasive alien species and their 
impacts on humans and biodiversity, often in environments 
where scientific monitoring (Glossary) and research are 
sparse or challenging. Many Indigenous Peoples and local 
communities have a good understanding of the often 
complex and interacting roles of drivers facilitating the 
introduction, establishment and spread of invasive alien 
species on their lands (Chapter 3, Box 3.15), and also 
employ their knowledge of the environment to develop 
responses or management strategies (Chapter 5) and 

are key, active participants in management and decision-
making (Chapter 6, section 6.4; Fischer, 2007; Gratani 
et al., 2011; Jagoret et al., 2012). Indigenous Peoples and 
local communities are also in a position to judge trade-offs 
between beneficial and harmful impacts of invasive alien 
species both in terms of livelihoods and the environment, as 
they have to live with them or manage them in their lands 
and waters (S. J. Hall, 2009; Kannan et al., 2016; Koichi 
et al., 2012). For example, local authorities in Queensland, 
Australia, consulted with Girringun Aboriginal rangers and 
residents to better understand the extent of myrtle rust 
impacts on native plant species, and to design responses 
that align to the risk level posed, so as not to undermine 
local livelihoods (see also Grice et al., 2012; Head & 
Atchison, 2015). Many Indigenous Peoples and local 
communities are therefore concerned that their knowledge, 
needs and views are not properly considered in both 
research and management of biological invasions (IPBES, 
2020b, 2020b). 

Working with Indigenous and local knowledge 
in the assessment

There is a clear need to work with Indigenous Peoples and 
local communities on assessments and activities related to 
biological invasions and invasive alien species. However, 
Indigenous and local knowledge is still often under-
represented in research on biological invasion science, 
which represents a great loss to overall understanding 
and capacity to manage biological invasions and control 
invasive alien species. The IPBES invasive alien species 
assessment therefore aims to work with Indigenous and 
local knowledge, and to build its conclusions on the best 
available science and Indigenous and local knowledge. It 
recognizes that there are numerous barriers to effectively 
working with Indigenous and local knowledge in a global-
scale assessment, including language, data and information 
flow, accessibility of information, representation of diverse 
groups within Indigenous communities, and differing 
understandings and conceptualizations of risk (e.g., 
Maclean et al., 2021; Michán, 2011; Muller et al., 2009). To 
overcome these issues as far as possible, the assessment 
follows the IPBES approach to recognizing and working 
with Indigenous and local knowledge (Decision IPBES-5/1, 
annex II), with the support of the IPBES task force and 
technical support unit on Indigenous and local knowledge. 
This work included convening three dedicated workshops9 
on Indigenous and local knowledge that brought 
together Indigenous Peoples and local communities and 
assessment authors (IPBES, 2020b, 2020b, 2022b), and 
the consideration of literature beyond the scientific journals 

9.	 The first dialogue workshop took place in Montreal, Canada on 15-16 
November 2019; the second dialogue workshop was held online from 21 
September to 1 October 2020; and the third dialogue workshop was held 
online on 1-3 February 2022.



CHAPTER 1. INTRODUCING BIOLOGICAL INVASIONS AND THE IPBES THEMATIC ASSESSMENT OF INVASIVE ALIEN SPECIES AND THEIR CONTROL

41

and major invasive alien species databases10, including 
materials received through an online call for contributions 
for the assessment. Assessment authors also carried out an 
extensive cross-chapter review of literature on Indigenous 
and local knowledge. Consideration of free, prior and 
informed consent was key to this work. 

The diversity of Indigenous Peoples and local 
communities’ perspectives on invasive alien 
species 

Indigenous Peoples and local communities’ perspectives 
on invasive alien species often differ from scientific 
perspectives. Indigenous Peoples and local communities 
perceive invasive alien species in terms of both the particular 
ecological context and the cultural world views and 
traditions of their communities (Ellen, 2020). Science also 
brings its own set of value judgements relating to invasive 
alien species. This can lead to differences in understanding, 
responses, and management practices relating to biological 
invasions. Perspectives on any given invasive alien species 
will also vary within and between communities, as different 
community members may experience different impacts 
depending on gender, age, livelihood and a multitude 
of other factors (IPBES, 2022b). The great diversity of 
Indigenous Peoples and local communities’ conceptions 
across species, places, cultures, livelihood systems and 
time periods, and consequential actions and responses to 
invasive alien species and the management of biological 
invasions, makes generalization almost impossible (IPBES, 
2020b). Understanding these differing perceptions is 
therefore a key task for the assessment, and recognition of 
diverse perspectives is important if effective collaboration 
between scientists, policymakers, and Indigenous Peoples 
and local communities is to occur (Box 1.13).

Many Indigenous Peoples and local communities emphasize 
the inter-relatedness of humans, the land, water, and other 
species (Barbour & Schlesinger, 2012), which can lead to 
acceptance of new species. For example, the Anishnaabe of 
the Great Lakes Region of North America explain the arrival 
of new plants or animals as a natural process of migration 
and must then determine why they have come and what 
their relationship with these migrants might be (Reo & 
Ogden, 2018). Thus, while some Anishnaabe support 
invasive alien species eradication, others argue: “…we’re 
supposed to respect all of nature. To me having respect for 
nature is respecting the fact that it knows how to balance 
itself and stop trying to introduce different things to fix this 
and fix that…Respect nature and it will balance. I mean 
everything has its cycles, leave it alone for gosh sakes. Let 
it do its thing and quit playing God.” (Reo & Ogden, 2018, 

10.	Data management report available at: https://doi.org/10.5281/
zenodo.5760266

quoting Kathy LeBlanc, a cultural leader and elder from the 
Bay Mills Indian Community).

In other cases, established invasive alien species have 
become a valued part of the socioecological system and 
are reflected in cosmology. Xeni Gwet’in and Tsilhqot’in 
of British Columbia now link their identity with Equus 
caballus (horses), describing them as relatives, individuals, 
or neighbours with family groups. As one elder put it, “The 
wild horses are like us. They’ve got routes they go to. They 
have plans… The mares are sort of the leaders, like in our 
culture the women have power. They are really respected 
and strong. So, the stud would protect the mares, but the 
mare would decide where to go, when to go. And it’s quite 
interesting, in our culture it’s the same” (Bhattacharyya & 
Slocombe, 2017). 

Also, in some cases, the introduction of some invasive 
alien species occurred so long ago that these species 
can be perceived as native and now “belong to country” 
(Bach & Larson, 2017). Meanwhile, in many cases,11 
invasive alien species are perceived by Indigenous Peoples 
and local communities as “negative”, often referred to 
as “weeds” or “pests”, and “new” in contrast to “native 
species” often due to negative impacts on food systems, 
medicines, and livelihoods of Indigenous Peoples and local 
communities (IPBES, 2019b; Chapter 4, section 4.6). A 
further key issue can be that Indigenous Peoples and local 
communities’ cosmologies or cultural world views may not 
have a place for these new species: invasive alien species 
may often be seen as a cultural and spiritual threat, as well 
as an ecological issue (Grenz, 2020; IPBES, 2020b, 2022b; 
Trauernicht et al., 2013). For example, among the Māori of 
New Zealand, Peltzer et al. (2019) report that introduced 
predators have significantly challenged the key cultural 
concept of “whakapapa”, which portrays the genealogical 
connections between the natural world, including humans, 
and the cosmological domain. Similarly, among some 
Australian Aboriginal groups, invasive alien species are 
a threat because they have no dreaming – no origins 
accounted for in the ancestral creation of the landscape – 
and thus no law or responsibilities assigned to families to 
care for and respect them (Crowley, 2014; Salmón, 2000). 
Some Indigenous Peoples and local communities explain 
dramatic and especially negative changes in the landscape, 
such as an invasive alien species, as a failure of humans 
to uphold their responsibilities: For example, the Soliga 
describe the establishment and spread of the invasive 
alien plant Lantana camara (lantana) in Southern India 
as the punishment of the Hindu Lord Shani for unknown 
moral infringements by the local communities (Puri, 2015; 
Thornton et al., 2019). 

11.	Data management report available at: https://doi.org/10.5281/
zenodo.5760266

https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266
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As noted above, diversity in perception may also occur 
within communities. In Chitwan National Park, Nepal, 
Tharu household socioeconomic characteristics influence 
the perceived value of invasive alien Mikania micrantha 
(bitter vine). Those families that were more dependent on 
forest products incurred more of both the costs and the 
benefits associated with Mikania micrantha than less forest 
dependent families (Murphy et al., 2013; Rai & Scarborough, 
2015). Sus scrofa (feral pig) in Northern Australia is similarly 
either vilified for its negative impacts on vegetation, soils, 
other wild foods, cultural heritage sites, and because it 
increases the spread of invasive alien Lantana camara 
(lantana), or highly valued as an important food source for 
those with lower socioeconomic status (Koichi et al., 2012). 
Likewise, there are diverging perspectives on Bubalus 
bubalis (Asian water buffalo) and Equus caballus (horses) 
in Northern Australia, with many worried about damage to 
sacred sites and wild foods, while others benefit from them 
directly or want financial returns from animals when they 
are controlled (Ens et al., 2016; Chapter 4, Box 4.14). 
Underemployed or low income Māori have benefited from 
invasive alien species, such as products from possums and 
pacific rats, while other Māori see them as both ecological 
and cultural threats (Peltzer et al., 2019). Similarly, Hawaiian 
cattle (Fischer, 2007), and Camelus dromedarius (camels) 

and Bubalus bubalis in Australia (Vaarzon-Morel, 2010; 
Weston et al., 2012) have been viewed in mixed fashion. 
Overall, the different perceptions within and between 
communities, caused by gender, age, knowledge status, 
livelihoods, and spirituality, result in a diversity of viewpoints 
on management and policy options for biological invasions 
(Chapters 5 and 6). 

1.6.7.2	 Good quality of life 

Invasive alien species not only affect biodiversity and the 
ecological processes underpinning nature’s contributions 
to people, but they also directly or indirectly affect good 
quality of life (or human well-being). Good quality of life is 
the achievement of a fulfilled human life, a notion which 
varies strongly across different societies and groups within 
societies. It is a context-dependent state of individuals and 
human groups, comprising access to food, water, energy 
and livelihood security; health, good social relationships; 
equity, security, cultural identity; and freedom of choice 
and action (Table 1.4). Much of this provision is a result of 
nature’s contributions to people (Figure 1.12; Box 1.12), 
but its fair distribution and progressive attainment relies 
principally on governance arrangements and social capital/
infrastructure. Good quality of life and health encompass 

Box 1  13  	 Indigenous and local knowledge of invasive alien species in names, stories,  
and songs.

Indigenous and local knowledge of invasive alien species may 
be embedded in stories, poetry, and songs. A poem from 
Ethiopia illustrates local understandings of the adverse impacts 
of invading Prosopis juliflora (mesquite, or woyane harar trees) 
on fodder resources and cattle grazing practices, and their 
interactions with other drivers of change in nature:

“Cattle from upland, cattle from lowland 
Goats from here, sheep from there 
Are you [my camels] ever going to have the trees 
That you once had all for yourselves? 
In the summer, the floods 
In the winter the locusts 
In the upland the Christians 
On the lowland the sorghum fields 
In awash the woyane trees
Where should I take you my heart [my she camel]?” 
(Balehegn, 2016)

Indigenous and local knowledge of biological invasions may 
also be embedded in specific names, which may also reveal 
much about how an invasive alien species is perceived. Most 
invasive alien species are given new names by Indigenous 
Peoples and local communities, which may indicate origin or 
foreignness as well as inclusion in a similar generic category, 
and can have political undertones. For example, the Kawaiwete 

of Brazil label the incoming, and more aggressive, hybrid 
African-European honey bee as a “honey wasp”, in contrast to 
the benign local “honey bee” (Athayde et al., 2016). In Kenya, 
the introduction of the invasive alien tree Prosopis juliflora 

is locally dubbed woyane harar after the Tigrinean People’s 
Liberation Front (TPLF), which introduced the tree for land 
reclamation, fodder, and wood fuel (Berhanu & Tesfaye, 2006; 
Rettberg, 2010; Tessema, 2012). Chromolaena odorata (Siam 
weed) is known as rumput golkar or golkar grass in Timor after 
the ruling government party of Indonesia, as it overshadows 
competitive plants (McWilliam, 2000). Similarly, Congress grass 
refers to the poisonous Parthenium hysterophorus (parthenium 
weed) across India, said to have been inadvertently gifted to the 
nation in wheat that was imported for famine relief by Nehru’s 
Congress Party in the mid-1950s (OpIndia, 2021). Invasive 
alien salmonids in the fresh waters of Argentinian Patagonia are 
known to the Mapuche as cosa de winka (“white man stuff”), 
associated with the arrival of settlers who introduced these 
environmentally damaging species for sport fishing; they are 
now considered as ill omens that disturb native fish populations 
and the sacred status of the waters and their inhabitants (Aigo 
& Ladio, 2016). More positively, Prosopis juliflora is welcomed 
by many in Jordan, despite acknowledging its negative 
impacts, as a source of vegetation cover, fodder, firewood, and 
charcoal, and is known as Al salam (“the peace”; Al-Assaf et 

al., 2020).
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not just physical health, but psychological health, including 
the satisfaction created by cultural expression and stability, 
spiritual fulfilment, and reliable access to the resources 
necessary to thrive as a human being. Though people 
generally introduce alien species deliberately in order to 
improve their incomes, food security, or tangible material 
assets, invasive alien species can threaten good quality of 
life in various ways at both the individual and community 
level (Box 1.9); but it can also be argued that efforts to 
manage invasive alien species can be seen in some cases 
as detrimental to good quality of life, especially if they 
involve the cessation of access to natural resources for 
some groups in society, or inappropriate use of hazardous 
chemicals. There are also clear cases where communities 
have adapted to invasive alien species (Chapter 6, section 
6.2.2.5), sometimes because they lacked other options 
(IPBES, 2022a) and where this has enhanced local good 
quality of life. Although the preponderance of evidence 
suggests that invasive alien species are mainly viewed as 
threats and challenges to human communities, at least one 
recent study indicates that adaptation is a more dominant 
response than eradication efforts (Howard, 2019).

It follows that management techniques and policy 
development will likely benefit from taking into careful 
consideration the trade-offs among different constituents 

of good quality of life. For example, people might be willing 
to accept reductions in their resources, safety, health or 
lifestyle choices for what they consider a greater cause, 
such as community survival or national pride. Furthermore, 
communities will not necessarily be united in how they feel 
about the values of invasive alien species and associated 
detrimental or beneficial impacts (Kelsch et al., 2020; 
Shackleton, Larson, et al., 2019). Many citizens may feel 
quite neutral or are apathetic about the issue.

There is also the question of scale. While it is obvious 
that good quality of life encompasses individuals and 
small communities, it can also refer to national or even 
supranational identities, stability, survival and resilience. For 
example, framing invasive alien species as a local problem 
as opposed to a national security issue will have an impact 
on policy response options and levels of related resource 
allocation (Stoett, 2010). Ultimately, considering good 
quality of life across scales and linking levels of governance 
will improve the management of biological invasions 
(Chapter 6, section 6.3.1.1). Table 1.4 below presents 
some examples of constituents of good quality of life which 
have been considered in the present assessment.

Another prominent element affecting good quality of life is 
the differentiation in status and access to resources related 

Table 1  4  	 Constituents of good quality of life and examples of their subcategories. 

The overarching premise for all constituents is the freedom of choice and action, that is, the opportunity to be able to achieve what a 
person values doing and being. Adapted from Bacher et al. (2018); Millennium Ecosystem Assessment (2005).

Constituents of human well-being Examples

Safety – human security Personal safety
Gender equality
Secure resource access
Security from disasters
Resilient communities

Material and non-material assets Adequate livelihoods
Sufficient nutritious food
Shelter
Access to goods
Recreation

Health Physical health
Feeling well/psychological health
Access to clean air and water
Absence of infectious disease

Social, spiritual and cultural relations Social, spiritual and cultural practice
Social infrastructure and governance
Environmental, social justice and equity
Mutual respect
Friendship
Identity and autonomy

Freedom of choice and action Control over events and actions
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to gender. There is limited research on the interplay between 
gender relations and invasive alien species, but it is clear 
that women can be impacted differently in cases where they 
are expected to engage in many of the forms of labour that 
are most directly affected by invasive alien species, such as 
health care, firewood gathering, and the acquisition and use 
of water for cleaning, sanitation, or family consumption (Fish 
et al., 2010; Shrestha, 2021). Women are often tasked with 
the difficult (and often futile) job of weeding by hand, which 
can take up valuable time better spent on other quality-of-
life-related tasks and expose them to dangerous pesticides 
and herbicides (Terefe et al., 2020). The sharp thorns of the 
invasive alien Prosopis juliflora (mesquite) shrub (native to 
Mexico, introduced in Ethiopia in 1999) harm the hands of 
women collecting fuel wood (Terefe et al., 2020). It has also 
been suggested that personal safety can be compromised 
with the advent of invasive alien plants; for example, local 
reports of sexual assault under cover of dense stands 
of invasive alien Acacia spp. invasions have been made 
(Shackleton, Shackleton, et al., 2019; de Neergaard et al., 
2005). More international research on the role of gender 
in invasive alien species identification, management, and 
monitoring is needed for a more nuanced perspective 
to emerge.

The succession of emerging zoonotic diseases in the 
early twenty-first century has led to the development 
of several holistic and interdisciplinary approaches to 
safeguard health. Current concepts such as Planetary 
Health, EcoHealth, and One Health (Glossary) stress the 
importance of understanding the links between human, 
animal, and environmental health, though with a strong 
emphasis on safeguarding the health of vertebrates 
(Lerner & Berg, 2017). The World Health Organization 
(WHO), the Food and Agriculture Organization of the 
United Nations (FAO), and the World Organisation 
for Animal Health (WOAH, founded as OIE) provide 
international standards for human health, plant health, 
and animal health, respectively. Working together with 
the UNEP through a One Health High-Level Expert Panel 
(OHHLEP), they have jointly defined One Health as “an 
integrated, unifying approach that aims to sustainably 
balance and optimize the health of people, animals and 
ecosystems. This approach recognizes that the health 
of humans, domestic and wild animals, plants, and the 
wider environment (including ecosystems) are closely 
linked and inter-dependent. It mobilizes multiple sectors, 
disciplines and communities at varying levels of society 
to work together to foster well-being and tackle threats 

Box 1  14  	 The role of invasive alien species in zoonotic disease transmission.

The relationship between invasive alien species and human 
health, particularly pathogenic microbes, and emerging 
infectious diseases (Pyšek, Hulme, et al., 2020) is especially 
relevant in a decade which began with a global coronavirus 
disease (COVID-19) pandemic that killed close to 20 million 
people (The Economist, 2022), ravaged the world economy, and 
exacerbated inequality and poverty (Ritchie et al., 2020). Invasive 
alien species can have serious implications for human health 
(Lazzaro et al., 2018; Pyšek & Richardson, 2010): alien species 
can act as a vector of pathogens (e.g., Aedes albopictus 
(Asian tiger mosquito) for dengue fever; Brady & Hay, 2020; 
Hulme, 2014); produce allergenic pollen (Ambrosia artemisiifolia 
(common ragweed); Richter et al., 2013); and be poisonous 
(e.g., Rhinella marina (cane toad); Bacher et al., 2018) or 
venomous (e.g., sea jellies; Kideys & Gücü, 1995). Indeed, 
the COVID-19 pandemic has demonstrated the catastrophic 
consequences of ongoing environmental transformation, wildlife 
exploitation, and the movement of organisms in a globalized 
world (IPBES, 2020c; Nuñez et al., 2020).

Parasites (including pathogenic bacteria, fungi and viruses) 
can be introduced into an invaded range alongside an invasive 
alien species (Bojko et al., 2021; Dasgupta, 2021; Daszak et 

al., 2000; Evans, 2003; Roy et al., 2017). Additionally both 
introduced and endemic parasites can change the strength of 
interactions between species and ultimately affect the outcome 
of a biological invasion (Amsellem et al., 2017; Dunn & Hatcher, 
2015). Pathogens causing emerging infectious diseases (WHO, 

2014), which spread into new host populations or species, 
are rarely treated as invasive alien species, but it is widely 
recognized that the introduction of novel organisms (those 
without evolutionary analogues in the recipient environment) 
have the potential to be incredibly disruptive (Nuñez et al., 
2020; Saul & Jeschke, 2015; Vilà et al., 2021). 

The role of invasive alien species in the transmission dynamics 
of emerging zoonotic diseases is often overlooked (Nuñez et 

al., 2020; Vilà et al., 2021) despite the interlinkages between 
human health and biodiversity loss having now been explored 
in great detail by the scientific community (Estrada-Peña et 

al., 2014; Jones et al., 2008; UNEP et al., 2015; Wolfe et 

al., 2007). Integrated approaches that take into account the 
landscapes and seascapes in which socio-ecological systems, 
including their human dimensions, are embedded, could be 
part of an effective collective response to the threats posed 
by invasive alien species and related pathogenic diseases. 
Invasive alien species are part of these broader systems, and 
the harm to human health which results from their spread and 
from emerging infectious diseases share many characteristics 
(Figure 1.17). Pathogenic microbes which cause human 
epidemics and pandemics are highly successful invasive 
alien species, transmitted by human behaviour. Integrated 
interdisciplinary approaches will contribute to increased 
understanding of the interplay amongst factors driving disease 
transmission whether in humans, other animals or plants (Vilà 
et al., 2021).
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to health and ecosystems, while addressing the collective 
need for clean water, energy and air, safe and nutritious 
food, taking action on climate change, and contributing 
to sustainable development” (UNEP, 2021). There have 
been previous efforts to integrate biological invasions 
within the One Health approach (Conn, 2014; Hulme, 
2020a; F. A. B. Meyerson et al., 2009; L. A. Meyerson 
et al., 2002; L. A. Meyerson & Reaser, 2002, 2003). 
However, despite the critical role invasive alien species 
can play as reservoirs and vectors of zoonotic diseases 
(Box 1.14; Hulme, 2014; Roy et al., 2017, 2023), Planetary 
Health, EcoHealth, and One Health approaches have 
yet to systematically integrate the threat and impacts of 
biological invasions into their analyses (IPBES, 2020c; 
Chinchio et al., 2020; Bertelsmeier & Ollier, 2020; Nuñez 
et al., 2020; Vilà et al., 2021). The acceptance of the One 

Health approach as appropriate by many governments and 
international organizations might change this, however. 
A more biosecurity-focused approach has also been 
suggested: “One Biosecurity” would integrate the One 
Health framework with the practical necessities associated 
with the provision of biosecurity, including the prevention 
of all invasive alien species (Hulme, 2020b; Glossary). 
One Biosecurity could be informed through a streamlined 
approach to the prediction of emerging biosecurity risks 
(whether pathogens, pests, or weeds), a global network 
of surveillance (Glossary) and information sharing, 
and coordinated international responses to incursions 
of invasive alien species. Such an approach could be 
underpinned by a regulatory framework that parallels the 
International Health Regulations of the WHO (Hulme, 2021) 
(Chapter 6, section 6.7.2.2).

Figure 1  17  	 Comparison of the stages of a zoonotic viral epidemic and those of a biological 
invasion. 

Source: Nuñez et al. (2020), https://doi.org/10.1016/j.tree.2020.05.004, under license CC BY 4.0.

https://doi.org/10.1016/j.tree.2020.05.004
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1.6.7.3	 Scenarios and modelling
Understanding the drivers and patterns of invasive alien 
species dynamics is crucial for designing and implementing 
appropriate management and monitoring strategies 
(Brundu & Richardson, 2016). There is a growing need 
to reconstruct the routes of introduction of invasive alien 
species (Estoup & Guillemaud, 2010; Gautier et al., 2022) to 
predict biological invasions and effectively support different 
types of intervention, from early detection to management 
of established invasive alien species (S. A. Hall et al., 
2021; Van Wilgen et al., 2011). Indeed, the importance of 
model- and scenario-based prevention and early detection 
has been highlighted in several policies including the 
European Union Regulation 1143/2014 on invasive alien 
species (European Union, 2014). Modelling approaches 
have been used to define coarse climatic envelopes for 
invasive alien species (Brundu & Richardson, 2016; Pino et 
al., 2005), and reconstructing routes of biological invasions 
(Gautier et al., 2022). Fine-scale species distribution 
modelling and prediction requires information on local 
environmental and habitat factors (Vicente et al., 2011), as 
well as linking correlative models to demographic variables 
or demography-based population models (Kueffer et al., 
2013; Vicente et al., 2019). The prevention, early detection 
and management of biological invasions will consequently 
benefit from increased knowledge, more informative 
predictions, and accurate and plausible future scenarios 
(Chornesky et al., 2005; Genovesi & Monaco, 2013; Roura-
Pascual et al., 2021).

For invasive alien species, scenarios and models have been 
applied to inform understanding of how spatial-temporal 
patterns emerge (Chapter 2, section 2.6.5; Chapter 4, 
section 4.7.1), of which processes are underlying these 
patterns, and of how ecological, economic, and societal 
drivers relate to the emergence of the observed patterns 
(Chapter 3, Box 3.14). Scenarios and models differ in their 
approach to investigate historic, current, and future patterns 
of alien species richness, abundance and distributions. 
While models aim to predict alien species patterns based on 
how environmental, economic or social variables relate to 
species occurrence or abundance, scenarios are based on 
alternative possible future states of those variables resulting 
in projections of potential future patterns of biological 
invasions (IPBES, 2016c; Lenzner et al., 2019; Roura-
Pascual et al., 2021). In the section below, scenarios and 
models are briefly contrasted in terms of how patterns and 
dynamics are analysed, the methods used, their different 
uses, and the advantages and disadvantages of each 
approach. A systematic review was undertaken to assess 
the current use of scenarios and models within the context 
of biological invasions.12 

12.	Data management report available at https://doi.org/10.5281/
zenodo.5706520

Models 

Models can be defined as “qualitative or quantitative 
representations of key components of a system and of 
relationships between these components”.13 There are four 
broad groups of model types (main model types) identified 
(IPBES, 2016c):

i.	 Expert-based models include any type of qualitative 
expert opinion (where experts are defined as a single 
person or group of people that hold specific knowledge 
of a process, species or system of interest). Experts 
may include scientists and other academics, relevant 
stakeholders and Indigenous Peoples and local 
communities (section 1.6.7.1). 

ii.	 Correlative models (also called statistical models) 
use empirical data to estimate parameter values for 
processes that are implicit rather than explicit. 

iii.	 Process-based models (also mechanistic models) 
explicitly integrate processes or mechanisms based on 
established scientific understanding.

iv.	 Hybrid models combine correlative and process-based 
modelling approaches.

Most papers identified through the systematic review 
used correlative models (57 per cent of 781 observations), 
followed by process-based models (33 per cent), hybrid 
models (8 per cent) and expert-based systems (1 per cent).

There are also interdisciplinary models and integrated 
assessment models (IPBES glossary12) that are used to 
describe the complex relationships between environmental, 
social and economic drivers (e.g., Havlík et al., 2014) by 
integrating trans-disciplinary knowledge to capture large-
scale dynamics, interactions and feedbacks of a specific 
system (Harfoot et al., 2014). Integrated assessment models 
assess “wicked problems” which are highly complex, 
socioecological problems including many variables and 
actors (Termeer et al., 2019). Currently, biological invasions 
are not included in existing global integrated assessment 
models, but such an integration would be highly beneficial 
(Lenzner et al., 2019). 

Further details, including opportunities and limitations, 
of these modelling approaches are provided in the data 
management report.

Scenarios 

Scenarios are “representations of possible futures for 
one or more components of a system, particularly for 
drivers of change in nature and nature’s benefits, including 

13.	IPBES glossary: https://ipbes.net/glossary

https://doi.org/10.5281/zenodo.5706520
https://doi.org/10.5281/zenodo.5706520
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alternative policy or management options”.14 Different types 
of scenarios can be identified and are applicable in specific 
contexts: 

i.	 (Exploratory scenarios (also called “explorative 
scenarios” or “descriptive scenarios”) examine a range 
of plausible futures, based on pre-defined drivers and 
their assumed future trajectories starting from the 
present conditions.

ii.	 Target-seeking scenarios (also called “goal-seeking 
scenarios” or “normative scenarios”) have a clear 
objective or set of objectives for a point in time in 
the future (i.e., a specific target) and aim to describe 
plausible pathways to achieving this outcome. The 
procedure of developing such scenarios is called 
backcasting. 

iii.	 Policy-screening scenarios aim to evaluate alternative 
policy or management options. They either follow 
a similar logic to target-seeking scenarios where 
a future policy goal is determined, or they can be 
developed through policy screenings (also called 
“ex-ante scenarios”). See the IPBES glossary and the 
methodological assessment report on scenarios and 
models of biodiversity and ecosystem services (IPBES, 
2016c) for more detail.

Most of the papers identified through the systematic review 
focused on exploratory scenarios (87 per cent of papers), 
followed by policy-screening (7 per cent) and target-
seeking scenarios (6 per cent). In most papers, scenarios 
were quantitative (82 per cent) as opposed to qualitative 
(9 per cent) or both quantitative and qualitative scenarios 
(8 per cent).

Overall, scenarios aim to provide a holistic view on global 
trends and processes and how they might shape the 
world’s future under different assumptions. For many 
drivers of change in nature (e.g., climate; IPCC, 2014) 
and socioeconomic domains (e.g., demography, land-
use; Hurtt et al., 2011), such scenarios have already been 
developed. However, biological invasion scenarios have not 
been available until recently (Corrales et al., 2018; Dehnen-
Schmutz et al., 2018; Ricciardi et al., 2017). The need for 
scenarios for short (2030), mid (2030-2050), and long-term 
(2050-2100) trends in alien species richness and distribution 
at various scales to inform targets has been recognized 
(Bellard et al., 2013; Roura-Pascual et al., 2021). Increasing 
data availability and increased understanding of (historic) 
trends, distribution and impacts of invasive alien species 
globally and locally makes the development of scenarios for 
biological invasions feasible (Lenzner et al., 2019). Recently, 
the first alternative futures for biological invasions were 

14.	IPBES glossary: https://ipbes.net/glossary

published (Roura-Pascual et al., 2021). Roura-Pascual and 
colleagues developed 16 different qualitative scenarios 
storylines, which can be grouped into four archetypes based 
on their description of potential futures. The scenarios 
develop potential future trajectories of the world until 
2050 with a special focus on drivers relevant for biological 
invasions (Essl et al., 2020) and projected changes in alien 
species richness.

Moreover, recently IPBES has developed a framework for 
the creation of independent multiscale biodiversity scenarios 
for constructing pathways towards desirable futures for 
nature – the Nature Futures Framework (IPBES, 2022d). 
A distinguishing feature of the Nature Futures Framework, 
beyond classical environmental scenario frameworks, 
is the consideration of a plurality of perspectives and 
values towards nature within the scenarios, facilitating 
the assessment of different views on nature and ensuring 
the integration of these views through participatory 
approaches. While the Nature Futures Framework has not 
yet been applied in the context of biological invasions, it 
has considerable potential for exploring the role of invasive 
alien species in future biodiversity change across scales 
and contexts.

Scenarios and models in invasive alien 
species research 

The scenarios and models’ liaison group undertook a 
systematic review15 including an initial set of 30,299 
research papers of which 778 research papers were found 
to consider both the use of models and scenarios to 
evaluate the patterns and trends of invasive alien species. 
The search was restricted to indexed publications in English, 
ensuring a structured, systematic approach to the use of the 
terms “invasive alien species”, “modelling” and “scenarios”. 
A summary of the outcomes is provided here with further 
information available in the data management report.14 In 
some cases, a single paper focused on multiple categories 
(e.g., a model applied to both the United Kingdom 
and Portugal), and these are categorized as separate 
observations. The information is summarized as either a 
percentage of papers or of observations. 

Patterns and trends

The Americas was the IPBES region with the highest 
proportion of observations across all papers, with 33 per 
cent of all observations (total number of observations: 
1,153), followed by Europe and Central Asia (26 per cent), 
Asia and the Pacific (24 per cent), Africa (13 per cent) and 
finally Antarctica (2 per cent). In 3 per cent of the papers, the 
IPBES region was not stated. Most papers focused on only 

15.	Data management report, including full output of the review, available at 
https://doi.org/10.5281/zenodo.5706520

https://ipbes.net/glossary
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one IPBES region (78 per cent of a total of 778 papers) and 
one country (70 per cent). 

Most of the papers (63 per cent of all papers) were focused 
on only one invasive alien species with most focusing on 
invasive alien plants (including bryophytes; 40 per cent of 
observations from a total of 858 observations), followed by 
invertebrates (30 per cent), fishes (8 per cent), mammals (7 
per cent), amphibians, birds and reptiles (3 per cent); and 
finally, fungi (2 per cent) or other invasive alien species taxa 
such as algae, bacteria, virus or protozoan (2 per cent). 
Furthermore, the majority of papers focused on only one 
particular IPBES unit of analysis (96 per cent of 778 papers), 
with the terrestrial environment dominating the literature 
extracted from the review with 75 per cent of observations 
(from a total of 813), followed by the freshwater (15 per cent) 
and the marine (8 per cent) environments. The impacts of 
invasive alien species were addressed in only 22 per cent 
of papers with most of these papers focusing on negative 
impacts (18 per cent of all papers). Invasive alien species 
pathways were considered in only 10 per cent of papers. 
Only 23 per cent of papers (n=182) considered invasive alien 
species management, and most papers focused on one (54 
per cent) or two management strategies in combination (37 
per cent).

The cross-cutting themes identified for the IPBES invasive 
alien species assessment were poorly represented in the 
papers with only 1 per cent considering Indigenous and 
local knowledge, 3 per cent considering good quality of life 
and 6 per cent including nature’s contributions to people. 

Further descriptive summaries and results from the review, 
including multidimensional scaling, illustrating the clustering 
of model and scenario features from across the papers, are 
available in the data management report.16 Further specific 
detailed information from the review is included within the 
relevant chapters.

1.6.8	 Key issues in the discussion 
of biological invasions

Throughout this assessment several key issues, some 
extant and some emerging, have been identified as critical 
to the discussion of biological invasions. The key issues 
identified within this assessment include the advent of 
globalization, the impact of global environmental 
change (and, in particular, the global biodiversity crisis), 
the use of adaptation strategies, the role played by 
technology, the challenges for islands and protected 
areas, and the role micro-organisms play in the broader 
understanding of invasive alien species.

16.	Data management report available at https://doi.org/10.5281/
zenodo.5706520

The most obvious issue is that of globalization, which 
has acted as an important overarching driver facilitating 
the unprecedented spread of invasive alien species 
that humans face today. There is a strong historical link 
between colonization by European powers and biological 
invasions, and the rise of global transport and trade has 
been a primary driver responsible not only for the transport 
and introduction of invasive alien species but also for the 
advent of biotic homogenization, which lowers resilience 
and increases vulnerability to further invasive alien species. 
Globalization is a catalyst exacerbating the problems 
of a human-dominated biosphere that has led to the 
Anthropocene, a world with biophysical systems profoundly 
shaped by human activity. The increasing levels of invasive 
alien species on a global scale are stark evidence of this era. 
At the same time, international instruments developed to 
prevent the spread of invasive alien species rely heavily on 
international organizations that are at least partially reflective 
of the process of globalization.

Another central key issue is the present and future impact 
of global environmental change, and the underlying 
direct and indirect anthropogenic drivers of change, not only 
on the spread and introduction success of invasive alien 
species but also on options for management (Chapters 
3 and 5). Climate change and land and sea use, but 
also pollution (chemical, plastics, debris, etc.), ocean 
acidification, and other systems-level direct drivers of 
change in nature are currently shaping the Anthropocene, 
and driving, in particular, the loss of biodiversity (IPBES, 
2019). Invasive alien species have long been identified as 
one of the primary drivers of this global biodiversity crisis, 
and they interact with other drivers of global environmental 
change to exacerbate it (Chapters 3 and 4). 

The overarching issue of human community adaptation 
is noticeable as well: While invasive alien species can 
cause both harm and benefits, some human communities 
(at various scales, from rural areas to Indigenous Peoples 
and local communities to cities to regions) have in fact 
adapted to the presence of invasive alien species, and 
it is informative to see how, why, and in what forms this 
adaptation took place over time. This key issue, which 
is even more pertinent in the current era where climate 
change is forcing unprecedented adaptation and evolving 
survival strategies, is discussed more explicitly in Chapter 
6, section 6.2.2.5. In some cases, the response to 
invasive alien species does not adequately deal with the 
threats they pose, and adaptation may be the only or 
the preferred policy response. It is important to note that 
prevention is an effective approach to managing invasive 
alien species and the costs of responding to biological 
invasions far outweigh the costs of prevention (Diagne et 
al., 2021). However, in some cases, invasive alien species 
have become part of socio-ecological systems and are 
here to stay.

https://doi.org/10.5281/zenodo.5706520
https://doi.org/10.5281/zenodo.5706520
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Box 1  15  	 The role of citizen (or community) science in monitoring invasive alien species.

Citizen science (also known as community science, 
participatory monitoring, community-based environmental 
monitoring, crowd science, crowd-sourced science, civic 
science, or volunteer monitoring) is a term that describes the 
diverse range of approaches in which scientific research is 
conducted, in whole or in part, by volunteers with varying levels 
of expertise (Gura, 2013; Pocock et al., 2014, 2018). Citizen 
science is defined by the European Commission Green Paper 
as “general public engagement in scientific research activities 
where citizens actively contribute to science either with their 
intellectual effort, or surrounding knowledge, or their tools and 
resources” (Consortium, 2013; Follett & Strezov, 2015). 

People contribute to biodiversity and ecosystem research 
through citizen science in diverse ways including providing 
data, raising new research questions, and communicating 
and disseminating findings. Citizen science can be broadly 
considered as contributory or collaborative (co-created). Within 
contributory citizen science, participants are primarily involved 
in data collection while through collaborative citizen science, 
participants are involved in various stages of the scientific 
process including identifying the scope and research questions 
through to interpreting and using the results. Citizen science not 
only results in scientific advances but is also known to increase 
public understanding of science by improving the scientific 
capacity of participants through skills acquisition and learning 
(MacPhail & Colla, 2020; Steven et al., 2019).

There are many diverse approaches to surveillance and 
monitoring of invasive alien species. Citizen science is seen 
as particularly relevant for environmental monitoring and 
has a long history in many countries with some initiatives in 
Northern Europe and North America having been ongoing for 
more than a century (Allen, 1976; Miller-Rushing et al., 2012; 
Pocock et al., 2015). Many of the large-scale and long-term 
global biodiversity datasets have relied on contributions from 
volunteers. Indeed, citizen science is often used to engage 
people in scientific projects that may be impractical for 
individuals or small groups to conduct alone because of the 
need to gather or analyse “big data” (Willett et al., 2013). 

Volunteers have made substantial contributions to understanding 
biological invasions (Roy et al., 2015) from documenting the arrival, 
establishment, and spread of alien species through to predicting 
potential new arrivals through horizon scanning (Roy et al., 2020) 
and so contributing to early-warning. The breadth of expertise 
provided by taxonomic experts from volunteer biological recording 
communities is essential for horizon scanning. Prioritization of 
invasive alien species through horizon scanning can be used 
to inform mass participation approaches involving the public 
(or where relevant special interest groups such as anglers) in 
monitoring and surveillance underpinning early-warning.

The advent of mobile computing technologies in smartphones 
and tablets and the corresponding proliferation of mobile 
applications (apps) have greatly expanded the potential of 
citizen science for contributing to research on invasive alien 
species (Adriaens et al., 2015). As mobile phones become 
increasingly ubiquitous (users now exceed 2.8 billion people 
worldwide; Alavi & Buttlar, 2019), citizen science is undergoing 
an unprecedented shift in the scale and quantity of available 
data (Silvertown, 2009; Teacher et al., 2013). Popular 
biodiversity reporting apps like eBird (Sullivan et al., 2014) and 
iNaturalist (Unger et al., 2021) have user communities in the 
hundreds of thousands, generating enormous quantities of 
data for research (e.g., over 1 million records in iNaturalist in 
the first seven years; Pimm et al., 2014). Invasive alien species 
reporting apps, which enable users to submit geotagged 
observations of invasive alien species, are an excellent new 
source of spatiotemporally explicit occurrence data for invasive 
alien species management and research, and seen as a 
major pathway to implementing surveillance and monitoring at 
national and global scales (Martinez et al., 2020). The number 
of invasive alien species reporting apps available is steadily 
increasing, ranging from regional apps to those focused on 
particular taxa including aquatic organisms, insects, and plants 
(e.g., Goëau et al., 2013; Laforest & Bargeron, 2011; Scanlon 
et al., 2014; Wallace et al., 2020).

Many mobile devices now include a variety of onboard 
sensors and instrumentation like barometers, gyroscopes, 
accelerometers, microphones, cameras and ambient light 
sensors, and the capability of storing data from these sensors 
and uploading it to online databases (Lane et al., 2010). 
Onboard sensors are increasingly used to facilitate and even 
automate citizen science participation via invasive alien species 
apps, for example in bioacoustics surveys for invasive alien 
amphibians (Platenberg et al., 2020). Artificial intelligence 
and machine learning, especially in image recognition, are 
further enhancing mobile app contributions to citizen science, 
by allowing for the automated identification of organisms 
in user-submitted images (Terry et al., 2020). The steady 
improvement and increasing availability of online invasive alien 
species occurrence databases and their integration with mobile 
technology is another major and ongoing advance underpinning 
citizen science (Martinez et al., 2020; Reaser et al., 2020; 
Seebens et al., 2020).

Science-society-policy interactions are developed through open 
and collaborative approaches amongst participants involved 
in citizen science (Powell & Colin, 2009; Gardiner & Roy, 
2022). Collaborative research outcomes, resulting from open, 
networked and transdisciplinary citizen science approaches, 
can ultimately contribute to democratic  
decision-making.

The evolving role played by technology is another key 
issue. The development of the steam engine enabled 

faster trans-ocean voyages involving ballast water usage, 
thus acting as a driver that accelerated pathways for 
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the transport of invasive alien species (sailing ships also 
needed ballast but used soil, which itself carried invasive 
alien species but at slower delivery times) (Chapter 3, 
section 3.2.3). Modern technology (including genetics/
genomics, informatics, and drone surveillance) is facilitating 
the transport of alien species around the globe via e-trade 
(Chapter 3, sections 3.2.3 and 3.2.4), but are also 
being used in new and inventive ways to discover, track, 
and manage invasive alien species and their impacts 
(Chapter 5). New online tools and technologies, particularly 
new data streams and data integration methods, will 
increase capacity to deliver a global monitoring and 
decision-support system for managing biological invasions 
(Martinez et al., 2020; McGeoch & Jetz, 2019). Relatedly, 
communication strategies in the internet age have emerged 
as fundamental as people share new information about 
identifying and dealing with invasive alien species. Citizen 
science (Glossary), including approaches that encompass 
visual identification technologies and other innovations, 
has become a popular and valuable approach to underpin 
research and policy on biological invasions and invasive 
alien species (Box 1.15; Encarnação et al., 2021; Roy et 
al., 2015).

Insular environments, from oceanic islands and deep sea 
hydrothermal vents to freshwater systems and fragmented 
habitats, have provided insights into the relationships 
between geographic patterns and biological processes 
(D. R. Drake et al., 2002). Such insular systems feature 
prominently in this assessment. Islands, especially SIDS, are 
considered particularly vulnerable to invasive alien species 
because of the difficulty of prevention where globalization, 
including mass tourism, has become deeply integrated 
into island economies. Invasive alien species on islands 
have been shown to have some of the most detrimental 
impacts compared to continental ecosystems, including 
the extinction of many endemic species (e.g., Bellard et 
al., 2016; Pyšek, Blackburn, et al., 2017). Indeed, invasive 
alien species are ranked as the leading cause of biodiversity 
loss on islands (Bellard et al., 2016; Russell et al., 2017). 
However, there are many examples whereby management 
of invasive alien species, including approaches to prevent 
arrival and eradication of specific taxa, has proven 
successful on islands (Chapter 5; Courchamp et al., 2003; 
Russell et al., 2017). 

While most invasive alien species tend to thrive in 
anthropogenically disturbed ecosystems, some species are 
able to reach even the most remote and well conserved 
areas, including those formally declared as protected 
areas (Liu et al., 2020; Chapter 4, section 4.3.1.2). 
Indeed, it is clear that the establishment of protected 
areas, in both terrestrial and marine environments, does 
not preclude the unintentional introduction and spread 
of invasive alien species, such as those associated with 
illegal wildlife trade and other activities such as fishing and 
recreation without high biosecurity standards. Indeed, there 
are concerns that biological invasions are insufficiently 
considered when devising management plans for marine 
protected areas in particular (Galil, 2017; Giakoumi et 
al., 2016). Furthermore, historic or current intentional 
introductions such as through afforestation projects 
associated with climate change mitigation efforts can pose a 
threat to protected areas worldwide (Richardson, 1998), and 
ecosystem restoration projects also face similar concerns.

Another important key issue within biological invasions 
is the consideration of microorganisms, from virus to 
protozoa, including the links between invasive alien species 
and plant, animal, and human diseases including zoonotic 
diseases such as COVID-19, H1N1 flu (swine flu) and viral 
haemorrhagic fever (Ebola; Box 1.14). Such microorganisms 
have profound implications for good quality of life (Amsellem 
et al., 2017) and biosecurity (Hulme, 2020a), and create 
space for further discussions of ecosystem-based and One 
Health approaches. 

These key issues are relevant to natural science, social 
science, the humanities and policy developments, and 
will likely shape the evolution of our understanding of the 
biological invasion process in the years to come.
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Chapter 2

TRENDS AND STATUS OF  
ALIEN AND INVASIVE ALIEN  
SPECIES

EXECUTIVE SUMMARY 

 1 At least 39,215 alien species and more than 
37,000 established alien species have been recorded 
worldwide and occurrences of established alien 
species have been reported from all countries and all 
ecosystems globally (established but incomplete) 
{2.2.2}. Among these, 5,256 species have been classified 
as invasive according to the database underlying this 
chapter (established but incomplete) {2.2.2}. The 
distribution of established alien species shows marked 
hotspots of high species numbers, mostly located in North 
America, Europe, and Australasia, but also in individual 
African and Asian countries (established but incomplete) 
{2.2.2}. However, low data availability, particularly in Africa 
and Central Asia, suggests that many more unrecorded 
established alien species are extant but not reported due to 
a lack of monitoring and data integration (established but 
incomplete) {2.1.3, 2.1.4, 2.7}. Thus, the reported numbers 
of alien, established alien, and invasive alien species are 
likely severely underestimated (well established) 
{2.1.3., 2.1.4}.

 2 The number of established alien species has 
risen at continuously accelerating rates for centuries, 
recently reaching the highest total number of 
established alien species and highest annual rate of 
new records (established but incomplete) {2.2.1}. The 
rise in established alien species numbers has had periods 
of uniform increases and marked accelerations (well 
established) {2.1, 2.2.1}. Before 1800, the introduction of 
alien species was largely driven by European colonialism, 
while recently introductions for ornamental purposes or 
associated with international transport have become more 
important pathways (well established) {2.1, 2.1.2, 2.3.1.2, 
2.3.1.6, 2.4.2.2, 2.4.5.2, Box 2.5}. Marked accelerations 
of alien species introductions were observed circa 1800 
and post-1950, currently reaching the highest value yet; 37 
per cent of documented alien species introductions over 
the last two centuries have occurred since 1970 
(established but incomplete) {2.1}. In addition to total 
numbers, the rate of increase of newly recorded alien 
species, which later became established, has also 
continuously risen with approximately 200 new alien 
species now recorded annually worldwide (established but 
incomplete) {2.2.1}.

 3 In absolute values, the highest numbers of 
established alien species records have been reported 
for vascular plants, insects, fishes, fungi, and 
molluscs (established but incomplete) {2.2.2}. The 
distribution of established alien species worldwide is similar 
across taxonomic groups, with hotspots located in North 
America, Europe, and Australasia (established but 
incomplete) {2.2.2}. Vascular plants and mammals are the 
most widespread invasive alien species (well established) 
{2.2.2}. Temporal trends of records revealed three main 
patterns: For vascular plants, the number of records and the 
rate of increase rose distinctly from the nineteenth century to 
the present (well established) {2.3.2.1}, while for 
invertebrates, algae, and microorganisms, numbers and 
rates showed a marked increase particularly after 1950, 
likely due to increasing trade (established but incomplete) 
{2.3.1.6; 2.3.1.8, 2.3.1.9, 2.3.2.3, 2.3.3}. Mammals 
represent the only taxonomic group where the rate of new 
annual records has consistently declined since 1950, likely 
as a result of stricter regulations. However, while declining, 
the rate is still positive resulting in additional new alien 
mammal records each year (established but 
incomplete) {2.3.1.1}.

 4 The total numbers of established alien species 
are similar in all IPBES regions except for Africa, 
ranging from 14,797 to 17,628 established alien 
species in the Americas, Europe and Central Asia, and 
Asia and the Pacific; total numbers are distinctly lower 
for Africa, which hosts a maximum of 6,484 
established alien species (established but incomplete) 
{2.4.1, 2.4.2, 2.4.3, 2.4.4, 2.4.5}. The lower number of 
established alien species in Africa likely results from a 
combination of reduced introduction effort and lower data 
availability; therefore, the true number of alien and invasive 
alien species is expected to be markedly higher in Africa 
than currently reported (established but incomplete) {2.4.1}. 
Likewise, rates of increase were similar among the 
Americas, Europe and Central Asia, and Asia and the 
Pacific, but lower for Africa where data are less complete 
(established but incomplete) {2.4.2, 2.4.3, 2.4.4, 2.4.5, 2.7}. 

 5 The majority of established alien species have 
been reported from terrestrial ecoregions (75 per 
cent), while distinctly fewer established alien species 
were recorded in freshwater and marine ecosystems 
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(established but incomplete) {2.5.1, 2.5.2, 2.5.3, 2.5.4}. 
In part, this pattern reflects the natural distribution of species 
across ecosystems. However, aquatic habitats and marine 
systems in particular are less thoroughly sampled in 
comparison to terrestrial systems, suggesting that many 
more alien marine species have not been detected and 
recorded (established but incomplete) {2.5.2, 2.5.3, 2.5.4}.

 6 The number of established alien species is 
expected to rise further with a predicted 36 per cent 
global increase by 2050, but with large variations by 
region and among groups of organisms; most existing 
established alien species are expected to expand their 
current ranges (established but incomplete) {2.6.1}. 
Annual rates of increase are predicted to rise further for 
invertebrates, such as insects and molluscs, likely as a 
consequence of anticipated increasing trade and transport, 
but to decline for mammals, probably due to efforts to 
prevent their introduction and spread (established but 
incomplete) {2.6.1}. However, models and scenarios to 
project biological invasion dynamics are scarce and 
underdeveloped, hindering a robust assessment of future 
dynamics (well established) {2.6.5}. Although some 
established alien species have reached their geographic 
range limits, most established alien species are likely to 
further expand their alien ranges in the near future 
(established but incomplete) {2.6.1}.

 7 The number of established alien species is 
consistently lower on land managed by Indigenous 
Peoples (established but incomplete) {Box 2.6}. 
Indigenous Peoples’ lands are often remote and host more 
natural habitats compared to other lands, but that has not 
protected them from alien species introductions. A total of 
6,351 established alien species and 2,355 invasive alien 
species have been recorded worldwide on Indigenous 
Peoples’ land (established but incomplete) {Box 2.6}. 
Hotspots of biological invasions on Indigenous lands with 
high numbers of established alien species are found on all 
inhabited continents but especially in Australasia, North 
America, and Europe (established but incomplete) {Box 
2.6}, regions that have the highest established alien species 
numbers in general. Invasive alien species affect the 
livelihoods and good quality of life of Indigenous Peoples 
and local communities worldwide (established but 
incomplete) {Box 2.11}. However, most available studies on 
lands of Indigenous Peoples and local communities and on 
good quality of life focus on woody vascular plants, while 
much less information is available for the effects of other 
taxa, particularly microbes and insects (established but 
incomplete) {Boxes 2.6 and 2.11}.

 8 Islands generally host high numbers of alien and 
invasive alien species (well established) {Box 2.5}. 
Compared to mainland areas, the number of established 
alien species on islands is often very high (well established) 

{Box 2.5}. For vascular plants, the numbers of established 
alien species exceed the total number of native species on 
many islands, doubling the plant species richness on those 
islands (well established) {Box 2.5}. Worldwide, widespread 
invasive alien species on islands include mammals such as 
Rattus spp. (rats), Mus musculus (house mouse), and Felis 
catus (cat), and plants such as Leucaena leucocephala 
(leucaena), Lantana camara (lantana), and Ricinus 
communis (castor bean) (well established) {Box 2.5}.

 9 Research intensity and data availability 
documenting established alien species’ occurrences 
have increased in recent decades, but information 
about alien species distributions remains incomplete, 
particularly for inconspicuous species such as 
invertebrates, microorganisms, and aquatic species 
(well established) {2.1.4, 2.2.2, 2.7}. Lists of established 
alien species occurrences are very likely incomplete in the 
vast majority of cases across in the world (established but 
incomplete) {2.1.3, 2.1.4}. There are, however, major critical 
gaps for many species groups in large parts of Africa and 
Central Asia, for invertebrates and microorganisms, and for 
marine and freshwater species worldwide (well established) 
{2.2.2, 2.3.1.11, 2.3.2.5, 2.3.3.3, 2.4.2.5, 2.4.5.5, 2.5.1}. 
Gaps in recording alien species occurrences result in 
incomplete alien species lists and prevent a fully 
comprehensive assessment of the trends and status of 
invasive alien species across all taxa and habitats 
(established but incomplete) {2.2.2}. Further uncertainty 
arises from time lags that can span several decades from 
species introductions to their first detection (well 
established) {2.2.1, 2.2.3}, very likely making the 
documented numbers of established alien species a severe 
underestimate of the true extent of biological invasions (well 
established) {2.2.1, 2.2.2}. Importantly, incomplete data 
does not preclude drawing robust conclusions about alien 
and invasive alien species (well established) {2.7}. By taking 
data uncertainty into account, experts can provide a 
complete, credible, and transparent assessment that can be 
updated as more information becomes available (well 
established) {2.7}.

 10 A global assessment of biological invasions that 
covers the trends and status of regions and species 
groups equally can be achieved by a major increase in 
efforts to monitor alien and invasive alien species and 
by standardizing protocols for handling and sharing 
data at a global scale (established but incomplete) 
{2.7}. Closing knowledge gaps in all regions and species 
groups and improving understanding of biotic and abiotic 
interactions that influence how species respond to 
environmental changes can be achieved through consistent, 
repeatable, and comparable studies of alien species 
occurrences that are deposited into publicly available 
repositories (established but incomplete) {2.7}. Additional 
applications of technology (e.g., remotely sensed data, 
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Figure 2  1  	 Trends in drivers of change in nature and correlates of biological invasions. 

Panels show temporal trends of a selection of main drivers and correlates of biological invasions averaged globally. For “shipping” and 
“human migration” only proxy variables are shown due to the lack of more comprehensive data covering the full time period. Although 
these proxy variables represent only subsets of the full dynamics, they well indicate the overall temporal patterns of change. A data 
management report for this figure is available at https://doi.org/10.5281/zenodo.7615582

environmental DNA) applied at large spatial scales can also 
provide comprehensive coverage of alien and invasive alien 
species (established but incomplete) {2.7}. Engagement by 
and with policymakers, citizen scientists, and Indigenous 
Peoples and local communities worldwide is critical to close 
data and knowledge gaps (established but incomplete) {2.7}.

2.1	 INTRODUCTION 
Assessing current and future dynamics of biological 
invasions requires data and knowledge on the geographic 
extent of invasive alien species, which can be used to 
identify hotspots of invasive alien species (Glossary). 
Further, a more comprehensive assessment depends on 
information about temporal trends (Glossary) to evaluate 
past and potential future species spread and detailed 
information on alien species, which while not yet classified 
as invasive in certain regions could become invasive in the 
future. To achieve a comprehensive global assessment of 

biological invasions, this chapter includes information on 
temporal trends and spatial distributions of both alien and 
invasive alien species (a subset of alien species). 

Humans have introduced species to regions outside of their 
native ranges (Glossary) for millennia, and throughout, 
these introductions have undergone different periods 
of acceleration. As early as approximately 8000 B.C., 
neolithic people unintentionally distributed plant seeds when 
transporting crops (e.g., Di Castri, 1989). The first evidence 
of agricultural crops being traded over long distances comes 
from the Pharaohs of ancient Egypt approximately 3,000 
to 1,500 years ago (Janick, 2007) and from Mesoamerica 
around the same period (Sanchéz, 1997). While early 
reports are scarce and inaccessible, evidence of increasingly 
frequent species exchanges has accumulated. The intensity 
of biotic exchange is often related to the extent and power 
of a particular empire, such as the Romans, Greeks, Aztecs, 
Polynesians, or the Han Dynasty. All introduced a variety of 
species throughout their reigns that continue to survive in 
their new locations (P. A. Cox & Banack, 1991; Di Castri, 
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1989; Ma et al., 2003; Sanchéz, 1997). As these empires 
expanded and the capacity of humans to travel long 
distances improved, there was a concomitant rise in the 
magnitude of alien species introductions. 

The establishment of sea routes between Europe, the 
Americas, Africa, and Asia in the fifteenth century marked 
the onset of a truly global trade network that facilitated a 
continuously growing rise in alien species introductions 
(Figure 2.1; Di Castri, 1989) but the extent of increase 
varied considerably between taxonomic groups and 
geographic regions. Nonetheless, there has been a 
marked intensification of alien species exchanges across 
all taxonomic groups and regions in the last 200 years; 
the nineteenth century and post-1950s eras experienced 
especially high increases of new species introductions, i.e., 
37 per cent of all documented established alien species 
introductions have occurred since 1970 (Bonnamour et 
al., 2021; Seebens, Blackburn, et al., 2017). Given the 
incomplete and inconsistent records of documented historic 
introductions, it is likely that past introduction rates were 
even higher (Seebens, Blackburn, et al., 2017).

While many species have been unintentionally introduced, 
other introductions in the pre-historic, historic, and modern 
eras have been intentional, occurring for purposes including 
food, horticulture, sport hunting and fishing, the fur trade, the 
pet trade, and for nature’s contributions to people such as 
erosion control and biological control (Glossary; e.g., Eviner 
et al., 2012; Genovesi et al., 2009; Luken & Thieret, 1997; 
R. M. Pringle, 2005; Reichard & White, 2001; Simberloff, 
2012). The introduction pathways (Glossary) and the taxa 
introduced have varied over time (Table 2.1; Figure 2.2).

The introduction of alien species is coupled with human 
activities and it is therefore unsurprising that invasion trends 
and human socio-economic activities are closely linked 
(Hulme, 2009; Levine & D’Antonio, 2003; X. Liu et al., 
2019; Meyerson & Mooney, 2007; Pyšek, Jarosik, et al., 
2010). Different drivers may affect invasion dynamics and 
become important during different stages of the biological 
invasion process (Glossary), such as the introduction 
and establishment stages. For instance, global trade and 
transport are well-known major drivers promoting the 
intentional or unintentional introduction of alien species 
(Chapter 3, section 3.2.3; and Hulme, 2009). Tourism 
is another important driver (Chapter 3, section 3.2.3.4), 
particularly on remote islands (Toral-Granda et al., 2017). 
But interactions between introduction pathways and 
invasion stages also vary by taxonomic group (e.g., Bernery 
et al., 2022). Anthropogenic disturbances such as habitat 
(Glossary) destruction (e.g., deforestation), degradation 
(e.g., eutrophication) and fragmentation, and climate 
change are strongly associated with increasing habitat 
vulnerability to invasions (Hierro et al., 2006; Hulme, 2017; 
Pauchard & Alaback, 2004; J.-Z. Wan et al., 2019). Thus, 

once introduced, alien species are more likely to establish 
in areas with high degrees of land use change, high human 
population density, and high gross domestic product 
(GDP) (Pyšek, Jarosik, et al., 2010). All of these drivers 
have distinctly increased in the last decades (Figure 2.1; 
Chapter 3, section 3.1.1), paving the way for rising 
numbers of invasive alien species, and the establishment of 
alien species more generally. 

2.1.1	 Previous alien and invasive 
alien species assessments

Multiple recent regional and global scale assessments 
have highlighted biological invasions as having a significant 
influence on nature (Glossary), nature’s contributions to 
people, good quality of life and on Indigenous Peoples 
and local communities (Glossary; IPBES, 2018a, 2018b, 
2018c, 2019a). In general, these assessments have noted 
that while progress has been made in identifying pathways 
of alien species introductions and in invasive alien species 
eradication and management (Glossary; Secretariat of the 
CBD, 2020), successful prevention of biological invasions 
(Glossary) remains limited, in part due to ineffective 
border controls in some countries (Secretariat of the CBD, 
2014). Global and regional assessment reports show that 
biological invasions are an increasing worldwide threat (Early 
et al., 2016; Osipova et al., 2017; WWF, 2018) exerting 
pressure on native biodiversity in concert with other global 
phenomena (IPBES, 2016; Secretariat of the CBD, 2020) 
resulting in consequences such as biotic homogenization 
and the extinction of native species (Glossary; Millennium 
Ecosystem Assessment, 2005). However, both positive 
and negative impacts (Glossary) associated with alien 
species have been documented (IPBES, 2016; Roué et 
al., 2017). Nonetheless, large swathes of several regions 
remain understudied and report relatively little information 
regarding invasive alien species (IPBES, 2018b). In Europe, 
Central Asia, and in the Americas, biological invasions are 
severe due to extensive trade and transportation networks 
that are pathways for alien species introductions (IPBES, 
2018b, 2018c) with more complete documentation in 
Europe and North America. In Central Asia, South America 
and mesoamerica, and in Africa, biological invasions 
tend to be less well-documented and few sources on the 
biogeographic details of invasive alien species trends are 
available across these regions (IPBES, 2018a, 2018b, 
2018c). Further, invasive alien species are identified by 
Indigenous Peoples and local communities as one of the 
major drivers of change in nature as, for example, these 
species encroach on grazing lands and threaten agricultural 
systems (Forest Peoples Programme et al., 2020; Roué 
et al., 2017). Many invasive alien species do not have any 
cultural or economic value for Indigenous Peoples and local 
communities and some groups lack strategies to deal with 
biological invasions (Roué et al., 2017).
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2.1.2	 Pathways of alien species 
introductions

Following standard frameworks (CBD, 2014; Hulme et al., 
2008), pathways describe the mechanisms that result in 
the introduction of alien species. Pathways usually focus 
on movements until a species reaches the border of an 
administrative unit, such as a country, although they are not 
restricted to this definition. Pathways are distinct from routes 
of introduction; pathways describe how and by what means 
a species has entered the new region; route of introduction 
refers to a geographic route between two locations. 
Pathways have been categorized into six major classes 
(release, escape, contaminant, stowaway, corridor, and 
unaided) and several sub-classes. Major classes of pathways 
are provided by the Convention on Biological Diversity (CBD; 
CBD, 2014; Table 2.1; Chapter 1, Box 1.6). 

Alien species have been introduced through a variety of 
pathways that have varied in importance over time and 
among species groups (Figure 2.2; CBD, 2014; Faulkner 
et al., 2016; Hulme et al., 2008; Pyšek et al., 2011). 
Intentional introduction pathways, such as release and 
escape, have played a major role for plant and vertebrate 
introductions, while unintentional introduction pathways, 
such as contaminant and stowaway, are highly relevant for 

introduced invertebrates, algae, and fungi (Saul et al., 2017). 
In addition to variations among species groups, the relative 
importance of pathways for introducing alien species and the 
absolute number of alien species introduced through certain 
pathways has changed over time depending on the number 
of propagules being transported (van Kleunen et al., 2018). 
Overall, the absolute number of established alien species 
has increased across nearly all pathways with particularly 
steep increases beginning circa 1800 and continuing until 
the present (Figure 2.2). The main pathway recorded for 
most species was escape from confinement, followed by 
contaminant and stowaway, release in nature, and corridors. 
The relative importance of the escape pathway has declined 
slightly in recent decades, while the contaminant and 
stowaway pathways have increased in importance, possibly 
reflecting higher numbers of introductions through global 
trade and transport (Hulme, 2009). For detailed pathway 
classifications, seed contamination was the only pathway 
with declining absolute numbers, and particularly strong 
increases were observed for pet species and stowaways 
(Figure 2.2). Overall, introductions for ornamental purposes 
remained highest in absolute numbers over the last 200 
years. However, most (82 per cent of all available records 
in the pathway data set by Saul et al. (2017)) information 
on pathways is available for plants and vertebrates, while 
information on introduction pathways is often lacking for 

Table 2  1  	 Definition of major pathway classes.

Definitions are published by the CBD (2014).

Pathway class Definition

Release in nature The intentional introduction of live alien organisms for the purpose of human use in the natural environment. 
Examples include biological control, erosion control, releases for fishing or hunting in the wild, landscape 
“improvement” and introductions of threatened organisms for conservation or religious purposes.

Escape from confinement The movement of (potentially) invasive alien species from confinement (e.g., zoos, aquaria, botanic gardens, 
agriculture, horticulture, forestry, aquaculture and mariculture facilities, scientific research or breeding 
programmes, or escaped pets) into the natural environment. Through this pathway, organisms were 
purposefully imported or otherwise transported to confined conditions, but subsequently unintentionally 
escaped confinement.

Transport–Contaminant The unintentional movement of live organisms as contaminants of a commodity that is intentionally transferred 
through international trade, development assistance, or emergency relief. This includes pests and diseases of 
food, seeds, timber, and other products of agriculture, forestry, and fisheries, as well as contaminants of other 
products.

Transport–Stowaway The moving of live organisms attached to transporting vessels and associated equipment and media. The 
physical means of transport-stowaway include various conveyances, ballast water and sediments, biofouling 
of ships, boats, offshore oil and gas platforms and other water vessels, dredging, angling or fishing equipment, 
civil aviation, sea and air containers.

Corridor The movement of alien organisms into a new region following the construction of transport infrastructure 
without which spread would not have occurred. Such trans-biogeographical corridors include international 
canals (connecting river catchments and seas) and transboundary tunnels linking mountain valleys or oceanic 
islands.

Unaided The secondary natural dispersal of invasive alien species that have been introduced by means of any of the 
foregoing pathways. 
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other taxa. Therefore, the patterns and trends in pathway 
dynamics described above are likely biased towards 
pathways associated with plant and vertebrate introductions.

2.1.3	 Chapter structure and 
content 

Chapter 2 presents an overview of the current knowledge 
on the trends and status of alien species in general and 
invasive alien species. The logic underlying this chapter, 
the definitions of trends and status, and how the terms 
are used are presented in Box 2.1. Throughout the 
chapter, three distinct categories for species introduced 
to regions outside of their native ranges have been used: 
alien species, established alien species, and invasive alien 
species (Chapter 1, Figure 1.1, Glossary). These three 
status categories have been included because studies 
and databases vary in their definitions and details for these 
terms, some studies address only alien species without 
further specification, others focus on established alien 

species, while others distinguish among alien, established 
alien, and invasive alien species. It is critical to distinguish 
the status categories of species along the process of 
biological invasions for two main reasons, that is, because 
each term has a distinct meaning in invasion science and 
because the introduction dynamics, species distributions, 
and factors driving invasion patterns vary by taxa (Hejda 
et al., 2009). The ability to clearly delimit invasive alien 
species from established alien species is impacted by 
a lack of standardized definitions systematically applied 
across studies and databases. Moreover, the status of a 
species introduced outside of its native range can change 
at any given time, further complicating assessments. 
Consequently, it remains difficult to consistently and 
comprehensively collate information on invasive alien 
species trends and status only; thus, alien and established 
alien species are also considered. This chapter does include 
one figure depicting temporal trends of invasive alien 
species numbers (Figure 2.4, in section 2.2.1) and multiple 
tables of the most widespread (Glossary) invasive alien 
species as provided by the Global Register of Introduced 
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Figure 2  2  	 Introductions of established alien species by pathway over time. 

The figure shows global absolute numbers (top) and relative importance (bottom) of established alien species introductions by 
pathway since 1500. Smoothed trends are indicated by dashed lines. Sudden drops at the end of the time series likely reflect a lack 
of recent records. Only the top ten pathway sub-categories are shown. A data management report for this figure is available at https://
doi.org/10.5281/zenodo.7615582
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and Invasive Species (GRIIS; Pagad et al., 2022). However, 
most available information and data are for established 
alien species. When known, the specific invasion status is 
therefore indicated throughout the chapter.

The structure of the chapter is depicted in Figure 2.3. This 
chapter reports on trends, status, and gaps consistently 
across all major sections. The major sections represent 

first a general introduction (section 2.1) and an overview 
of the global dynamics (section 2.2) followed by trends, 
status, and gaps by taxonomic group (section 2.3), 
IPBES regions and subregions (section 2.4), IPBES units 
of analysis (section 2.5), and future projections (section 
2.6). While this structure creates some redundancies, 
it provides comprehensive and focused information for 
readers interested in a particular group, system, or region. 

Box 2  1  	 Rationale of the chapter.

Chapter 2 reports on past and future temporal trends in alien 
species (including established and invasive alien species where 
possible) numbers, their current and future status, and data 
and knowledge gaps for taxonomic groups, Intergovernmental 
Science-Policy Platform on Biodiversity and Ecosystem 
Services (IPBES) regions, and units of analysis (Chapter 1, 
sections 1.6.4 and 1.6.5). Temporal trends are long-term 
directional changes over long time periods (i.e., decades to 
centuries) in numbers of species, populations, or individuals 
introduced or in the spatial extent of colonization. Trends are 
presented as numbers of species (species richness) and rates 
of accumulation over time (i.e., numbers of newly recorded 
established alien species per unit time). Status is the current 
established alien species number and distributions in a certain 
area such as IPBES regions (section 2.4) or units of analysis 
(section 2.5) – and is indicated by established alien species 
number per spatial unit (global, regional, and biogeographic). 
Data and knowledge gaps describe missing or unavailable 

information or data for species or taxonomic species concepts, 
IPBES regions, or units of analysis.

Guiding questions:
•	 What is the status of alien species globally, regionally, by 

taxon and by unit of analysis?
•	 What are the trends for established alien species globally, 

regionally, by taxon, and by unit of analysis?
•	 What are the data and knowledge gaps for alien species-

related data and how do they vary globally, regionally, by 
taxon and by unit of analysis?

•	 What are the eco-evolutionary dynamics of 
biological invasions?

•	 What are the methodological limitations and uncertainties 
in future dynamics in invasive alien species?

Keywords: alien species, established alien species, invasive 
alien species, distribution, status, trends, data gaps
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Figure 2  3  	 Overview of chapter structure. 

Chapter 2 reports on temporal trends, the status of the current distributions of alien and invasive alien species, and the gaps in 
knowledge for taxonomic groups, IPBES regions, units of analysis, and future dynamics. Case studies and in-depth presentations are 
provided in boxes throughout the chapter. 



CHAPTER 2. TRENDS AND STATUS OF ALIEN AND INVASIVE ALIEN SPECIES

83

In addition, particular emphasis was given to selected 
topics of overall importance in individual boxes. Throughout 
the chapter the term “species” is used for clarity, though it 
should be noted that individual populations of a species, 
not the entire species, are invasive. Where appropriate, the 
distinction has been made between major species groups, 
namely mammals, birds, fishes, reptiles, amphibians, 
insects, spiders, crustaceans, molluscs, other invertebrates, 
vascular plants, aquatic vascular plants, algae, bryophytes, 
fungi, Chromista, bacteria, and viruses.

The trends and status of alien species as presented here are 
based on a comprehensive review of the existing literature 
and databases, supplemented by knowledge from experts 
from all around the world and from multiple biological 
disciplines. The authors strove to provide a globally and 
taxonomically balanced and comprehensive assessment of 
the trends and status of alien, established alien, and invasive 
alien species based on available knowledge and data. 
However, the information residing in alien species records 
occurrences is scattered and patchy. A large number 
of records for alien species occurrences are missing for 
multiple reasons such as data not being publicly available, 
delays entering records into available databases, lack of 
such databases at all, or few or no monitoring activities 
(Glossary), which is particularly problematic for certain taxa 
such as microorganisms and sub-regions such as Central 
Africa. Consequently, the numbers presented in figures and 
tables inevitably underestimate the true numbers of alien 
species occurrences. However, incomplete data does not 
imply that inferred conclusions are flawed; instead, it means 
that conclusions should be drawn carefully while considering 
the availability and potential biases of information. In this 
assessment of trends and status of biological invasions, 
the uncertainty due to incomplete data to provide robust 
conclusions that are scientifically supported by currently 
available evidence has been included.

2.1.4	 Generation of data underlying 
figures and tables in this chapter

Due to the use of inconsistent terminology and data 
processing steps, a direct comparison of individual 
studies of alien species occurrences is often difficult. 
Comprehensive global databases that allow direct 
comparisons of numbers across taxonomic groups and 
regions exist for a few well-investigated species groups. 
These global databases provide comprehensive information 
at least for individual species groups and form the basis 
for a database generated for this chapter.2 All numbers 
presented in the tables and figures in this chapter are 
based on this single database compiled specifically for this 
chapter if not stated otherwise. Consequently, the textual 
descriptions of the chapter provide a more comprehensive 
assessment of the existing literature for the respective 

geographic unit or taxonomic group, while the figures 
and tables provide a basis for comparison across regions 
and taxa, which is inevitable based on a reduced number 
of records. The generation of the chapter database is 
described in detail below, and also provided in the data 
management report for this chapter.2

Generation of a database of regional 
checklists of alien species 

The chapter database of alien species occurrences that 
provides the basis for figures and tables in this chapter2 
was established by integrating major global databases 
of alien species occurrences. These databases were 
selected because they are global, represent the most 
comprehensive databases in their field, and are published 
and freely accessible. Altogether, seven databases fulfilled 
these criteria (Table 2.2): five databases with a focus on 
individual taxonomic groups, and two cross-taxa databases, 
one of which contains years of first records of alien species. 
The development of these databases is based on more 
than 4,000 individual sources of information including 
scientific publications, reports, and regional databases. 
That is, although only seven databases are included, the 
total number of considered publications and data sources 
is considerably larger. Nonetheless, it is likely that even for 
the species groups and content included in the databases, 
not all available reports and studies were considered, 
and records are missing for a variety of reasons. As a 
consequence, the numbers of species reported in figures 
and tables of this chapter are likely higher.

The seven global databases used as the basis for all 
figures and tables in this chapter differ in their spatial 
resolutions, terminologies, and taxonomies, impeding 
the direct integration of databases.2 Assessment experts 
have therefore applied a workflow (i.e., a series of data 
transformation steps implemented in open-source 
computer scripts) to first standardize the spatial resolutions, 
terminologies, taxonomies, and the representation of 
years of first record. Synonyms were resolved according 
to the backbone taxonomy of the Global Biodiversity 
Information Facility (GBIF). Subsequently, the databases 
were combined, duplicated entries were removed, and 
conflicting entries, such as deviating first records, were 
resolved where possible. Conflicting entries that could not 
be resolved automatically, such as deviating invasion status, 
were kept as duplicated entries in the chapter database.2 
New workflows were developed to enable the identification 
of the biogeographical status of occurrence records using 
probabilistic frameworks (e.g., Arlé et al., 2021).

2.	 The full workflow, including detailed descriptions and manuals, has been 
published (Seebens, 2021; Seebens et al., 2020). Version 1.3.9 of the 
workflow (https://doi.org/10.5281/zenodo.5562840) has been applied 
to produce the final database version 2.4.1, which is used in this chapter 
(https://doi.org/10.5281/zenodo.5562892). The data management report 
is also available at https://doi.org/10.5281/zenodo.7615582

https://doi.org/10.5281/zenodo.5562840
https://doi.org/10.5281/zenodo.5562892
https://doi.org/10.5281/zenodo.7615582
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The integration of the seven global databases as described 
above resulted in the largest single database of alien species 
distributions currently available, containing 175,980 records 
of 39,215 alien taxa from 264 locations worldwide. The term 
“location” mostly refers to countries, but the database also 
contains information about sub-national units such as islands 
or federal states in some cases. The database also includes 
populations with unconfirmed or “casual” (Glossary) status. 
Records of casual species are not reported in this chapter 
and therefore excluding casual alien species resulted in 
37,591 established alien species and 5,260 invasive alien 
species as classified by the database GRIIS.

The databases underlying the chapter database differ in 
their terminology describing biological invasion status (i.e., 
introduced, established, invasive) of a population (Groom 
et al., 2019). However, invasion status is often difficult to 
determine due to the lack of protocols for a standardized 
determination. Some databases, such as GloNAF, have 
a more rigorous and conservative approach to classifying 
established alien species, while other databases such as 
GRIIS included more species in this category. Consequently, 
the total numbers of established alien species vary among 
databases. Comprehensive global databases exist for 
mammals, birds, and vascular plants. These underwent 
a thorough assessment of invasion status and thus 
usually report lower numbers relative to cross-taxonomic 
databases such as the GRIIS or FirstRecords. To account 
for this variation in this assessment, total numbers of 
established alien species were provided as ranges for these 
taxonomic groups to emphasize the variation that exists 
in the published material. However, the spatial variations 
of the taxonomic databases are highly correlated with the 

variation in the GRIIS: The Pearson correlation coefficients, 
r, of total established alien species per region between 
GRIIS and GloNAF (r=0.92), Global Avian Invasions Atlas 
(GAVIA) (r=0.76) and Distribution of Alien Mammals (DAMA) 
database (r=0.82) were all high and significant. Thus, the 
spatial and temporal patterns as shown in this chapter do 
not distinctly differ among databases except in the overall 
levels of species numbers. This chapter therefore shows 
the total numbers of established alien species, including all 
databases in maps and time series, and provides ranges in 
tables of established alien species numbers. 

Generation of a database of local occurrence 
records

The database used in this chapter provides information 
on alien species occurrences in so-called checklists 
representing lists of species for countries, large islands or 
other sub-national regions. This is inconvenient when it 
comes to the analysis of the distribution of alien species 
at other delineations such as units of analysis or marine 
ecoregions. To obtain information about alien species 
occurrences at different levels of spatial organization 
and scale, a freely available workflow to downscale 
regional checklists of alien species occurrences was 
applied (Seebens & Kaplan, 2022b). Using this workflow, 
coordinates of species occurrences as reported in the 
chapter database were obtained from GBIF and the Ocean 
Biodiversity Information System (OBIS). For each species 
in the chapter database, coordinates of records (marine 
or terrestrial) were obtained from the aforementioned 
online platforms and identified as representing alien 
populations based on the chapter database. Various 

Table 2  2  	 List of databases of alien and invasive alien species considered as a basis for 
figures and tables in this chapter.

Database Content used here Citation and source

Global Naturalized Alien Flora (GloNAF) Regional records of alien vascular plants van Kleunen et al., 2019 
https://idata.idiv.de/DDM/Data/ShowData/257 

Global Avian Invasions Atlas (GAVIA) Regional records of alien birds E. E. Dyer, Redding, et al., 2017 
https://doi.org/10.1038/sdata.2017.41

Distribution of Alien Mammals (DAMA) Regional records of alien mammals Biancolini et al., 2021
https://doi.org/10.6084/m9.figshare.13014368

Alien amphibians and reptiles Regional records of alien amphibians and 
reptiles

Capinha et al., 2017
https://doi.org/10.1111/ddi.12617

MacroFungi Regional records of alien macro fungi Monteiro et al., 2020
https://doi.org/10.15468/2qky1q

Alien Species First Records (FirstRecords) First records of alien species in regions 
across taxonomic groups

Seebens, Blackburn, et al., 2017
https://doi.org/10.5281/zenodo.4632335

GRIIS Regional records of alien and invasive 
alien species across taxonomic groups

Pagad et al., 2022
https://doi.org/10.5281/zenodo.6348164

https://idata.idiv.de/DDM/Data/ShowData/257
https://doi.org/10.1038/sdata.2017.41
https://doi.org/10.6084/m9.figshare.13014368
https://doi.org/10.1111/ddi.12617
https://doi.org/10.15468/2qky1q
https://doi.org/10.5281/zenodo.4632335
https://doi.org/10.5281/zenodo.6348164
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steps of data cleaning and testing were included to avoid 
false entries. In this way, more than 35 million records of 
alien populations of 17,424 established alien species with 
coordinate-based records were gathered. These point-wise 
occurrence records were then aggregated to obtain total 
established alien species numbers per terrestrial region, 
marine ecoregion (see next paragraph for details, see also 
Chapter 1, section 1.6.4 for a description of IPBES regions 
and sub-regions used in the IPBES invasive alien species 
assessment), and land managed by Indigenous Peoples 
(Box 2.6 in section 2.4.1). The full database of coordinates 
is open access (Seebens & Kaplan, 2022a), and includes a 
manual for data generation and digital object identifiers for 
GBIF requests to ensure reproducibility and transparency.

Marine records

Comprehensive information about the global occurrence 
of marine alien species was largely lacking when work 
on this chapter was initiated. Since then, two important 
developments have taken place, namely the publication 
of a worldwide study on marine alien species distributions 
(Bailey et al., 2020) and the publication of the World Register 
of Introduced Marine Species (WRiMS; M. J. Costello et 
al., 2021). In both cases, records of marine alien species 
have been validated by experts in the field. A total number 
of 1,442 marine alien species were recorded by Bailey et al. 
(2020), while 2,714 species were reported by M. J. Costello 
et al. (2021). Both are likely underestimates of the true extent 
of marine alien species. Due to the lack of more detailed 
data and/or available expertise to check individual records 
and regions, the studies cover either only approximately half 
of the world’s marine ecoregions or provide information on 
comparatively large spatial units rendering a comparison of 
marine ecoregions difficult. To provide an alternative way of 
gathering information, this assessment used the database 
of local occurrence records of established alien species as 
described in the previous paragraph, which is based on 
regional checklists of established alien species and records 
from GBIF and Ocean Biodiversity Information System 
(OBIS) as described in the published workflow (Seebens & 
Kaplan, 2022b). The coordinate-based records were then 
assigned to the marine ecoregion as presented by Spalding 
et al. (2007). The spatial representation is still biased towards 
well-investigated regions and records are not cross-checked 
by experts, but the generated data do provide an overview 
across nearly all marine ecoregions worldwide. To consider 
the published data validated by experts, the information 
provided in Bailey et al. (2020) has been used where 
possible and filled in missing regional information by the 
aforementioned data generation methods.

Quantification of data gaps

The lack of information on alien and invasive alien species 
occurrences means that regional lists (i.e., checklists) of 

established alien species are often incomplete, producing 
data gaps. The degree of incompleteness varies by 
taxonomic group, region, and time period (Pyšek et al., 
2008). To assess the influence of data gaps on the trends 
and status presented in this chapter, this assessment 
attempted to quantify the degree of incompleteness. 
As little research has been done previously to assess 
incompleteness, three different indicators of data gaps 
were tested:

1.	 The number of studies available per region in the chapter 
database was used as a proxy measure for research 
intensity and should negatively relate to data gaps.

2.	 To measure data gaps across taxonomic groups, the 
number of widespread phyla for which no information 
was available for a particular region was counted. A 
widespread phylum is defined as one with more than 
500 records in the chapter database. Seven phyla were 
determined to be widespread: Ascomycota, Annelida, 
Basidiomycota, Mollusca, Chordata, Arthropoda, 
and Tracheophyta. Different cut-off values (other than 
500 records) for selecting taxonomic groups were 
tested but did not change the overall patterns. The 
number of these phyla with less than five records per 
region was then counted. By applying this approach, 
experts assumed that at least five established alien 
species per selected phylum (i.e., at least five species of 
Tracheophyta per region, five established alien species 
of Arthropoda, etc.) should be found in each region 
as defined in the chapter database. This is likely true, 
particularly for large regions, but might be critical for 
very small regions and small islands. Different versions 
of this indicator were tested using different cut-off values 
(e.g., at least one, three, or ten records) but all versions 
revealed similar spatial patterns of research intensity 
and data gaps (Figure 2.5 for a spatial representation of 
indicators 1 and 2). 

3.	 A third indicator was used to describe spatial variation of 
data gaps for individual taxonomic groups by comparing 
the number of available first records of established alien 
species for a region with the total number of species 
recorded for the same region. This analysis provided 
information on the proportion of available first records 
per region and can be used to assess the robustness 
of temporal trends and provide indications about the 
general availability of information for the respective 
taxonomic group. As the biases known for first records 
largely reflect data and knowledge gaps in general, the 
proportion of available temporal information is used as a 
proxy for data completeness.

Although none of these indicators are ideal, they can be 
considered for context when interpretating the trends and 
status of biological invasions.
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2.2	 GLOBAL TRENDS AND 
STATUS OF ALIEN AND 
INVASIVE ALIEN SPECIES
This section describes an assessment of the temporal 
trends and status of the distribution of alien and invasive 
alien species globally for all taxonomic groups combined. 

2.2.1	 Trends 

Overall, studies on the introduction of alien species over 
time have reported a continuous global increase in the 
number of established alien species consistent across 
taxonomic groups, particularly since the early nineteenth 
century (Aukema et al., 2010; C. Chen et al., 2017; E. 
E. Dyer, Cassey, et al., 2017; S. Henderson et al., 2006; 
Peck et al., 1998; Pyšek et al., 2012; Roy, Preston, et 
al., 2014; Sandvik, Dolmen, et al., 2019; Sax & Gaines, 
2008; Verloove, 2006; Wilson et al., 2007). Indeed, there 
is no study reporting a decline in established alien species 
numbers except for a few islands where eradication 
programmes or stringent biosecurity (Glossary) measures 
have been applied (Simberloff et al., 2013). Distinct 
increases in established alien species numbers are often 
reported post-1950 (Huang et al., 2011; Peck et al., 1998; 
Pyšek et al., 2012; Sandvik, Hilmo, et al., 2019), while 
a few other reports indicate earlier acceleration in the 
nineteenth century (mostly for vascular plants; C. Chen et 
al., 2017; S. Henderson et al., 2006; Seebens, Blackburn, 
et al., 2017; Wilson et al., 2007) or continuous increases 
without periods of acceleration over 200 years (mostly for 
insects; Aukema et al., 2010; Nahrung & Carnegie, 2020) 
and birds (Blackburn et al., 2015). In addition to the rise in 
cumulative established alien species numbers, many studies 
also report rising rates of increase over time (Blackburn et 
al., 2015; Seebens, Blackburn, et al., 2017). Recently, the 
highest global emergence rates of new established alien 
species were reported with approximately 200 new alien 
species, which later became established, recorded annually 
(Seebens, Blackburn, et al., 2017). Declining rates of new 
records of terrestrial alien species were observed only for 
vascular plants in North America (Seebens, Blackburn, et 
al., 2017), insects in Australia (Nahrung & Carnegie, 2020) 
and mammals worldwide (Seebens, Blackburn, et al., 2017). 
As shown in the GRIIS database, numbers of invasive 
alien species show very similar trends over time, but with 
lower numbers in comparison to established alien species 
(Figure 2.4; Seebens, 2021).

Most studies on selected taxonomic groups, specific 
regions, or global analyses show systematic and constant 
increases in established alien animal species across 
taxonomic groups (e.g., Aukema et al., 2010; Bailey et 
al., 2020; E. E. Dyer, Redding, et al., 2017; Fuentes et al., 

2020; Seebens, Blackburn, et al., 2017). For example, 
bird and mammal introductions mostly occurred in three 
distinct phases: first, historically with the discovery and 
colonization of new lands by Europeans from about 1500 
to 1700; second, mainly through acclimatization societies 
(i.e., associations that encouraged the introduction of alien 
species), particularly via European colonialism from 1700 to 
1900 (e.g., Pipek et al., 2015); and since the 1950s, mostly 
via global trade (Biancolini et al., 2021; Cassey et al., 2015; 
E. E. Dyer, Redding, et al., 2017; Hulme, 2021; Turbelin 
et al., 2017). In contrast to alien homoeotherms, the pet 
trade is the primary cause of herpetofaunal introductions, a 
recently spreading group (Capinha et al., 2017). For insects, 
there are two distinct waves of accelerated introduction 
rates, one between 1820-1914 and one from 1969 to 
present, likely due to intensifying global trade and transport 
(Bonnamour et al., 2021; Roques et al., 2016). Horticulture 
in general including the trade for ornamental purposes 
represents an important pathway for the introduction of 
vascular plants and their pathogens (Figure 2.2; Hulme, 
2011; van Kleunen et al., 2018). In addition to the total 
number of introduced alien species, the rate of species 
accumulation also continuously increased for most 
taxonomic groups in recent decades (see below), indicating 
a long-lasting intensification of introductions. Mammals 
represent the only exception, showing declines in species 
accumulation rates since about 1950, likely a consequence 
of stricter regulations on animal trade and husbandry and 
limited source pools (Seebens et al., 2018; Simberloff et 
al., 2013).

Once established in a new location, alien species are likely 
to spread to new areas within the introduced range either 
by natural dispersal or by means of human-mediated 
transportation. Approximately 90 per cent of all species 
introduced before 1700 are found today in more than one 
region, indicating further spread or multiple introduction 
events (Seebens, Blackburn, et al., 2021). Spread of an 
alien species usually lasts for decades to centuries (Gassó 
et al., 2010; Roques et al., 2016). Rates of inter-regional 
spread were already high in the nineteenth century for many 
taxonomic groups, and peaked at that time for vascular 
plants, but increased further for other taxa, particularly for 
birds and invertebrates (Seebens, Blackburn, et al., 2021). 
While spread appears to be slowing for a few already 
widespread alien species, it is likely that the vast majority of 
established alien species found currently in only a few sites 
(Pyšek, Pergl, et al., 2017; Seebens, Blackburn, et al., 2021) 
will spread also without human assistance in the near future. 

The increase in numbers of established alien species is 
consistent among IPBES regions (Figure 2.4). Before 1800, 
numbers of established alien species rose more rapidly in 
Europe and Central Asia, although Europe by far has the 
most records of first year of observations. The differences 
in early records between Europe and Central Asia and 
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other IPBES regions are likely due to different sampling 
intensities (Seebens, Blackburn, et al., 2017). In addition, 
due to time lags (lag phase in the Glossary), the rapid 
increase in researchers studying biological invasions and 
their impacts, and the subtlety of some impacts, the number 
of established alien species, and invasive alien species is 
almost certainly underestimated (Bellard & Jeschke, 2016). 
The steepest increases in established alien species were 
observed from post-1850 to the present, particularly for the 
Americas and the Asia-Pacific regions. These two IPBES 
regions followed similar trajectories of increases from about 
1950 onwards resulting in similar total species numbers in 
2005, between 7,000 and 8,000 established alien species 
for the Americas and the Asia-Pacific regions respectively. 
Note that the total number of recorded established alien 
species is higher than shown in the time series due to 
missing years of first records for most taxa and regions. The 
number of established alien species for Africa is notably low 
and markedly different from other regions. This is a general 
pattern that also holds when species numbers in particular 
taxonomic groups in Africa are plotted separately (Pyšek, 
Hulme, et al., 2020). It is not fully understood why numbers 
are so much lower in Africa, but it is most likely due to 
Africa having lower imports than other regions, a lack of 
information on the year of first records of established alien 
species in Africa, and because the continent is generally 
understudied in terms of biological invasions (Pyšek et al., 
2008; section 2.4.2). As classified by GRIIS, numbers of 
invasive alien species show very similar dynamics though 
at a lower number, with correlation coefficients of times 
series over 0.95 for all IPBES regions (Figure 2.4). The high 
correlation between the distribution of established alien 
species and invasive alien species, which has also been 
reported in other studies (Pyšek, Pergl, et al., 2017), makes 

it very likely that trends and status of invasive alien species 
resemble those of established alien species, noting there are 
less invasive than established alien species.

2.2.2	 Status

According to the chapter database underlying the figures 
and tables in this chapter, at least 39,215 alien species 
have been recorded worldwide. As the database does not 
contain all records of alien species (section 2.1.4), the true 
number is likely much higher. Of those alien species, 37,215 
are recorded as having established alien populations, while 
5,256 are classified as invasive alien species (section 
2.1.4). Note that the total number of invasive alien species 
deviates from the number provided in Chapter 4 due to 
different approaches and data sources. As the number of 
alien species recorded is unequally distributed across the 
globe (Figure 2.5), because the detectable patterns depend 
upon available data, and because large data gaps remain 
(section 2.2.3), it is in some cases difficult to distinguish 
data biases and artifacts from true biological patterns. 
However, with continued research effort, the gaps are 
gradually shrinking. In the terrestrial and marine realms and 
consistent across taxonomic groups, the highest numbers 
of established alien species are found in Europe (particularly 
western Europe), North America, and Australasia (Dawson 
et al., 2017). However, total numbers are higher than shown 
in Figure 2.4 where only available global databases were 
included. For many regions, particularly several countries in 
Africa, Central Asia and many islands, data are scarce and 
available lists are incomplete. For many marine ecoregions 
(white areas), alien species occurrence data are lacking or 
not yet integrated into larger databases (Figure 2.5). 

Africa
Americas

Asia and the Pacific
Europe and Central Asia

10000 
1500 

8000

1000 6000 

4000 

500
2000

0 0 
2000 1500 1600 1700 1800 1900 1500 1600 1700 1800 1900 2000 

YEAR YEAR 

A
LI

E
N

 S
P

E
C

IE
S

 N
U

M
B

E
R

S

IN
V

A
S

IV
E

 A
LI

E
N

 S
P

E
C

IE
S

 N
U

M
B

E
R

S

Figure 2  4  	 Trends in numbers of established alien species and invasive alien species. 

Total numbers of established alien species (left) and invasive alien species (right) are shown for IPBES regions for 1500-2005. 
Numbers underestimate the true extent of alien species occurrences due to a lack of data (section 2.1.4 for further details about data 
processing). A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582

https://doi.org/10.5281/zenodo.7615582
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Global patterns of established alien species distributions 
were consistently assessed only for selected groups such 
as ants, spiders, amphibians, reptiles, freshwater fishes, 
birds, mammals and vascular plants for 186 islands and 
423 mainland regions by Dawson et al. (2017). This study 
showed that established alien species from these groups 
are unevenly distributed, with some regions (particularly 
Europe, North America, and Australasia) harbouring more 
species than other regions. Although Dawson et al. (2017) 
previously provided the most comprehensive representation 
of established alien species distributions across taxonomic 
groups, their assessment included only two invertebrate 
groups (ants and spiders) and no marine species were 
included because of the lack of comprehensive information. 
The analysis by Dawson et al. (2017) based on the seven 
animal groups revealed two major commonalities: islands 
and coastal areas have greater proportions of established 
alien species in regional faunas, and high numbers of 
established alien species are associated with indicators 
of human activities such as land-use intensity and trade. 
The distribution of established alien species varies by 
taxonomic group. For example, biological invasion hotspots 
of ants are found in South America, equatorial Africa, and 
Southeast Asia (Bertelsmeier et al., 2015), while bird and 
mammal invasions are concentrated in North America, 
western Europe, South Africa, Japan, Australia, and New 
Zealand (Biancolini et al., 2021; E. E. Dyer, Cassey, et al., 
2017). Numbers of established alien species show latitudinal 
trends: alien bird species are greatest at mid-latitudes 
and reflect concomitant variations in human activity, most 
notably the number of species introduced to a particular 
location (E. E. Dyer, Redding, et al., 2017). Below, overviews 

and examples of established alien species are provided for 
different taxonomic groups (Tables 2.2, 2.3).

The worldwide distribution of established alien species 
shows a marked latitudinal gradient with the highest species 
numbers reported at mid-latitudes, such as the temperate 
regions of the Northern and Southern Hemispheres, with 
lower numbers in the tropics (Q. Guo et al., 2021; Sax, 
2001). The mechanisms that drive this pattern are not 
yet fully understood but may be positively correlated with 
invasive alien plant density, the human development index, 
and the location of most of well-developed countries in 
temperate regions (Weber & Li, 2008). Greater resistance to 
biological invasions, faster recovery after disturbance due 
to higher diversity, lack of life history traits that confer shade 
tolerance and lower colonization, high predation pressure, 
and propagule pressures (Glossary) are proposed, but not 
proven, to be major causes of lower alien richness in tropical 
continental regions compared to non-tropical regions (Fine, 
2002; Freestone et al., 2011; Isbell et al., 2015; Rejmanek 
& Richardson, 1996). However, on islands the pattern is 
very different, with tropical islands harbouring very high 
numbers established alien species (Moser et al., 2018; 
Rejmanek & Richardson, 1996). Thus, it seems unlikely 
that tropical regions have a greater resistance to biological 
invasions compared to non-tropical regions as they lack 
the characteristics to make them less vulnerable (Chong et 
al., 2021). However, one explanation for lower numbers of 
established alien species in tropical regions is lower levels 
of propagule pressure (i.e., fewer introductions and/or 
smaller introduction size) due to factors such as low import 
volumes. In addition, reduced sampling intensities due to 
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Figure 2  5  	 Numbers of established alien species per region. 

The total number of established alien taxa per mainland region (terrestrial and freshwater) and marine ecoregion (marine) is indicated 
by colour separately. White denotes missing information. Note that marine records were available on different geographic delineations 
and thus marine ecoregions differ in sizes in this figure. Note that numbers may deviate from those reported in the text due to variation 
among data sources. See section 2.1.4 for further details about data sources and data processing. A data management report for 
the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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Table 2  3  	 Numbers of established alien species for various taxonomic groups worldwide.

Species numbers can vary depending on data sources. Note numbers in this table may deviate from those reported in the text due 
to variation among data sources. For mammals, birds, and vascular plants, ranges of values indicate variation among databases 
(section 2.1.4 for further details about data sources and data processing). A data management report for the data underlying this 
table is available at https://doi.org/10.5281/zenodo.7615582 

Taxonomic group Number of species

Mammals 197-368

Birds 495-877

Fishes 1,451

Reptiles 411

Amphibians 135

Insects 6,795

Arachnids 500

Molluscs 826

Crustaceans 661

Vascular plants 13,081-18,543

Algae 734

Bryophytes 88

Fungi 1,149

Oomycetes 70

Bacteria and protozoans 38

Table 2  4  	 Top 10 most widespread invasive alien species worldwide.

The number of regions where a species has been recorded and classified as invasive based on GRIIS (Pagad et al., 2022). Note this 
table only refers to the distribution of invasive alien species and not their impacts, covered in Chapter 4 (see section 2.1.4 for further 
details about data sources and data processing). A data management report for the data underlying this figure is available at https://
doi.org/10.5281/zenodo.7615582 

Organism group Taxon Number of regions

Vascular plant Pontederia crassipes (water hyacinth) 74

Vascular plant Lantana camara (lantana) 69

Mammal Rattus rattus (black rat) 60

Vascular plant Leucaena leucocephala (leucaena) 55

Mammal Mus musculus (house mouse) 49

Mammal Rattus norvegicus (brown rat) 48

Vascular plant Ricinus communis (castor bean) 47

Vascular plant Ailanthus altissima (tree-of-heaven) 46

Vascular plant Robinia pseudoacacia (black locust) 45

Vascular plant Chromolaena odorata (Siam weed) 43

https://doi.org/10.5281/zenodo.7615582
https://doi.org/10.5281/zenodo.7615582
https://doi.org/10.5281/zenodo.7615582


THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

90

lower research efforts and fewer monitoring programmes 
also likely contribute to the lower numbers recorded in the 
tropics (Chong et al., 2021).

Comprehensive overviews of the global distribution of 
individual taxonomic groups exist mostly for vascular plants 
(E. J. Jones et al., 2019; Pyšek, Pergl, et al., 2017) and 
vertebrates (mammals, birds, amphibians, reptiles and 
fishes) (Capinha et al., 2017; Dawson et al., 2017; E. E. 
Dyer, Cassey, et al., 2017; Pyšek, Hulme, et al., 2020), with 
the exception of a few invertebrate groups such as spiders 
and ants (Dawson et al., 2017) and land snails (Capinha 
et al., 2015), and bryophytes (Essl et al., 2013). Patterns 
of spatial distribution were similar across most taxonomic 
groups with particularly large numbers of terrestrial alien 
species in Europe, North America, and Australasia (Dawson 
et al., 2017). As an exception, there are large numbers of 
alien fern species in the tropical regions of South America 
and Asia (E. J. Jones et al., 2019). Common explanations 
for the variations observed in the spatial distribution of 
terrestrial alien species include variation in drivers such 
as trade and transport, GDP, high human population 
densities, and the degree of disturbance (Capinha et al., 
2017; Dawson et al., 2017; E. E. Dyer, Cassey, et al., 2017). 
Often alien species originate from neighbouring regions 
or regions connected through trade over long distances 
(D. S. Chapman et al., 2017; L. Henderson, 2006; Pyšek 
et al., 2012). High numbers of terrestrial alien species 
were often found on islands compared to mainlands, with 
remote islands often showing particularly large alien species 
numbers (Blackburn et al., 2008; Moser et al., 2018). While 
it is unknown whether these high numbers can be explained 
by high propagule and colonization pressures (Glossary) 
due to human activities, or instead are a result of the traits of 
the native communities, both factors likely interact to affect 
the outcome of invasions on islands. 

2.2.3	 Data and knowledge gaps

Perceptions of the distribution of alien species are highly 
influenced by an unequal global sampling of information 
on alien species occurrences. For example, hotspots 
(Glossary) of alien species occurrences (i.e., areas of high 
alien species richness relative to other regions with similar 
biogeographic characteristics; Dawson et al., 2017) are well-
known to coincide with global hotspots of data availability 
and study sites (L. J. Martin et al., 2012; C. Meyer et al., 
2015), shaping knowledge of species distributions (A. 
C. Hughes et al., 2021). This conclusion is confirmed by 
the information provided in this chapter: mapping of the 
number of available studies, which were used to generate 
the underlying database of this chapter (section 2.1.4 for 
further details on the data generation), revealed that regions 
with high level of information on alien species occurrences 
(Figure 2.6) match the hotspots of established alien species 

occurrences (Figure 2.5). Hence, knowledge of invasive 
alien species occurrences is biased towards well-sampled 
regions such as Europe and North America and taxonomic 
groups such as vertebrates and plants with the majority of 
studies conducted in recent decades (Bellard & Jeschke, 
2016; Jeschke et al., 2012; Pyšek et al., 2008). It remains 
unclear how much of the distributions of alien species and 
documented hotspots is affected by spatial variation in 
research intensity. The investigation of data availability as 
described in section 2.1.4 showed extensive data gaps, 
particularly in large parts of Africa, Central Asia and on 
islands worldwide (Figure 2.6). 

In addition to regional biases, research intensities vary 
across taxonomic groups. There is considerably more 
information available on the distribution of alien and 
invasive alien species for vertebrates, particularly mammals 
(section 2.3.1.1), birds (section 2.3.1.2), and vascular 
plants (section 2.3.2.1) than for other taxa. In general, 
there are large data and knowledge gaps for invertebrates 
and microorganisms. While most information about 
invertebrates is available for insects, crustaceans, and 
molluscs, these data are still incomplete for many regions of 
the world (sections 2.3.1.6, 2.3.1.8, 2.3.1.9). Information 
for other invertebrate groups is extremely scarce. Globally 
little information is available for alien microorganisms 
and recorded distributions are often biased towards 
individual studies. Across realms, the greatest amount 
of information is available for terrestrial habitats (section 
2.5.1), while information for aquatic (marine, freshwater 
and brackish) alien species is often lacking (sections 
2.5.2, 2.5.3). Consequently, the lists of alien species for 
individual regions are, in most cases, incomplete, even 
for well-sampled regions due to the lack of information 
about microorganisms and invertebrates, for example, 
and the degree of incompleteness varies highly among 
regions globally.

Most of the information about alien species occurrences 
is available at the national scale for whole countries, while 
information on sub-national units such as federal states, 
provinces, protected areas, or private land is usually lacking. 
Information about occurrences is particularly scarce for 
lands and waters managed by Indigenous Peoples and 
local communities (Box 2.6). Furthermore, information 
about abundances and changes in abundances of alien 
populations is available only in a few cases and is not 
consistently recorded across regions and taxa. Additional 
uncertainty in the records of alien and invasive alien species 
occurrences arises from time delays frequently observed 
between the actual species introduction and its first record 
as a new population outside its native range (Crooks, 2005). 
For vascular plants, these time lags have been estimated 
to be on average 20 years (Seebens et al., 2015), while for 
individual cases time delays of up to 150 years have been 
recorded (Kowarik, 1995b).
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2.3	 GLOBAL TRENDS AND 
STATUS OF ALIEN AND 
INVASIVE ALIEN SPECIES BY 
TAXONOMIC GROUPS

2.3.1	 Animals
This section reports on the temporal trends and status of 
the distribution of alien and invasive alien animal species for 
various animal groups, namely mammals (section 2.3.1.1), 
birds (section 2.3.1.2), fishes (section 2.3.1.3), reptiles 
(section 2.3.1.4), amphibians (section 2.3.1.5), insects 
(section 2.3.1.6), arachnids (section 2.3.1.7), molluscs 
(section 2.3.1.8), crustaceans (section 2.3.1.9), and 
other invertebrates (section 2.3.1.10), as well as data and 
knowledge gaps (section 2.3.1.11). 

2.3.1.1	 Mammals 

Trends 

Because they were useful, mammals were among the first 
species introduced by humans, and the first records of 
introduced alien mammals date back thousands of years 
(Genovesi et al., 2012). For example, mammals have been 
used as pack animals, for meat and fur, ornamentals, 
biocontrol agents, and pets since the expansion of humans 
from Africa to other continents (Clout & Russell, 2008; Long, 
2003; Simberloff & Rejmanek, 2011). During prehistoric and 
historic human migration, humans transported mammals 
to new areas to create wild populations for settlers to 
hunt (Clout & Russell, 2008; Long, 2003; Simberloff & 
Rejmanek, 2011), peaking with European colonization. As a 
consequence, there were high numbers of alien mammals 
as early as 500-200 years ago (Figure 2.7). During the 
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Figure 2  6  	 Research intensity and data gaps for global established alien species 
distribution records.

Research intensity (top) is indicated by the number of studies available in the chapter database. Data gaps (bottom) were determined 
as the lack of information for the seven most common phyla as recorded in the chapter database per region. Largest data gaps 
are apparent in Africa, Central Asia, and for many islands (section 2.1.4 for further details about data sources and data processing 
for further details of the analysis). Islands are indicated by dots and circles, respectively. A data management report for the data 
underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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nineteenth century, a further acceleration of new records 
occurred (Biancolini et al., 2021) when specific organizations 
(i.e., acclimatization societies) focused on alien species 
release to aesthetically “improve” the landscape and local 
fauna of colonial territories (Osborne, 2000; Simberloff 
& Rejmanek, 2011). In recent decades, the dominant 
pathways of mammal introductions have shifted from 
hunting and “faunal improvement” to the pet trade likely due 
to stricter regulations targeting alien mammals (Simberloff 
et al., 2013). Many mammal introductions outside of their 
native ranges were also carried out for conservation, and to 
protect mammal species from overhunting, habitat loss, and 
invasive alien predators (Biancolini et al., 2021; Seddon et 
al., 2015; Woinarski et al., 2015). 

Status

The biological invasion history and status of mammals are 
among the best documented of alien animal taxa (Biancolini 
et al., 2021; Blackburn et al., 2017; Clout & Russell, 
2008; Long, 2003). At present, 241 mammal species 
have established alien populations globally, causing many 
and diverse environmental impacts, especially on insular 
ecosystems (Glossary; Biancolini et al., 2021; Blackburn 
et al., 2017; Clout & Russell, 2008; Chapter 4, section 
4.3.1.1). If the few records of unsuccessful and unconfirmed 
introductions are included, at least 274 mammal species 

have been introduced by humans to new locations 
(Blackburn et al., 2017; Zenni & Nuñez, 2013). 

According to the global Distribution of Alien Mammals 
database (DAMA), Asia has the highest number of 
established alien mammals (95), followed by North America 
(79), Europe (76), Australia (54), Africa (52), Oceania (50), 
and South America (42) (Biancolini et al., 2021). The 
major global donors of alien mammal species are Asia (91 
established alien species) and Europe (34), Australia (32), 
North America (31), Africa (30), and South America (23 
alien species). An outgoing species flow directed to other 
continents is predominant for Europe and Asia, while an 
intracontinental flow (i.e., alien species introduced to other 
parts of their native continent) is common for Australia (74 
per cent of all alien Australian mammals), North America (61 
per cent), South America (5 per cent), and Africa (56 per 
cent). Other countries of Oceania received species only from 
other continents (Biancolini et al., 2021). 

Globally, the vast majority (81 per cent) of alien mammal 
records are found on islands (Biancolini et al., 2021), most 
likely due to the higher vulnerability to biological invasions of 
insular ecosystems and greater propagule and colonization 
pressure on islands relative to mainland systems (Dawson 
et al., 2017; Moser et al., 2018). Moreover, alien mammals 
occur on 97 per cent of islands that harbour highly 
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threatened vertebrate species (Spatz et al., 2017). Among 
the orders richest in alien mammals, the highest per 
centage globally is for Rodentia (58 species, 25 per cent), 
Cetartiodactyla (49 species, 21 per cent), Carnivora (30 
species, 13 per cent), Diprotodontia (28 species, 12 per 
cent) and Primates (26 species, 11 per cent) (Biancolini et 
al., 2021). Some alien mammals such as Rattus spp. (rats), 
Mus musculus (house mouse) and Felis catus (cat) are so 
common that they are often not recognized as invasive alien 
species in mainland regions (Long, 2003; Loss & Marra, 
2017), and thus are missing from lists of alien species. 
Several of these mammals have lived in close proximity 
to humans for a very long time resulting in long-lasting 
commensalisms (Puckett et al., 2020) and in the spread of 
these species globally.

Many of the most widespread invasive alien mammals 
worldwide (Table 2.5), such as feral domestic species 
and commensal stowaways, can exploit human-disturbed 
environments (Biancolini et al., 2021; Long, 2003). On 
islands and in Australia, where invasive alien mammals are 
the main cause of extinction and native species declines 
(Courchamp et al., 2003; Woinarski et al., 2015), they 
are subject to many control and eradication measures 
(DIISE, 2020; H. P. Jones et al., 2016; Parkes et al., 2017; 
Russell et al., 2015, 2016). Other notorious global invasive 
mammals include Herpestes javanicus auropunctatus 
(small Indian mongoose), Oryctolagus cuniculus (rabbits), 
Lepus europaeus (European hare), Dama dama (fallow 
deer), Camelus dromedarius (dromedary camel), Ondatra 
zibethicus (muskrat), Mustela vison (American mink), 
Myocastor coypus (coypu), Procyon lotor (raccoon), 
Nyctereutes procyonoides (raccoon dog), Vulpes vulpes 
(red fox), Sus scrofa (feral pig), Capra hircus (goats), Ovis 
aries (sheep), Equus asinus (donkeys), Equus caballus 
(horse), Bos taurus (cattle), and Canis lupus familiaris 

(dogs) (Biancolini et al., 2021; Blackburn et al., 2017; 
Clout & Russell, 2008; Long, 2003; Louppe et al., 2020). 
Mammals are the most widespread group of invasive alien 
animal species in terms of the number of regions invaded 
(Table 2.5).

2.3.1.2	 Birds 

Trends 

Birds have been introduced for thousands of years, but 
a notable acceleration of introductions occurred in the 
mid-nineteenth century arising from increasing European 
colonial expansion and an acclimatization of alien species 
considered to be beneficial. The origins and introduction 
sites of alien birds during this period reflects the geography 
of colonialism, and the locations of former British colonies (E. 
E. Dyer, Cassey, et al., 2017), and especially hotspots such 
as New Zealand, Australia, Hawaii, and the Mascarenes. In 
this period, alien species were mainly deliberately introduced 
for game or ornamentation such as gallinaceous birds, 
wildfowl, and pigeons (E. E. Dyer, Cassey, et al., 2017). Other 
alien species were introduced for biocontrol of agricultural 
insect pests such as Acridotheres tristis (common myna) 
introduced from India to Mauritius to control Nomadacris 
septemfasciata (red locust) in 1762 (Shaanker & Ganeshaiah, 
1992; Simmonds et al., 1976).

Introduction rates again accelerated in the mid-twentieth 
century most likely due to increasing trade volumes, 
particularly for birds imported and exported for the pet trade 
(Figure 2.8). Most recent introductions, reflected in the 
taxonomic composition, stem from unintentional escapes or 
releases from the caged bird trade. Commonly introduced 
species are parrots, estrildid finches, mynas, and starlings 
(E. E. Dyer, Cassey, et al., 2017). 

Table 2  5  	 Top 10 most widespread invasive alien mammal species worldwide.

The number of regions where a species has been recorded and classified as invasive based on GRIIS (Pagad et al., 2022). Note this 
table only refers to the distribution of invasive alien mammal species, not impacts which are covered in Chapter 4 (see section 2.1.4 
for further details about data sources and data processing). “No. of regions” denotes the number of regions with confirmed 
occurrences of that species according to the chapter database. A data management report for the data underlying this figure is 
available at https://doi.org/10.5281/zenodo.7615582 

Taxon No. of regions Taxon No. of regions 

Rattus rattus (black rat) 60 Capra hircus (goats) 30

Mus musculus (house mouse) 49 Myocastor coypus (coypu) 21

Rattus norvegicus (brown rat) 48 Oryctolagus cuniculus (rabbits) 20

Felis catus (cat) 38 Mustela vison (American mink) 18

Sus scrofa (feral pig) 32 Canis lupus familiaris (dogs) 15
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Status

Alien birds have been introduced to nearly all regions 
worldwide including many small islands (E. E. Dyer, Cassey, 
et al., 2017; Evans, 2021). Global patterns of established 
alien bird species richness show relatively low numbers of 
alien birds in most parts of the world (though local numbers 
can be very high, e.g., more than 90 species in Hawaii), 
but very few regions without established alien bird species 
(Dawson et al., 2017). E. E. Dyer, Cassey, et al. (2017) 
showed that colonization pressure (and to a smaller extent, 
distance from an historic port) was the key driver related to 
alien bird species richness, and that accounting for these 
factors, alien bird richness was also higher in areas with high 
native bird species richness. Thus, a range of environmental, 
life history, and anthropogenic factors determine areas with 
high alien bird richness.

A global analysis of historical data on bird introductions 
showed that environmental conditions at introduction sites 
are the primary determinants of successful establishment 
(Redding et al., 2019). While climatic suitability is particularly 
important, the presence of other alien species can lead to 
an accumulation of alien species in “hotspots” potentially 
facilitating the establishment of additional species (termed 
“invasional meltdown”; Glossary and Chapter 1, section 
1.3.4). Establishment of alien species is also more likely 

when extreme weather events do not occur in the decade 
following an introduction, suggesting that environmental 
stochasticity is important to the persistence of small 
populations (Redding et al., 2019). Species-level traits, 
notably generalist species and founding population size, 
exert important secondary effects on success (Redding et 
al., 2019). Generalist species are more likely to establish 
self-sustaining populations, as are species introduced in 
greater numbers (Cassey et al., 2018; Redding et al., 2019). 
Birds are strong dispersers, a trait that facilitates biological 
invasion success post-introduction (Cassey et al., 2015). 
For example, of about 60 pairs of birds first introduced 
before the twentieth century to Central Park, New York 
City, Sturnus vulgaris (common starling) now numbers 
approximately 200 million individuals in the United States of 
America (Linz et al., 2007). 

Globally, particularly problematic invasive alien birds include 
Anas platyrhynchos (mallard), Acridotheres tristis (common 
myna), Pycnonotus jocosus (red-whiskered bulbul) (Martin-
Albarracin et al., 2015), Nesoenas picturatus (Madagascar 
turtle dove), Pitangus sulphuratus (great kiskadee), Tyto 
novaehollandiae (Australian masked owl), Tyto alba (barn 
owl), and Bubo virginianus (great horned owl) (Evans et 
al., 2016). The 10 most widespread species are listed in 
Table 2.6.

DATA GAPS

A
V

A
ILA

B
LE

 F
IR

S
T

 R
E

C
O

R
D

S
 [%

]

DISTRIBUTION

A
LIE

N
 S

P
E

C
IE

S

0

50

100

150

200

YEAR

A
LI

E
N

 S
P

E
C

IE
S

CUMULATIVE INCREASE

1800 1850 1900 1950 2000

0
2
4
6
8

10
12

YEAR

A
LI

E
N

 S
P

E
C

IE
S

[p
er

 5
 y

ea
rs

]

RATE OF INCREASE

1800 1850 1900 1950 2000

20

40

60

80

0

20

40

60

80

100

Figure 2  8  	 Status, trends, and data gaps for established alien birds.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by colour. 
The amount of available data is estimated by the proportion of available first records among all records available for that region 
(section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization and do not indicate 
species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of established 
alien species per five years). Smoothed trend (line) is calculated as running median (section 2.1.4 for further details about data 
sources and data processing). Note numbers presented may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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2.3.1.3	 Fishes

Trends

Freshwater fish invasions are one of the best documented 
biological invasions among animal taxa with considerable 
information available on invasive alien fish traits, invaded 
regions, and invasion pathways (Bernery et al., 2022). 
Information for marine fish invasions is much more 
fragmented (e.g., Arndt et al., 2018; Vignon & Sasal, 2010). 
Globally, the number of invasive alien fishes accelerated 
in the twentieth century (Figure 2.9). Although one might 
conclude that saturation has been reached based on the 
figure displaying the number of established alien species 
per five-year intervals, the lag between species introduction, 
reports of the introduction in the literature, and the 
cumulative numbers worldwide for this taxonomic group 
suggest that this is not the case (Seebens, Blackburn, et al., 
2017). Even though introductions of fish outside their natural 
ranges worldwide increased substantially at the onset of the 
industrial revolution, first records of alien fish introductions 
date back at least to the Roman Empire in Europe (first and 
second century; Balon, 1995). 

Currently, the rate of newly established alien fish species 
is still very high, higher than for most other taxa (Seebens, 
Blackburn, et al., 2017), partially explaining why fish are 
among the most widespread invasive alien taxonomic 
group (Gozlan, 2008). Globally, many fish species have 
been and are often still introduced intentionally, although 
unintentional introductions also occur. Due to widespread 
intentional introductions, alien freshwater fish species occur 
in all biogeographic regions (Leprieur et al., 2008). Due 
to the compounding effects of increased global maritime 
transportation, canal construction, and climate change, 
the number of alien marine fish also rose dramatically in 
the twentieth and twenty-first centuries. These same three 

factors may also further promote biological invasions of fish 
in the future (Castellanos-Galindo et al., 2020; Cohen, 2006; 
Muirhead et al., 2015; Ruiz et al., 2006).

Status

The most widespread alien fish species are listed in 
Table 2.7 demonstrating the very high number of regions 
invaded by this group, second only to mammals in terms of 
distribution. 

Dawson et al. (2017) showed that alien freshwater fish 
were distributed in six global biological invasion hotspots 
where established alien species constituted over 25 per 
cent of total species richness. When considering within 
country introductions, which are frequently not included in 
global analyses, the number of alien fishes increased for 
large countries such as Brazil, the People’s Republic of 
China, and the United States (Vitule et al., 2019). Pathways 
of fish biological invasions vary and include inter-oceanic 
canals, ballast water, intentional introductions for fishing 
or fisheries stocking, ornamental purposes, and escapes 
from aquaculture. For example, many alien populations of 
salmonids, tilapias, and carps originated from aquaculture 
escapes (Froese & Pauly, 2015). The Center for Food 
Safety reported about 26 million escaped fish worldwide 
between 1996 and 2012 (CFS, 2012). Similarly, D. 
Jackson et al. (2015) reported almost 9 million escapees 
in six European countries over a 3-year period. Estimates 
suggest that in Chile more than 1 million salmonids escape 
annually from the net pens of salmon farms (Sepúlveda et 
al., 2013; Thorstad et al., 2008). Marine waters are also 
inhabited by many alien fishes. The opening of the Suez 
Canal has enabled the migration of species from the Red 
Sea into the Mediterranean Sea (known as Lessepsian/
Erythraean invasion), which has caused the influx of more 

Table 2  6  	 Top 10 most widespread invasive alien bird species worldwide.

The number of regions where the respective species has been recorded and classified as being invasive based on GRIIS (Pagad et 
al., 2022). Note this table only refers to the distribution of invasive alien bird species, not impacts, which are covered in Chapter 4 
(see section 2.1.4 for further details on data sources and processing). “No. of regions” denotes the number of regions with confirmed 
occurrences of that species according to the chapter database. A data management report for the data underlying this figure is 
available at https://doi.org/10.5281/zenodo.7615582 

Taxon No. of regions Taxon No. of regions 

Acridotheres tristis (common myna) 22 Branta canadensis (Canada goose) 9

Columba livia (pigeons) 20 Alopochen aegyptiaca (Egyptian goose) 8

Corvus splendens (house crow) 17 Sturnus vulgaris (common starling) 8

Passer domesticus (house sparrow) 14 Myiopsitta monachus (monk parakeet) 7

Psittacula krameri (rose-ringed parakeet) 13 Phasianus colchicus (common pheasant) 6

https://doi.org/10.5281/zenodo.7615582
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than 400 Indo-Pacific species into the Mediterranean Sea, 
including over 100 (118 by latest tally, unpublished) fish 
species (Bariche & Fricke, 2020; Çinar et al., 2021; Galil 
et al., 2021b), resulting in considerable changes to fish 
communities and fisheries, particularly in the Levant basin 
to date (Arndt et al., 2018; Arndt & Schembri, 2015; Galil 

et al., 2007). Both Pterois volitans (red lionfish) and Pterois 
miles (lionfish) have invaded large areas of the north-western 
Atlantic imposing large impacts on prey populations of 
native species and local fisheries (Côté et al., 2013), and 
Pterois miles is now spreading within the Mediterranean 
Sea (Poursanidis et al., 2020). Species of peacock basses 
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Figure 2  9  	 Status, trends, and data gaps for established alien fishes.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by 
colour. The amount of available data is estimated by the proportion of available first records among all records available for that 
region (section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted to aid visualization and do 
not indicate species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers 
of established alien species per five years). Smoothed trend (line) is calculated as a running median (section 2.1.4 for further 
details about data sources and data processing). Note numbers presented may deviate from those reported in the text due to 
variation among data sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/
zenodo.7615582

Table 2  7  	 Top 10 most widespread invasive alien fish species worldwide.

The number of regions where the top 10 most widespread fishes have been recorded and classified as invasive based on GRIIS 
(Pagad et al., 2022). Note this table only refers to the distribution of invasive alien species rather than impacts which are covered 
in Chapter 4 (see section 2.1.4 for further details about data sources and data processing). “No. of regions” denotes the number 
of regions with confirmed occurrences of that species according to the chapter database. A data management report for the data 
underlying this figure is available at https://doi.org/10.5281/zenodo.7615582 

Taxon No. of regions Taxon No. of regions 

Cyprinus carpio (common carp) 43 Poecilia reticulata (guppy) 22

Gambusia holbrooki (eastern mosquitofish) 42 Pseudorasbora parva (topmouth gudgeon) 22

Oreochromis niloticus (Nile tilapia) 28 Gambusia affinis (western mosquitofish) 19

Oreochromis mossambicus (Mozambique 
tilapia) 

25 Lepomis gibbosus (pumpkinseed) 19

Oncorhynchus mykiss (rainbow trout) 23 Micropterus salmoides (largemouth bass) 18

https://doi.org/10.5281/zenodo.7615582
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(genus Cichla), native to South America, have been 
introduced to tropical and sub-tropical regions worldwide for 
fisheries (Franco et al., 2022).

2.3.1.4	 Reptiles 

Trends

The introduction of alien reptiles has a long history 
associated with the movement of humans and trade 
routes. For example, introduced species such as Tarentola 
mauritanica (common wall gecko) and Vipera aspis (asp 
viper) in the Mediterranean Basin can be traced back to 
the fourth century B.C. and the fifth century, respectively 
(Masseti & Zuffi, 2011; Mateo et al., 2011; Pleguezuelos, 
2002). Since 1800, the number of first records of alien 
reptiles globally has been rising steadily, accelerating since 
1950 (Capinha et al., 2017; Kraus, 2009). Similar trends 
have also been reported at local and regional scales (Krysko 
et al., 2011, 2016; Mateo et al., 2011; Perella & Behm, 
2020; Powell et al., 2011; Toomes et al., 2020). Most 
alien reptile introductions through the end of the twentieth 
century were due to the unintentional transport of species 
as stowaways or contaminants (Kraus, 2009; Lever, 2003). 
This pathway remains important, but the pet trade has also 
emerged as a significant source of alien reptiles in recent 

decades (É. Fonseca et al., 2019; Lockwood et al., 2019; 
Perella & Behm, 2020; Stringham & Lockwood, 2018; Van 
Wilgen et al., 2010). 

Contemporary trends (Figure 2.10), the expected increase 
in pet trade as a source of new species, and model-based 
projections of future distributions all indicate that both the 
number of alien reptiles and the number of invaded areas 
will continue to increase (Chapple et al., 2016; da Rosa et 
al., 2018; Filz et al., 2018; Gippet & Bertelsmeier, 2021; 
X. Li et al., 2016; X. Liu et al., 2014; Seebens, Blackburn, 
et al., 2017). Alien reptiles are fast becoming an important 
group of alien vertebrates alongside other taxa such as birds 
and mammals. In Australia, alien reptiles have been the 
dominant group of alien terrestrial vertebrates intercepted 
and detected at large since 1999 (Toomes et al., 2020).

Status

Established populations of alien reptiles are found in all the 
IPBES regions except for the polar areas (Capinha et al., 
2017; Kraus, 2009). Islands and areas with relatively warm 
climates and high economic and human activity tend to 
host more alien reptiles than other places (Capinha et al., 
2017; É. Fonseca et al., 2019; Moser et al., 2018; Silva-
Rocha et al., 2019). Of the top five global hotspots for alien 
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Figure 2  10 	 Status, trends and data gaps for established alien reptiles.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by colour. 
The amount of available data is estimated by the proportion of available first records among all records available for that region 
(section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization purposes and do 
not indicate species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of 
established alien species per five years). Smoothed trend (line) is calculated as running median (section 2.1.4 for further details about 
data sources and data processing). Note presented numbers may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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reptiles, the top three are in North America (Florida, Hawaii, 
and California), Europe (Balearic Islands, Spain), and Japan 
(Capinha et al., 2017; Krysko et al., 2011, 2016; Mateo et 
al., 2011; Meshaka, 2011; Silva-Rocha et al., 2015).

At least 198 reptile species belonging to three major 
reptile orders (Squamata, Crocodilia, and Testudines) have 
established alien populations worldwide (Capinha et al., 
2017). Of the top five most commonly established alien 
reptiles, four species (Indotyphlops braminus (brahminy 
blind snake), Hemidactylus frenatus (common house 
gecko), Hemidactylus mabouia (tropical house gecko), 
and Hemidactylus turcicus (Mediterranean house gecko)) 
have been transported unintentionally, and one (Trachemys 
scripta (pond slider)) is common in the pet trade (Capinha 
et al., 2017; García-Díaz et al., 2015; Kraus, 2009; Masin 
et al., 2014). Some of the above species are among the 
10 most widespread of all invasive alien reptiles worldwide 
(Table 2.8). The establishment success and spread rates of 
alien reptiles are associated with high propagule pressure, 
the degree of climate matching between native and recipient 
regions, presence of congenerics, and high reproductive 
output (W. L. Allen et al., 2017; Bomford et al., 2009; X. 
Liu et al., 2014; Mahoney et al., 2014; Tingley et al., 2016; 
Van Wilgen & Richardson, 2012). As examples, Python 
bivittatus (Burmese python) is spreading in the Florida 
Everglades, preying upon many species including the apex 
native predator Alligator mississippiensis (American alligator; 
Dorcas et al., 2012). Invasive alien Boiga irregularis (brown 
tree snake) has reached iconic status as one of the most 
impactful invasive alien species worldwide. Fewer than 10 
individuals were unintentionally introduced from the United 
States into the Pacific Island of Guam following World War 

II (Richmond et al., 2015). This species has since colonized 
all habitats on Guam, from grasslands to forests, with peak 
densities as high as 10,000 individuals per km2 (Rodda et 
al., 1992). Several lesser known and potentially invasive 
alien reptiles are emerging including Varanus niloticus (Nile 
monitor) in Florida, Lampropeltis getula (common kingsnake) 
in the Canary Islands, Boa constrictor (boa constrictor) on 
Aruba, and several giant constrictor snakes in Puerto Rico 
(Reed & Kraus, 2010).

2.3.1.5	 Amphibians 

Trends 

Alien amphibian introductions are not a new phenomenon. 
For instance, the introduction of Bufotes balearicus (Balearic 
green toad) to the Balearic Islands, Spain, is assumed to 
have occurred around the second century B.C. (Mateo et 
al., 2011; Pleguezuelos, 2002). However, the accumulation 
of first records of alien amphibians shows a global rise since 
1800 with a slightly more pronounced increase after the 
1950s (Capinha et al., 2017; Kraus, 2009, 2011). Similar 
patterns of relative increases in both the number of new alien 
species and the number of records of alien amphibians have 
been reported regionally and locally (Krysko et al., 2011, 
2016; Mateo et al., 2011; Powell et al., 2011; Toomes et 
al., 2020). Nevertheless, the implementation of biosecurity 
and rapid response activities in countries such as New 
Zealand and Australia has likely prevented new introductions 
and establishment of alien amphibians (Chapple et al., 
2016; García-Díaz et al., 2017; Toomes et al., 2020). The 
United States appears to be an outlier in terms of new 
introductions; both the number of alien amphibian species 

Table 2  8  	 Top 10 most widespread invasive alien reptile species worldwide.

The table shows the number of regions where the species has been recorded and classified as invasive based on GRIIS (Pagad et 
al., 2022). Note this table refers only to the distribution of invasive alien species, not their impacts which are covered in Chapter 4 
(see section 2.1.4 for further details about data sources and data processing). “No. of regions” denotes the number of regions with 
confirmed occurrences of that species according to the chapter database. A data management report for the data underlying this 
figure is available at https://doi.org/10.5281/zenodo.7615582 

Species No. of regions Species No. of regions 

Trachemys scripta elegans (red-eared 
slider)

15 Chelydra serpentina (common snapping turtle) 4

Hemidactylus frenatus (common house 
gecko)

12 Anolis cristatellus (Puerto Rican crested anole) 4

Hemidactylus mabouia (tropical house 
gecko)

12 Anolis porcatus (Cuban green anole) 3

Iguana iguana (iguana) 8 Hemidactylus turcicus (Mediterranean house 
gecko)

3

Anolis sagrei (brown anole) 5 Pelodiscus sinensis (Chinese soft-shelled 
turtle)

3
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reported annually and the number of records per year have 
remained relatively stable since around the mid-twentieth 
century (Mangiante et al., 2018). It is important to note 
that in 2016 the United States Fish and Wildlife Service 
published an interim rule listing 201 salamander species as 
injurious wildlife under the Lacey Act to prevent the arrival of 
Batrachochytrium salamandrivorans (chytrid fungus) carried 
by alien species in the trade. Similarly, in 2017, Canada 
restricted salamander importation for the same reason (Yap 
et al., 2017).

Status

Intentional and unintentional pathways are virtually 
equivalent contributors to the current distribution and status 
of alien amphibians worldwide, but their role varies by 
region and period (Kraus, 2009; Lever, 2003). For example, 
individuals of several toad species (family Bufonidae), such 
as Rhinella marina (cane toad) and Sclerophrys gutturalis 
(guttural toad), were deliberately released as biocontrol 
agents in the Indo-Pacific and Caribbean islands during 
the first half of the twentieth century (Kraus, 2009; Lever, 
2003; Powell et al., 2011; Shine, 2018; Telford et al., 
2019). More recently, Duttaphrynus melanostictus (Asian 
common toad) has been unintentionally transported to 

many areas in the Indo-Pacific region (Mo, 2017; Moore 
et al., 2015; Tingley et al., 2018; Vences et al., 2017). 
The two most widespread alien amphibians in the world, 
Lithobates catesbeianus (American bullfrog) and Rhinella 
marina, have been introduced as a source of food and for 
biocontrol purposes, respectively (Capinha et al., 2017; 
Kraus, 2009; X. Liu et al., 2012, 2015; Shine, 2018). In 
Australia, almost twice the number of alien amphibians was 
found introduced through the pet trade compared to the 
stowaway pathway (71 and 38, respectively), yet the latter 
is a more important pathway when considering the total 
number of individuals moved rather than the number of 
species (García-Díaz & Cassey, 2014; Toomes et al., 2020). 
Unintentional pathways are responsible for 12 out of 13 alien 
amphibians present in Guam (Christy, Clark, et al., 2007). 
The pet trade is expected to remain a prominent source of 
new alien amphibian introductions in the near and medium-
term (Lockwood et al., 2019; Mohanty & Measey, 2019; 
Stringham & Lockwood, 2018).

The diversity of transport pathways responsible for the 
introduction of alien amphibians has resulted in established 
alien amphibian populations in all IPBES regions except 
for polar areas (Figure 2.11; Capinha et al., 2017; Christy, 
Savidge, et al., 2007; É. Fonseca et al., 2019; García-Díaz 
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Figure 2  11 	 Status, trends, and data gaps for established alien amphibians.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by 
colour. The amount of available data is estimated by the proportion of available first records among all records available for that 
region (section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization purposes 
and do not indicate species numbers. The trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., 
numbers of established alien species per five years). Smoothed trend line is calculated as running median (section 2.1.4 for further 
details about data sources and data processing). Note presented numbers may deviate from those reported in the text due to 
variation among data sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/
zenodo.7615582
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& Cassey, 2014; Kraus, 2009; Measey et al., 2017; Rago 
et al., 2012; Tingley et al., 2010). The United Kingdom, 
and California, Hawaii, and Puerto Rico (United States) 
are the top-four global hotspots of alien amphibians, each 
with more than five species established (Capinha et al., 
2017; Kraus, 2009; Powell et al., 2011). Alien amphibian 
richness tends to be higher on islands and in places with 
high precipitation, high potential evapotranspiration, and 
high levels of economic activity (Capinha et al., 2017; 
É. Fonseca et al., 2019; Poessel et al., 2012). High 
propagule pressure, the presence of congeneric species, 
life-history traits related to rapid growth and reproduction, 
and environmental similarity between the recipient and 
the native ranges are associated with the establishment 
success and invasion rates of alien amphibians (W. L. Allen 
et al., 2017; Bomford et al., 2009; Ferreira et al., 2012; 
K. Li et al., 2016; X. Liu et al., 2014; Poessel et al., 2012; 
Rago et al., 2012; Tingley et al., 2010, 2011; Van Wilgen 
& Richardson, 2012). It is interesting to note that many 
species native to Southern Africa have been introduced 
elsewhere, while few alien amphibians are reported for 
Southern Africa due to a very low trade involving these 
animals (Measey et al., 2017).

The reported trajectories, combined with invasive alien 
amphibian niche shifts and the increase in pet trade, point to 
future increases in both the number of new alien amphibians 
and the number of regions occupied (Capinha et al., 2017; 
Chapple et al., 2016; da Rosa et al., 2018; Mohanty et al., 
2021; Mohanty & Measey, 2019; Pili et al., 2020; Toomes 
et al., 2020). Additionally, invasion debts (i.e., the additional 
area an invasive alien species is likely occupy in the future; 
Glossary) mean that the accelerating trends in introductions 
described above could lead to established populations 
unless rapid response management actions are taken 
(Chapple et al., 2016; M. J. Spear et al., 2021).

Notorious invasive amphibians include Rhinella marina (cane 
toad), a large and toxic toad native to Mesoamerica and 
introduced worldwide into sugar cane producing regions to 
control beetles causing crop damage (Shanmuganathan et 
al., 2010). Xenopus laevis (African clawed frog) is among the 
most commonly used laboratory animals (e.g., basic biology 
and formerly for pregnancy testing); many populations 
originating from laboratories have become invasive in 
regions with a Mediterranean climate. Table 2.9 lists the 10 
most widespread invasive alien amphibians and the number 
of regions each has invaded. 

2.3.1.6	 Insects

Trends 

Since Insecta is the largest animal class it comes as no 
surprise that global numbers of alien insect species vastly 
exceed numbers for all other animal taxa combined by 1.7 
times (Seebens, Blackburn, et al., 2017). Yet, their biological 
invasions are still likely underreported as insects are less 
studied relative to other organisms such as vertebrates. 

While there are a few rare documented cases of natural 
intercontinental insect spread (e.g., via wind) (Hoffmann & 
Courchamp, 2016), the long-distant spread of alien insects 
has risen steeply due to the facilitation by recent human 
activities (Gippet et al., 2019; Meurisse et al., 2019). Early 
exploration and colonial settlements facilitated the global 
range extension of several insect species, but higher rates of 
alien species establishment did not begin until approximately 
1820 and lasted until 1914. This was followed by a second 
wave of accelerated establishment post-1960 (Bonnamour 
et al., 2021). These periods coincided with the industrial 
revolution; increased global trade and travel facilitated 
accidental movement of insects with plants, plant products, 

Table 2  9  	 Top 10 most widespread invasive alien amphibian species worldwide.

The table shows the number of regions where the respective species has been recorded and classified as being invasive based on 
GRIIS (Pagad et al., 2022). Note that this table only refers to the distribution of invasive alien species rather than their impacts, which 
is covered in Chapter 4 (see section 2.1.4 for further details about data sources and data processing). “No. of regions” denotes the 
number of regions with confirmed occurrences of that species according to the chapter database. A data management report for the 
data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582 

Species No. of regions Species No. of regions 

Lithobates catesbeianus (American bullfrog) 24 Pelophylax ridibundus (Eurasian marsh frog) 3

Rhinella marina (cane toad) 14 Duttaphrynus melanostictus (Asian common 
toad)

2

Xenopus laevis (African clawed frog) 9 Eleutherodactylus coqui (Caribbean tree frog) 2

Triturus carnifex (Italian crested newt) 3 Eleutherodactylus planirostris (greenhouse frog) 2

Eleutherodactylus johnstonei (whistling frog) 3 Andrias davidianus (Chinese giant salamander) 1
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general cargo, and baggage (Bertelsmeier et al., 2017; 
Bonnamour et al., 2021). Much of the global distribution of 
alien insects is driven by plant biological invasions (Chapter 
3, section 3.3.5.1); many insects are dependent on 
individual plant species or genera, so establishment of alien 
plant species provides necessary resources that facilitate 
insect establishment (Liebhold et al., 2018). Some evidence 
indicates that the recent implementation of biosecurity 
practices has reduced the proportion of imports contaminated 
with insects (Leung et al., 2014; Liebhold & Griffin, 2016), but 
imports have also simultaneously and massively increased 
at the same time. While insects are such a large group 
that some specific variation may be masked, the resulting 
trend is a net increase. Indeed, as a group, they have even 
exponentially increased since the start of the nineteenth 
century, both in terms of cumulative numbers and number 
of established alien species per five-year intervals (Figure 
2.12), and still show no sign of saturation (Bonnamour et 
al., 2021; Seebens, Blackburn, et al., 2017). The continued 
increase of global trade and climate change will likely further 
accelerate for these easily transported and climate-sensitive 
organisms (Bellard, Thuiller, et al., 2013). Additional factors 
could contribute to further spread (e.g., large infrastructure 
projects; Galil, Boero, Campbell, et al., 2015; X. Liu et al., 
2019; Muirhead et al., 2015) or establishment (e.g., industrial 
rearing of insects for food; Bang & Courchamp, 2021) of both 
existing and new invasive alien insects. 

Status
Global estimates of the total number of alien insects are 
not available but likely exceed 10,000 species with more 
than 3,500 species established in North America alone 
(Yamanaka et al., 2015). Actual numbers are likely much 
higher since many established species remain undiscovered 
or unreported. Global hotspots of insect biological invasions 
appear to be related to historical patterns of urbanization 
and industrialization (Branco et al., 2019; Huang et al., 2011) 
and the transport of species between Europe, East Asia, 
and North America reflecting trade and travel patterns (Kenis 
et al., 2007; Mattson et al., 2007). As global connectivity 
increases, regions such as Africa and South America are 
likely to be increasingly important as both recipients and 
donors of invasive alien insects. 

Many invasive alien insects are highly problematic around 
the world, with coleopterans, lepidopterans, dipterans, 
and hymenopterans being among the most notorious (e.g., 
Kenis et al., 2009). For example, alien ant species are often 
considered among the worst invasive alien species (Holway 
et al., 2002; Pyšek et al., 2008). Three ants are among 
the 10 most widespread invasive insects (Table 2.10) 
and five are among the “100 of the world’s worst invasive 
alien species”, the only family to have so many species 
listed. Ants are easily transported by humans because 
of their generalist nesting habits and their small size 
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Figure 2  12 	 Status, trends, and data gaps for established alien insects.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by colour. 
The amount of available data is estimated by the proportion of available first records among all records available for that region 
(section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization purposes and do 
not indicate species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of 
established alien species per five years). Smoothed trend (line) is calculated as running median (section 2.1.4 for further details about 
data sources and data processing). Note presented numbers may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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(Wetterer et al., 2009). When intercepted at ports of entry, 
alien ant species are frequently detected on commercial 
ornamental plants (Lester, 2005; Suarez et al., 2005; 
Ward et al., 2006). Globally, more than 200 species have 
established populations outside their native distributions 
(Wetterer et al., 2009), but over 600 species have likely 
been introduced outside their native ranges (Miravete et al., 
2014). This makes ants the most represented insect family 
and particularly notorious ant species include Linepithema 
humile (Argentine ant), Anoplolepis gracilipes (yellow crazy 
ant), Wasmannia auropunctata (little fire ant), Solenopsis 
invicta (red imported fire ant), and Pheidole megacephala 
(big-headed ant). In addition, a recent study predicted that 
13 other species with similar ecological traits could also 
become invasive should they be introduced outside their 
native ranges (Fournier et al., 2019). To date, few studies 
are available on the biology and ecology of these invasive 
alien ants, except for Linepithema humile and Solenopsis 
invicta (Bertelsmeier et al., 2016; Pyšek et al., 2008). These 
two ant species from South America have invaded many 
countries by separate multiple introductions from their 
native ranges and subsequent secondary spread from 
invaded ranges (Ascunce et al., 2011; Giraud et al., 2002). 
Secondary introduction seems to be common for ants: 76 
per cent of interception events of alien ants at the border of 
the United States and 88 per cent of those intercepted at 
the New Zealand border did not come from their country of 
origin but from previously invaded countries (Bertelsmeier et 
al., 2018). 

Many alien insects are invasive in most parts of the world 
making it difficult to define the most important while 
remaining concise, but the 10 most widespread species 
provide good examples (Table 2.10). Ceratitis capitata 
(Mediterranean fruit fly) and Bemisia tabaci (tobacco 
whitefly) affect agriculture in numerous countries, while 

insect-borne diseases are spread by the invasions of 
several mosquito species, such as Aedes albopictus (Asian 
tiger mosquito), Aedes aegypti (yellow fever mosquito), and 
Anopheles quadrimaculatus (common malaria mosquito). 
Harmonia axyridis (harlequin ladybird) was introduced to 
North America and Europe to control aphids, subsequently 
leading to the decline of native ladybirds through predation 
(Roy et al., 2012). Icerya purchasi (cottony cushion scale) 
is found in most regions, where it feeds on more than 
80 families of woody plants, particularly citrus crops. 
Brontispa longissima (coconut hispine beetle) feeds on 
young leaves of coconut palms throughout the Pacific 
region. Bemisia tabaci thrives in tropical and subtropical 
(and to a lesser degree temperate) regions, where it feeds 
on many plants but also facilitates the spread of plant 
viruses. Although not among the 10 most widespread, 
some other insects are among the best known of all 
invasive alien species. For example, North American forests 
have been deeply damaged by the invasions of Agrilus 
planipennis (emerald ash borer; Herms & McCullough, 
2014; Poland & McCullough, 2006; Valenta et al., 2017), 
Anoplophora glabripennis (Asian longhorned beetle; Dodds 
& Orwig, 2011; Kappel et al., 2017; Nowak et al., 2001), 
and Lymantria dispar (gypsy moth; C. B. Davidson et al., 
1999; Tobin et al., 2012). Drosophila suzukii (spotted wing 
drosophila), a vinegar fly of Asian origin, has emerged as 
a devastating pest of small and stone fruits throughout 
North America, Europe and South America (L. A. dos 
Santos et al., 2017). Coptotermes formosanus (Formosan 
subterranean termite) affects infrastructure and Trogoderma 
granarium (khapra beetle) destroys grain and seed reserves 
throughout the world. It is noteworthy that bees (Apis 
(honey bee), Bombus (bumble bee) or Megachile (leaf-
cutter bees), among others; e.g., Bartomeus et al., 2013; 
Goulson, 2003; Morales et al., 2017) and wasps (Vespa, 
Vespula, gall and parasitoid wasps, among others; e.g., 

Table 2  10  	 Top 10 most widespread invasive alien insect species worldwide.

The number of regions where the species has been recorded and classified as invasive based on GRIIS (Pagad et al., 2022). Note this 
table refers only to the distribution of invasive alien species, not their impacts which are covered in Chapter 4 (see section 2.1.4 for 
further details about data sources and data processing). “No. of regions” denotes the number of regions with confirmed occurrences 
of that species according to the chapter database. A data management report for the data underlying this figure is available at https://
doi.org/10.5281/zenodo.7615582 

Species No. of regions Species No. of regions 

Icerya purchasi (cottony cushion scale) 29 Harmonia axyridis (harlequin ladybird) 14

Tapinoma melanocephalum (ghost ant) 28 Ceratitis capitata (Mediterranean fruit fly) 14

Pheidole megacephala (big-headed ant) 24 Brontispa longissima (coconut hispine beetle) 13

Aedes albopictus (Asian tiger mosquito) 24 Bemisia tabaci (tobacco whitefly) 13

Solenopsis geminata (tropical fire ant) 19 Cameraria ohridella (horsechestnut leafminer) 13

https://doi.org/10.5281/zenodo.7615582
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Beggs et al., 2011; Lester & Beggs, 2019) excepting Apis 
mellifera scutellata (Africanized bee), hybrid of several 
European honey bee subspecies and the East African 
honey bee, are the source of considerable revenue and 
rarely viewed as invasive despite outcompeting native 
pollinators (IPBES, 2016; Moritz et al., 2005). 

2.3.1.7	 Arachnids

Trends

The number of recorded alien spiders has been increasing 
continuously (Figure 2.13; Nentwig, 2015; Seebens, 
Blackburn, et al., 2017). An accelerated increase is 
observed after 1950 similar to those in many other 
invertebrate groups and likely as a consequence of 
increasing global trade and transport. In addition to the total 
number of alien spiders, the rate of annual new records has 
increased until the present reaching about 30 new records 
per five years (i.e., 6 new records annually; Figure 2.13).

Status

Worldwide, 285 alien spider species (0.57 per cent of all 
described spider species) have been recorded outside of 

their native range. Most alien spiders are known from only 
a few records, from a few regions, but some species are 
so widespread that they are alien to several continents 
(Table 2.11). The 28 most widespread species (10 per 
cent of all alien spiders) are known from more than 30 
invaded regions (often from all or most continents) and 
represent 50 per cent of all records. Major trade routes, 
at least past routes, connect areas of origin to invaded 
regions: 29 per cent of all globally spread spider species 
are native to Europe (while Europe is home to only 10 
per cent of all spider species), 25 per cent from the 
Americas, 20 per cent from Asia, 17 per cent from Africa, 
10 per cent from Australasia and the Pacific. Most spiders 
alien to Europe were unintentionally introduced either as 
stowaways, in or on transport vectors (i.e., the physical 
means or agent that transports a species; Glossary), 
or as contaminants (Nentwig, 2015). Horticulture is a 
major source of introduced spiders, followed by fruit and 
vegetable shipments, containers, and packaging materials. 
Imported classic cars and used sport cars often contained 
Latrodectus mactans (black widow spider) and cocoons 
in high numbers (Van Keer, 2010). For many areas in the 
world, no reliable species inventories are available. The top 
10 most widespread invasive alien arachnids as recorded 
by GRIIS are shown in Table 2.12.
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Figure 2  13 	 Status, trends, and data gaps for established alien arachnids.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by colour. 
The amount of available data is estimated by the proportion of available first records among all records available for that region 
(section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization and do not indicate 
species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of established 
alien species per five years). Smoothed trend (line) is calculated as running median (section 2.1.4 for further details about data 
sources and data processing). Note presented numbers may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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Table 2  11  	 The most common established alien spider families and species.

Based on 12 arachnid families with the most widely distributed established alien species, this family-wise presentation is of those 
species known to occur in more than 30 regions outside their native ranges. Families are ordered alphabetically, species according to 
frequency in the invaded area. Data from the World Spider Catalog (2017).

Family
No. of established 

alien species
Most widespread species Alien range

Agelenidae (funnel web spiders) 8 Tegenaria domestica
Eratigena agrestis

Europe
Europe

Araneidae (orb weavers) 23 Neoscona nautica
Argiope trifasciata

Pacific
North America

Cheiracanthiidae (yellow sac spiders) 3 Cheiracanthium mildei Europe

Dysderidae (woodlouse hunters) 2 Dysdera crocata Pacific
Europe
North America

Oonopidae (goblin spiders) 19 Triaeris stenaspis
Brignolia parumpunctata
Ischnothyreus peltifer
Opopaea concolor

Africa
Tropical Asia
Tropical Asia
Africa

Pholcidae (daddy-long-legs) 15 Pholcus phalangioides
Micropholcus fauroti
Artema atlanta 
Smeringopus pallidus
Spermophora senoculata

Temperate Asia
Temperate Asia
Africa
Africa
Temperate Asia

Salticidae (jumping spiders) 34 Plexippus paykulli
Hasarius adansoni
Menemerus bivittatus

Africa
Africa
Africa

Scytodidae (spitting spiders) 8 Scytodes thoracica Europe

Oecobiidae (disk web spiders) 9 Oecobius navus Africa

Sicariidae (six-eyed spiders) 1 Loxosceles rufescens North America
Europe
Australia
Asia

Sparassidae (giant crab spiders) 3 Heteropoda venatoria Tropical Asia

Theridiidae (cobweb or combfooted 
spiders)

47 Parasteatoda tepidariorum
Steatoda grossa
Steatoda triangulosa
Latrodectus geometricus

South America
Europe
Europe
Africa

Table 2  12  	 Top 10 most widespread invasive alien arachnids worldwide.

The number of regions where the species has been recorded and classified as invasive based on GRIIS (Pagad et al., 2022). Note 
this table only refers to the distribution of invasive alien species rather than their impacts which is covered in Chapter 4 (see section 
2.1.4 for further details about data sources and data processing). “No. of regions” denotes the number of regions with confirmed 
occurrences of that species according to the chapter database. A data management report for the data underlying this figure is 
available at https://doi.org/10.5281/zenodo.7615582 

Species No. of regions Species No. of regions 

Raoiella indica (red palm mite) 7 Steatoda nobilis (false widow spider) 2

Opilio canestrinii (harvestman) 3 Tetranychus urticae (two-spotted spider mite) 2

Varroa destructor (Varroa mite) 3 Aceria litchii (litchi gall mite) 1

Latrodectus geometricus (brown widow spider) 2 Aceria tristriata (walnut leaf gall mite) 1

Mermessus trilobatus (trilobate dwarf weaver) 2 Aculops lycopersici (tomato russet mite) 1
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2.3.1.8	 Molluscs

Trends 

Overall, molluscs have mostly been introduced 
unintentionally with numbers of introductions starting to 
increase at the end of 1800s (Figure 2.14). Similar to 
crustaceans, marine species introductions started when 
transoceanic voyages began around 1500 but were rarely 
documented (Carlton, 1999b). During the second half of 
the twentieth century, increases in shipping, aquaculture, 
and the aquarium trade facilitated the introductions of 
both marine and freshwater molluscs (Carlton, 1999a; 
Cianfanelli et al., 2016; Cowie, 2005; Darrigran et al., 
2020; De Silva, 2012; X. Guo, 2009; Katsanevakis et al., 
2013; Ojaveer et al., 2018; R. Sousa et al., 2014). A similar 
pattern is observed for terrestrial molluscs; they are almost 
exclusively moved as contaminants through agriculture 
and horticulture and their introductions began in ancient 
times (Herbert, 2010). Since 1600, European colonists 
have introduced many species to new areas (Herbert, 
2010). With the increasing trade, introductions rates grew 
from the 1950s onward (Cowie, 2005; Herbert, 2010; 
Hutchinson et al., 2014).

Status

Established alien molluscs have been reported from all over 
the world (Capinha et al., 2015; R. Sousa et al., 2009). 
However, despite their status as widespread alien species 
and extensive work by malacologists in terrestrial and 
marine ecosystems (Figure 2.14) their distribution and 
spread has received comparatively little attention except 
for species such as Dreissena spp. (zebra and quagga 
mussels), Corbicula fluminea (Asian clam), and Magallana 
gigas (Pacific oyster) (Dölle & Kurzmann, 2020; Orlova 
et al., 2005; Ruesink et al., 2005; A. Sousa et al., 2009; 
Strayer et al., 2019). For bivalves, R. Sousa et al. (2009) 
listed examples of 35 established alien species in marine 
and freshwater systems of all continents, 24 of which have 
sufficient information about distribution or effects reported. 
However, the number of established alien bivalves is likely 
much higher than reported. Recently, Mytilus cf. platensis 
(mussel) was discovered in Antarctic waters (Cárdenas 
et al., 2020), further demonstrating that molluscs are 
transported in intercontinental transfers. Invasive bivalves 
often occur at very high densities becoming a major 
proportion of the benthic fauna (e.g., Arcuatula senhousia 
(Asian date mussel; Crooks & Khim, 1999), Mytilus 
galloprovincialis (Mediterranean mussel; Branch & Steffani, 
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Figure 2  14 	 Status, trends, and data gaps for established alien molluscs.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by 
colour. The amount of available data is estimated by the proportion of available first records among all records available for that 
region (section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization and do not 
indicate species numbers. The trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of 
established alien species per five years). Smoothed trend (line) is calculated as running median (section 2.1.4 for further details about 
data sources and data processing). Note presented numbers may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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2004), Limnoperna fortunei (golden mussel; Boltovskoy 
et al., 2006), Perna viridis (Asian green mussel; Rajagopal 
et al., 2006), and Ensis leei (American jack-knife clam; 
Raybaud et al., 2015)). 

Marine bivalves (oysters, mussels, clams) have long been 
widely introduced for cultivation and harvesting in many 
regions of the world. Some were introduced to replace 
depleted or diseased stocks of commercially valuable 
indigenous species, for example, Magallana gigas (Pacific 
oyster) and Ruditapes philippinarum (Japanese carpet 
shell) in Europe to diversify local marine farming, and 
Mytilus edulis (common blue mussel) in Canada and 
China (Tang et al., 2002). These alien species cause 
negative impacts in their introduced habitats by forming 
reefs on hard and soft bottoms and effecting large 
structural changes in littoral communities (Chapter 4, 
section 4.3.2.3).

Though of small size, some invasive alien molluscs attain 
high densities and cause remarkable impacts. Littorina 
littorea (common periwinkle) occurs at densities of up to 
600 individuals per m² (Carlson et al., 2006), reduces algal 
canopies, and controls rocky intertidal community structure 
and species diversity (Bertness, 1984; Lubchenco, 1978; 
Petraitis, 1987; Yamada & Mansour, 1987). Crepidula 
fornicata (American slipper limpet) was introduced from 
the North American Atlantic coast to the Pacific coast 
and to Europe with Crassostrea virginica (eastern oyster). 
It forms dense conglomerations of live specimens, shells 
and pseudofaeces, transforming the physical and chemical 
composition of the sediment, which adversely affects 
the endobenthic community and reduces the area of 
flatfish habitat. When it fouls Mytilus edulis (common blue 

mussel), Crepidula fornicata increases mussel mortality 
by four to eight times, but also reduces mussel predation 
by Asterias rubens (common starfish; Blanchard, 2009; 
Kostecki et al., 2011; Thieltges, 2005a, 2005b). The 
easternmost Mediterranean is the region with the highest 
reported number of marine alien molluscs (over 160 species 
along 180 kms of Israeli and Palestine coast alone), most 
introduced through the Suez Canal (Galil et al., 2021b). 

Alien snails and slugs have become established in most 
parts of the world, including on many islands. For example, 
38 alien terrestrial snails and slugs are established in 
Hawaii (Cowie et al., 2008). Cowie et al. (2009) listed 46 
species spanning 18 families for priority quarantine from 
the United States. Lissachatina fulica (giant African land 
snail) is one of the largest land snails in the world, reaching 
up to 19 cm in length, and is recognized as one of the 
world’s most damaging invasive alien species because of 
its omnivorous nature and because it is a vector of at least 
two human diseases (W. M. Meyer et al., 2008; Chapter 
4, section 4.5.1.3). Euglandina rosea (rosy predator snail) 
was originally introduced to control Lissachatina fulica. Not 
only did it fail to control it, but Euglandina rosea caused the 
extinction of many endemic snails on the islands of Hawaii, 
Tahiti, Moorea, and other Pacific islands (Davis-Berg, 
2012; Chapter 4, section 4.3.1). Other widespread alien 
species include Pomacea canaliculata (golden apple snail; 
Q.-Q. Yang et al., 2018), Arion ater (european black slug; 
Zemanova et al., 2018), Cepaea nemoralis (grove snail), 
Cornu aspersum (common garden snail), Limax maximus 
(leopard slug), Cernuella virgata (vineyard snail), Theba 
pisana (white garden snail) and Arion vulgaris (Spanish slug). 
Table 2.13 lists the 10 most widespread alien mollusc 
species invasive in most regions. 

Table 2  13  	 Top 10 most widespread invasive alien mollusc species worldwide.

The number of regions where the species has been recorded and classified as invasive based on GRIIS (Pagad et al., 2022). Note 
this table only refers to the distribution of invasive alien mollusc species rather than their impacts which are covered in Chapter 4 
(see section 2.1.4 for further details about data sources and data processing). “No. of regions” denotes the number of regions with 
confirmed occurrences of that species according to the chapter database. A data management report for the data underlying this 
figure is available at https://doi.org/10.5281/zenodo.7615582 

Species No. of regions Species No. of regions 

Lissachatina fulica (giant African land snail) 31 Pomacea canaliculata (golden apple snail) 13

Corbicula fluminea (Asian clam) 22 Arcuatula senhousia (Asian date mussel) 10

Dreissena polymorpha (zebra mussel) 20 Melanoides tuberculata (red-rimmed melania) 10

Magallana gigas (Pacific oyster) 15 Corbicula fluminalis (Asian clam) 9

Potamopyrgus antipodarum (New Zealand 
mudsnail)

15 Dreissena rostriformis bugensis (quagga 
mussel)

9
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2.3.1.9	 Crustaceans

Trends 

Unintentional introductions of marine crustaceans probably 
began in the 1500s when transoceanic voyages were first 
undertaken (Carlton, 2011), but no data are available. The 
first records of alien crustaceans were reported between 
the 1800s and the beginning of 1900s (Carlton, 2011; 
Figure 2.15). Like those of other alien marine species, 
crustacean introductions have risen in recent decades due 
to increased shipping, fisheries, aquaculture, and aquarium 
trade (Fernández de Alaiza García Madrigal et al., 2018; 
Hänfling et al., 2011; Katsanevakis et al., 2013; Ojaveer et 
al., 2018). For example, the Suez Canal allowed the entry of 
alien crustaceans into the Mediterranean Sea for the entire 
twentieth century with an increase from 1990 facilitated by 
climate warming (Galil, 2011). The unintentional introduction 
of freshwater species started with global shipping and the 
construction of artificial canals (e.g., in Central and Western 
Europe), increasing after the 1950s. Overall, crustaceans 
were one of the most frequently introduced groups in 
recent decades in the Baltic Sea, California Bay, and the 
Laurentian Great Lakes (Hänfling et al., 2011). On the other 
hand, crayfish have been intentionally introduced as a food 
source since the end of 1800s (Hänfling et al., 2011), but 
global increases of crayfish production starting in the 1970s 

boosted introductions (Haubrock et al., 2021; Lodge et 
al., 2012).

Status

Crustaceans are frequently found among lists of marine 
and freshwater alien species (Galil et al., 2011; Hänfling 
et al., 2011; Simões et al., 2021). As an example, the 
Mediterranean, North East Atlantic, Black and Baltic Seas 
host some of the highest species numbers, with 1,411 
established alien species reported (Tsiamis et al., 2018), 
a noteworthy proportion of which includes crustaceans 
(Tsiamis et al., 2020). Owing to human activities, many 
marine crustacean species have achieved global 
distributions (e.g., barnacles Balanus glandula (Kerckhof 
et al., 2018), Amphibalanus improvisus (bay barnacle), and 
Amphibalanus eburneus (ivory barnacle); isopods Synidotea 
laevidorsalis (J. W. Chapman & Carlton, 1991) and Ianiropsis 
serricaudis; amphipod Caprella mutica (Japanese skeleton 
shrimp); shrimp Palaemon macrodactylus (oriental shrimp); 
additional shrimp and many crab species; many copepods 
and mysids; and several more).

Hemigrapsus sanguineus (Asian shore crab) is now the 
dominant crab in rocky intertidal habitats along much 
of the north-eastern coast of the United States and the 
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Figure 2  15 	 Status, trends, and data gaps for established alien crustaceans.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by 
colour. The amount of available data is estimated by the proportion of available first records among all records available for that 
region (section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization and do not 
indicate species numbers. The trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of 
established alien species per five years). Smoothed trend line is calculated as running median (section 2.1.4 for further details about 
data sources and data processing). Note presented numbers may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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European Atlantic coast where it has been introduced and 
displaces resident crab species (Blakeslee et al., 2017; 
Epifanio, 2013). The literature on the Asian shore crab 
is limited in comparison to that of better-known global 
marine invasive established crabs like Carcinus maenas 
(European shore crab), Carcinus aestuarii (Mediterranean 
green crab) (Cosham et al., 2016; Leignel et al., 2014), and 
Eriocheir sinensis (Chinese mitten crab; Dittel & Epifanio, 
2009). Table 2.14 lists the 10 most widespread invasive 
alien crustacean species and the number of regions each 
has invaded.

Crustaceans also comprise major proportions of alien 
animals established in large freshwater ecosystems; 
their rate of discovery, along with that of other freshwater 
invertebrates, is increasing in these habitats (Ricciardi, 
2015). According to Gherardi (2010), 28 crayfish species 
have been introduced into a new biogeographic region and/
or translocated within their native biogeographic region. 
In Europe, most crayfish species are alien (at least 10 
alien, five native), with significantly higher abundances and 
severe impacts caused by alien crayfish, especially the 
transmission of crayfish plague, a disease lethal to native 
species (Kouba et al., 2014; Chapter 4, section 4.3.2.2). 
There is increasing recognition of their severe impacts, 
notably the displacement of native species (Gherardi, 
Aquiloni, et al., 2011; South et al., 2020). In Africa, five 
out of nine introduced crayfish species established 
populations in at least six countries, causing substantial 
ecological and economic damage (Madzivanzira et al., 
2021). Genetic divergence between European and North 
American lineages of freshwater cladocerans suggests that 
the current rate of invasion by European species in North 
America is ca. 50,000 times higher than prehistoric levels 
(Hebert & Cristescu, 2002). Invasions of the Laurentian 

Great Lakes (Box 2.11) by two cladocerans, Cercopagis 
pengoi (fishhook waterflea), and Bythotrephes longimanus 
(spiny waterflea), have caused concern for freshwater 
biodiversity and regional fisheries (Pichlová-Ptáčníková & 
Vanderploeg, 2009). Dikerogammarus villosus (killer shrimp) 
is a physiologically tolerant and adaptable amphipod 
of Ponto-Caspian origin that has colonized most of the 
major European inland waterways in only two decades, 
replacing many local amphipod species. Its continued range 
expansion, as well as its potential to reach freshwaters of 
other continents (particularly North America and its Great 
Lakes), is a major conservation concern (Rewicz et al., 
2014). Hemimysis anomala (bloody-red shrimp) was one of 
several Ponto-Caspian species to invade the Great Lakes in 
recent decades through transoceanic shipping (Audzijonyte 
et al., 2007).

2.3.1.10	Other invertebrates 

Other invertebrates cover those invertebrate species that 
are not addressed in previous sections and include the 
phyla Acanthocephala, Annelida, Brachiopoda, Bryozoa, 
Chaetognatha, Cnidaria, Ctenophora, Echinodermata, 
Kamptozoa, Nematoda, Nemertea, Onychophora, 
Phoronida, Platyhelminthes, Porifera, Rotifera, Sipuncula 
and Xenacoelomorpha.

Trends 

There is a paucity of data on molluscs, and crustaceans, 
but there is nothing to suggest that the trends for these 
animals differ from the better documented groups. In 
fact, data on the trends in both cumulative numbers 
and number of established alien species per five-year 
intervals show that animals other than the aforementioned 

Table 2  14  	 Top 10 most widespread invasive alien crustacean species worldwide.

The number of regions where the species has been recorded and classified as invasive based on GRIIS (Pagad et al., 2022). Note 
this table only refers to the distribution of invasive alien crustacean species rather than their impacts which are covered in Chapter 4 
(see section 2.1.4 for further details about data sources and data processing). “No. of regions” denotes the number of regions with 
confirmed occurrences of that species according to the chapter database. A data management report for the data underlying this 
figure is available at https://doi.org/10.5281/zenodo.7615582 

Species No. of regions Species No. of regions 

Pacifastacus leniusculus (American signal 
crayfish)

19 Dikerogammarus villosus (killer shrimp) 12

Procambarus clarkii (red swamp crawfish) 19 Cherax quadricarinatus (redclaw crayfish) 11

Amphibalanus improvisus (bay barnacle) 17 Chelicorophium curvispinum (Caspian mud 
shrimp)

10

Faxonius limosus (spiny-cheek crayfish) 14 Cercopagis pengoi (fishhook waterflea) 8

Eriocheir sinensis (Chinese mitten crab) 12 Macrobrachium rosenbergii (giant freshwater 
prawn)

7
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vertebrates and invertebrates follow the same dramatic 
global increases since ca. 1850 (Figure 2.16). For example, 
jellyfish populations appear to be increasing post-1950 in 
coastal ecosystems worldwide, mostly due to increasing 
populations of invasive alien species (Brotz et al., 2012; 
importantly, note that Brotz et al. (2012) defined “jellyfish” 
as including three separate phyla of marine invertebrates 
– Cnidaria, Ctenophora, and Chordata). The increase 
has accelerated in recent decades and climate change 
is likely playing a role in facilitating increased survival and 
growth, and access to previously unfavourable waters. 
The depletion of predators and food competitors due to 
overfishing was also important (A. J. Richardson et al., 
2009). Notably, several comb jelly species (ctenophores) 
often survive ballast-water exchange, and their populations 
have been found to expand in over-fished areas that provide 
favorable conditions (Daskalov et al., 2007). The invasion 
of the Black, Caspian, Baltic, and North Seas by the comb 
jelly Mnemiopsis leidyi (sea walnut) in the recent decades 
is a good illustration (Boersma et al., 2007; Daskalov 
& Mamedov, 2007; Haslob et al., 2007; Zaitsev, 1992). 
The increase of invasive alien jellyfish and comb jellies 
is predicted to continue accelerating (A. J. Richardson 
et al., 2009). Other marine species, such as Anemonia 

alicemartinae (sea anemone), are considered invasive along 
the coast of Chile, and historical records show a rapid 
expansion towards the south, extending its distribution 
(Castilla et al., 2005; Castilla & Neill, 2009; Häussermann & 
Försterra, 2001).

Status 

Comprehensive studies for invertebrates, other than those 
reported above, are often lacking and detailed knowledge is 
usually available for only a few species. Asterias amurensis 
(northern Pacific seastar) is considered one of the most 
serious marine pests in Australia (MPSC, 2018). The same 
concern arises for Centrostephanus rodgersii (long-spined 
sea urchin). Its invasion from mainland Australia to Tasmania 
has already caused ecosystem shifts from kelp-dominated 
to a macroalgal-free habitat resulting in localized losses of 
about 150 taxa that associate with seaweed beds (Ling et 
al., 2009). Among ctenophores, a prominent representative 
is the previously mentioned Mnemiopsis leidyi (sea walnut), 
first introduced from the North American east coast to the 
Black Sea in ship ballast water. The species subsequently 
spread throughout the Ponto-Caspian basin and the 
Mediterranean Sea, ultimately spreading across most 
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Figure 2  16 	 Status, trends and data gaps for other established alien invertebrates.

Other established alien invertebrates refer to animal groups, which are not covered in the previous sections. The names of the 
taxonomic groups are listed at the beginning of section 2.3.1.10. The number of established alien species per region (upper left) 
and the amount of available data (upper right) are indicated by colour. The amount of available data is estimated by the proportion 
of available first records among all records available for that region (section 2.1.4 for further details). Grey regions denote areas 
with lacking data. Oceans are tinted for visualization and do not indicate species numbers. Trends are shown in lower panels for 
cumulative numbers and as a rate of increase (i.e., numbers of established alien species per five years). Smoothed trend (line) is 
calculated as running median (section 2.1.4 for further details about data sources and data processing). Note presented numbers 
may deviate from those reported in the text due to variation among data sources. A data management report for the data underlying 
this figure is available at https://doi.org/10.5281/zenodo.7615582
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European seas due to a climate-driven range expansion 
rather than a human-mediated introduction (Shiganova et 
al., 2019).

Many earthworm species can be regarded as “ecosystem 
engineers”, that is they play a pronounced role in the 
creation, modification and maintenance of the upper 
horizons of the soil habit (Eijsackers, 2011; C. G. Jones 
et al., 1994; Ponge, 2021). The potential for modifying 
the soil environment means that earthworms can have 
a disproportionate impact on the communities that 
they invade (Hendrix et al., 2008). This is especially true 
in circumstances where earthworms invade soils that 
previously had an absent or impoverished earthworm 
fauna (Frelich et al., 2019). Globally, more than 100 alien 
earthworm species are documented (Hendrix, 2006) 
but have mostly been neglected until very recently. For 
example, earthworm invasions in North America date 
back to the first European settlers, but because they 
live underground, they have remained mostly unnoticed 
(Migge-Kleian et al., 2006). Ongoing invasions of European 
earthworms into the Upper Midwest of the United States 
are relatively well documented (Hale et al., 2005) compared 
to the invasion in the Northeast (Stoscheck et al., 2012; 
Suárez et al., 2006). Alien earthworms can often be found 
spreading into habitats where few or no native earthworms 
exist, such as in North America which has been 
depauperate in native earthworms since the last glaciation 
(McCay & Scull, 2019). Similar patterns are believed to 
exist in the taiga region in Russia and the coniferous 
forests of Scandinavia (Hendrix, 2006). The earthworm 
fauna of the North American northeast now includes a few 
native species (Csuzdi et al., 2017), many alien species 
from Europe, and a rapidly rising number of species from 
Asia (Addison, 2009; McCay & Scull, 2019). The tropical 
earthworm Pontoscolex corethrurus, originally native 
to Guyana, was introduced to tropical and sub-tropical 
regions worldwide (S. Taheri et al., 2018). Platydemus 
manokwari (New Guinea flatworm) was both unintentionally 
and deliberately introduced into the soils of many countries 
and islands, where it leads gregarious attacks on large 
earthworms and land snails (Sugiura, 2010; Sugiura & 
Yamaura, 2009). Another flatworm, Obama nungara from 
South America, has been introduced to France (Justine 
et al., 2020). Arthurdendyus triangulatus (New Zealand 
flatworm) can now be found in Great Britain where it causes 
declines in native earthworm populations (Murchie & 
Gordon, 2013).

There is a growing recognition of the influence of alien 
earthworms in tropical environments as well (Marichal et 
al., 2012; Ortíz-Ceballos et al., 2019; Potapov et al., 2021; 
S. Taheri et al., 2018). Earthworm communities in tropical 
agricultural environments often consist of both native and 
invasive alien species; however, it is not always clear what 
role these species are playing, though, without doubt, 

deforestation, the spread of plantations, landscaping and 
an expansion of human activity may serve as drivers that 
facilitate further invasion (Potapov et al., 2021). 

Along the south-eastern Pacific coast, there are records 
for six introduced species of polychaete worms from the 
families Spionidae and Sabellidae (Fuentes et al., 2020; 
Moreno et al., 2006). The species Polydora rickettsi, 
Polydora hoplura and Terebrasabella heterouncinata were 
accidentally introduced. There is no information regarding 
the type of introduction for Boccardia tricuspa, Polydora 
bioccipitalis and Dipolydora giardi (Fuentes et al., 2020). 
All of them compete with the native species. These 
introductions also cause negative economic impacts in the 
aquaculture industry by boring and infesting the shells of 
cultured molluscs (Fuentes et al., 2020; Moreno et al., 2006; 
Chapter 4, Box 4.13).

2.3.1.11	Data and knowledge gaps

Global analyses on invasion trends and status for animals 
are limited to some taxonomic groups, such as mammals, 
birds, reptiles, amphibians, fish, land snails, spiders, 
crustaceans and ants. Many case studies exist on species 
of other groups, but they provide substantially less 
information on general patterns.

Data and knowledge gaps are pervasive across all 
taxonomic groups and geographical levels (Figure 2.6; 
Pyšek et al., 2008; Troudet et al., 2017). Charismatic 
species such as birds and mammals tend to be more 
studied while other taxa, such as herpetofauna and 
invertebrates, have weaker sampling efforts and hence 
more data gaps (Pyšek et al., 2008; Rocha-Ortega et 
al., 2021; Troudet et al., 2017). However, even the most 
intensively studied taxa may not be fully documented at the 
global scale resulting in geographic biases mainly driven 
by economic development (Dawson et al., 2017) and 
linguistic barriers (Angulo et al., 2021; Nuñez & Amano, 
2021). The data gaps comprising both taxonomic groups 
and geographical regions in the marine realm are particularly 
apparent. Unlike terrestrial and freshwater alien species, 
marine alien species are mostly unintentionally introduced, 
and most records are either confined to economically 
impactful species, or to (relatively) large-sized sessile taxa 
inhabiting the intertidal or the shallow shelf. Even for these 
taxa, surveys have not been conducted along region-
wide coastlines, leaving most alien taxa undetected and 
unrecognized. This presents an enormous challenge for 
understanding the dynamics of these biological invasions 
and prioritizing conservation and research aims for marine 
ecosystems (Ojaveer et al., 2015, 2018).

Comprehensive analyses of data and knowledge gaps of 
alien species occurrences are largely lacking on a global 
scale. The few global systematic reviews of alien species 
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distributions available for well-studied taxonomic groups 
such as mammals (Biancolini et al., 2021), birds (E. E. Dyer, 
Cassey, et al., 2017), reptiles and amphibians (Capinha et 
al., 2017) indicate large geographic areas of incomplete 
information. For example, global systematic reviews of 
studies of first record data for alien amphibians and reptiles 
(N. J. van Wilgen et al., 2018; Figures 2.10 and 2.11) 
using model-based estimates of the number of alien turtles 
expected to be introduced but not detected worldwide 
(García-Díaz et al., 2015), showed consistent spatial gaps. 
Alien reptiles and amphibians have been understudied in 
Africa and parts of Asia, whereas the knowledge of alien 
amphibians and reptiles in Meso- and South America varies 
by country. These spatial patterns broadly mirror those of 
native reptiles and amphibians assessed as data-deficient 
in global International Union for Conservation of Nature 
(IUCN) Red List of threatened species assessments (Böhm 
et al., 2013; Stuart et al., 2008) and are very similar for other 
taxonomic groups.

In some cases, even though large regions are indicated as 
invaded due to country-level reporting, it is likely that only 
certain areas of these countries are actually invaded. This 
coarse scale reporting may cause distorted understanding 
of global distribution maps of these species by assigning 
very large territories to invasions while in fact, only smaller 
areas might be concerned. When numbers of invasive alien 
species are compiled, large countries are more likely to be 
tallied as containing species, even if their distributions are 
not greater than in smaller countries, thus contributing to 
this bias. Also, species introduced to new parts of a country 
where they did not previously exist are often not reported as 
being alien, and therefore, total numbers of alien species are 
frequently underestimated. 

Data documenting invertebrate invasions are grossly 
incomplete. Earthworms are understudied compared to 
the impact they have on invaded ecosystems (Hendrix, 
2006; Porco et al., 2013). Many invertebrates are small 
and inconspicuous, and so large numbers of alien 
invertebrates remain undetected. For example, many 
Hymenoptera parasitoids have likely invaded regions 
without being detected likely due to a lack of available 
expertise and monitoring. The Asian parasitic wasp 
species Gryon japonicum (samurai wasp) was being 
evaluated for introduction as a biological control agent of 
Halyomorpha halys (brown marmorated stink bug) in North 
America when researchers discovered that it was already 
present (Talamas et al., 2015). Addressing this problem 
not only requires increased survey effort, but also requires 
increased taxonomic research, since many insect species 
remain undescribed.

Research efforts are also driven by the actual, perceived, 
or projected impacts of invasive alien species, with 
highest-impact species being the most studied (e.g., 

bivalves, a small number of ants, a few other insects, 
some crustaceans, most vertebrates), while those causing 
less conspicuous damage are sometimes neglected 
(Pyšek et al., 2008). For example, of the 19 highly 
invasive ant species, only two are extensively studied 
(over 350 studies each in Web of Science), three are 
much less covered, and the remaining species are almost 
entirely ignored (more than 3 per cent of all studies for 
the 14 other species cumulatively; Bertelsmeier et al., 
2016). Such disparities reflect presumed impacts and 
can potentially bias studies towards species with high 
expected impacts, but they also reflect the low number of 
biological invasion researchers and managers relative to 
the number of insect invasions. 

Other factors contributing to data and knowledge gaps 
include taxonomic uncertainties, inadequate historical 
records, lack of data mobilization (i.e., making data available 
and accessible), sharing, and insufficiently applied expertise. 
Many ecosystems – especially freshwater and marine 
systems – harbour species that cannot be categorized 
as either alien or native with any high degree of certainty. 
In other cases, alien species are wrongly and erroneously 
assumed to be native and to have a natural cosmopolitan 
distribution (Carlton, 2009; Jarić et al., 2019). The problem 
is most severe for small-bodied invertebrates (Marchini 
& Cardeccia, 2017; Ruiz & Carlton, 2003). Freshwater 
examples include bryozoans and rotifers, which are 
ubiquitous in lakes and rivers and have resting stages that 
are common and abundant in the ballast water of some 
transoceanic ships (Kipp et al., 2010), but are rarely reported 
as alien species even in highly invaded aquatic systems 
(Pociecha et al., 2016; Ricciardi, 2015).

In addition to information on the occurrence of alien 
populations, the dates of first introduction are unknown 
for most taxa except for avian and mammalian species 
(Biancolini et al., 2021; E. E. Dyer, Redding, et al., 
2017). In general, more of this temporal information 
exists for Europe, especially for mammals and birds, 
while large gaps are found in Central Africa and South 
Asia. However, in most cases, the proportion of species 
with available temporal information is far below 50 per 
cent (Seebens et al., 2020), often including well-studied 
regions like North America and Europe. Furthermore, 
there is a severe gap in temporal information for 
invertebrates all over the world. 

More work to address the current knowledge gaps remains 
to be done. In particular, further genetic research including 
environmental deoxyribonucleic acid (DNA; Herder et al., 
2014; Hunter et al., 2015; Tingley et al., 2019) will contribute 
to resolving the alien or native status of some species 
and to uncovering cryptic and unrecognized introductions 
(Cogălniceanu et al., 2014; Silva-Rocha et al., 2012; Telford 
et al., 2019).
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2.3.2	 Plants

This section reports on the temporal trends and status of 
the distribution of alien and invasive alien plant species 
for vascular plants (section 2.3.2.1), aquatic plants 
(section 2.3.2.2), algae (section 2.3.2.3) and bryophytes 
(section 2.3.2.4) as well as data and knowledge gaps 
(section 2.3.2.5).

2.3.2.1	 Vascular plants

Trends 

The total number of alien plant species established 
outside of their native ranges worldwide has increased 
continuously for centuries (Figure 2.17), and first records 
of alien plants dating back more than one thousand years 
exist from all over the world (van Kleunen et al., 2019; 
Wijesundara, 2010). As with many other taxonomic groups, 
the rate of accumulation for plants rose dramatically in the 
second half of the nineteenth century, tapering off in the 
early twentieth century, but increasing steeply after ca. 
1970. Indeed, 28 per cent of all established plant records 
worldwide were recorded for the first time after 1970 
(Figure 2.17).

The number of alien plant species introduced is particularly 
important because plant introductions (whether intentional 
or unintentional) are a pathway for other invasive alien 
species introductions such as forest pests and pathogens, 
microbes, and other hitchhikers (Hulme et al., 2008). The 
historical flow of alien plant species among continents 
shows that Europe and temperate Asia are the major 
donors of established alien plant species to other parts of 
the world (Drake et al., 1989; van Kleunen et al., 2015). 
The number of species native to Europe that have been 
established elsewhere is almost three times higher than 
expected (van Kleunen et al., 2015). North America is also 
over-represented, with 57 per cent more species donated 
than expected based on native continental richness. In 
contrast, the continents in the Southern Hemisphere are 
all under-represented as donors of alien species. This 
suggests that, at least for plants, the “Old World versus 
New World” dichotomy (a classical concept in biological 
invasions suggesting that “Old World” biota were more 
likely to invade other parts of the globe due to traits 
they developed in close association with humans in their 
native ranges; Di Castri, 1989) needs to be replaced by 
a Northern Hemisphere versus Southern Hemisphere 
dichotomy for the donor continents of established alien 
plants (van Kleunen et al., 2015). 
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Figure 2  17 	 Status, trends, and data gaps for established alien vascular plants.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by colour. 
The amount of available data is estimated by the proportion of available first records among all records available for that region 
(section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization and do not indicate 
species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of alien species 
per five years). Smoothed trend (line) is calculated as running median (section 2.1.4 for further details about data sources and data 
processing). Note presented numbers may deviate from those reported in the text due to variation among data sources. A data 
management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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While North America has accumulated the greatest number 
of established alien species, the Pacific islands show 
the fastest increase in species numbers with respect to 
land area suggesting that Pacific islands have the highest 
vulnerability to invasions of all areas globally. Oceanic 
islands harbour more established alien plant species than 
similarly sized mainland regions, a phenomenon traditionally 
attributed to the niche space being unsaturated by native 
species or to a greater frequency of introductions (Moser 
et al., 2018; van Kleunen et al., 2015). Given the high 
concentration of endemic species on most oceanic islands, 
the large numbers of established alien species constitute a 
serious threat to global biodiversity (Fernández-Llamazares 
et al., 2021; Pyšek, Blackburn, et al., 2017; van Kleunen et 
al., 2015).

Status

Currently, the total number of established alien plant species 
(13,939 species; van Kleunen et al., 2019) indicates that at 
least 4 per cent of all known vascular plant species (337,137 
species; The Plant List, 2015) have become established 
outside their natural ranges because of human activity. In 
total, 12,345 established alien species are reported from 
mainland regions globally and 8,019 from islands (Pyšek, 
Pergl, et al., 2017).

The cool temperate forest and woodland regions have the 
highest richness of established alien plant species (6,586 
species), followed by tropical (equatorial 4,690 species, 
and savanna 4,843 species), and warm temperate regions 
(4,649 species). In total, temperate regions harbour 9,036 
established alien species relative to 6,774 for tropical 
zones, 3,280 in the Mediterranean regions, 3,057 in 
subtropical regions, and 321 in Arctic regions. When the 
total number of established alien species is standardized to 
the area of each region by comparing species accumulation 
rates with area, it appears that colder temperate and 
Mediterranean regions are more heavily colonized by alien 
species while more arid regions have fewer (Figure 2.17; 
Pyšek, Pergl, et al., 2017).

Hotspots of relative alien species richness (i.e., the per cent 
of established alien species in the total regional flora) appear 
on both the western and eastern coasts of North America, 
north-western Europe, South Africa, south-eastern Australia, 
New Zealand, and India. South Africa, India, California 
(United States), Cuba, Florida (United States), Queensland 
(Australia) and Japan have the highest absolute values of 
established alien species (Essl et al., 2019; Pyšek, Pergl, et 
al., 2017). The mainland regions with the highest numbers 
of established alien species include several Australian states 
(New South Wales is highest in established alien richness 
on this continent) and several North American regions 
such as California, which has 1,753 established alien plant 
species. High levels of island colonization by established 

alien plants are concentrated in the Pacific region, but also 
occur on individual islands across all oceans. About one 
quarter (26 per cent) of the islands investigated by Essl et 
al. (2019) now have more established alien species than 
native species. England, Japan, New Zealand, and the 
Hawaiian archipelago harbour most established alien plants 
among islands or island groups (Pyšek, Pergl, et al., 2017). 
Numbers of established alien species are closely correlated 
with those of native species and also with those of invasive 
alien species. There is also a faster increase in the numbers 
of established alien species with area on islands than in 
mainland regions, indicating a greater vulnerability of islands 
to alien species establishment (Essl et al., 2019; Pyšek, 
Pergl, et al., 2017). 

Among vascular plants, the introduction of alien ferns is 
certainly less investigated and only one global assessment 
for alien ferns exists (E. J. Jones et al., 2019). This study 
lists 157 alien ferns which are found in all climatic zones 
except the Arctic and Antarctic and on all continents. High 
numbers of alien ferns were reported for New Zealand, 
Hawaii, India and Europe.

In terms of plant families, rankings by absolute numbers 
of established alien species reveal that Asteraceae 
(1,343 species), Poaceae (1,267) and Fabaceae (1,189) 
contribute most to the global established alien flora. 
Comparing the number of established alien species in a 
family to its total global richness reveals that some of the 
large species-rich families are over-represented among 
established alien species (e.g., Poaceae, Fabaceae, 
Rosaceae, Amaranthaceae, Pinaceae), some under-
represented (e.g., Euphorbiaceae, Rubiaceae), whereas 
Asteraceae, which has the highest richness of established 
alien species, reaches an expected value based on 
its global species richness. A significant phylogenetic 
signal indicates that some plant families have a higher 
potential for species to establish (Pyšek, Pergl, et al., 
2017). Solanum (112 species), Euphorbia (108) and Carex 
(106) are the richest genera in terms of established alien 
species. Some families are disproportionately over-
represented by alien species on islands (i.e., Arecaceae, 
Araceae, Acanthaceae, Amaryllidaceae, Asparagaceae, 
Convolvulaceae, Rubiaceae, Malvaceae), but significantly 
fewer families are over-represented on mainlands (e.g., 
Brassicaceae, Caryophyllaceae, Boraginaceae). On 
islands, the genera Cotoneaster, Juncus, Eucalyptus, 
Salix, Hypericum, Geranium, and Persicaria are over-
represented, while on the mainland Atriplex, Opuntia 
(pricklypear), Oenothera, Artemisia, Vicia, Galium, and 
Rosa are relatively richer in established alien species 
(Pyšek, Pergl, et al., 2017). 

The 10 most widely distributed established alien plants 
globally occur in at least 35 per cent of the world’s 
regions. Other species such as Sonchus oleraceus 
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Box 2  2  	 Cacti, grasses and woody species: A global assessment of trends and status of 
alien and invasive alien species.

Cacti (Cactaceae, about 1,922 species), grasses (Poaceae, 
about 11,000 species) and woody species are among the most 
studied species from a plant invasion perspective.

Cacti, native to the Americas, were among the first plants 
brought back by European explorers from the Americas in 
the fifteenth century. Most cacti (about 1,600 species, 81 per 
cent of the family) have been introduced outside their native 
ranges via the horticultural trade, especially recently due to 
higher volumes of e-commerce (Glossary; Novoa et al., 2017), 
rapidly increasing the number of established alien cactus 
species (Figure 2.18). However, only 3 per cent of species in 
Cactaceae (57 species) are currently considered as invasive 
alien species (Novoa et al., 2015), with Opuntia ficus-indica 

(prickly pear) being the most widespread (Figure 2.19). 
Although countries such as France, India or the United States 
support many established alien cacti (Figure 2.20), there are 
three main hotspots for invasive alien cacti globally: South 

Africa (35 species recorded), Australia (26 species) and Spain 
(24 species). Most invasive alien cacti are native to Argentina, 
Mexico, and North America, which are roughly bioclimatically 
similar to the invaded regions. Other large regions, such as 
China, North- and South-East Asia, and Central Africa that 
are not intensively invaded by cacti have suitable climates 
for invasive cacti and therefore are at risk of future invasions 
(Glossary; Novoa et al., 2015).

Grasses have been introduced outside their native ranges for 
horticulture, soil stabilization, as food and fodder, as biofuel, or 
as raw materials. Most remarkably, forage grasses have been 
a major focus of plant introduction programmes across large 
areas (Visser et al., 2016). Perhaps as a result of such large 
introduction events, the number of established alien grass 
species has been intermittently increasing since the nineteenth 
century (Figure 2.18). Currently, 1,226 alien grass species are 
reported as established globally (Pyšek, Pergl, et al., 2017). 

(common sowthistle) occur in 48 per cent of the regions 
corresponding to 42 per cent of the globe. Additional 
widely distributed established alien species are Oxalis 
corniculata (creeping woodsorrel), Portulaca oleracea 
(purslane), Eleusine indica (goose grass), Chenopodium 
album (fat hen), Capsella bursa-pastoris (shepherd’s 
purse), Stellaria media (common chickweed), Bidens 
pilosa (blackjack), Datura stramonium (jimsonweed), and 
Echinochloa crus-galli (barnyard grass). However, the 
ranking for invasive alien species differs among global 
databases because the data differ depending on the 

source used. The GloNAF database highlights Lantana 
camara (lantana,120/349 regions for which data on 
invasive status are known), Calotropis procera (apple of 
sodom, 118), Pontederia crassipes (water hyacinth, 113), 
Sonchus oleraceus (108) and Leucaena leucocephala 
(leucaena, 103) as the most distributed invasive alien 
species (Pyšek, Pergl, et al., 2017), while GRIIS (Pagad et 
al., 2022) provides a different ranking (Table 2.15).

Table 2  15  	 Top 10 most widespread invasive alien vascular plant species worldwide.

The number of regions where the species has been recorded and classified as invasive based on GRIIS (Pagad et al., 2022). Note this 
table only refers to the distribution of invasive alien vascular plant species rather than their impacts which are covered in Chapter 4 
(see section 2.1.4 for further details about data sources and data processing). “No. of regions” denotes the number of regions with 
confirmed occurrences of that species according to the chapter database. A data management report for the data underlying this 
figure is available at https://doi.org/10.5281/zenodo.7615582 

Species No. of regions Species No. of regions 

Pontederia crassipes (water hyacinth) 74 Robinia pseudoacacia (black locust) 45

Lantana camara (lantana) 69 Chromolaena odorata (Siam weed) 43

Leucaena leucocephala (leucaena) 55 Pistia stratiotes (water lettuce) 41

Ricinus communis (castor bean) 47 Erigeron canadensis (Canadian fleabane) 38

Ailanthus altissima (tree-of-heaven) 46 Cyperus rotundus (purple nutsedge) 37

https://doi.org/10.5281/zenodo.7615582
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Figure 2  18  	 Trends in numbers of established alien species for Poaceae and Cactaceae.

Cumulative numbers (left panels) and number of established alien species per five-year intervals (right panels). Numbers shown 
underestimate the true extent of alien species occurrences due to a lack of data. Smoothed trends (line) are calculated as 
running medians (section 2.1.4 for further details about data sources and data processing). A data management report for the 
data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582

Regions with the highest numbers of established alien grasses 
are Indonesia, Hawaii, Madagascar, New Zealand, tropical 
Africa, tropical South America and the southern United States 
(Figure 2.20). Among all grasses, tall-statured grasses (defined 
as grass species that maintain a self-supporting height taller 
than or equal to 2 meters; 929 species) are 2–4 times more 
likely to establish than shorter grasses (Canavan et al., 2019). 
This is due in part to their rapid growth rates and capacity to 
accumulate biomass. Tropical Africa (especially islands in the 
Western Indian Ocean) is the main hotspot of established alien 
tall statured grasses, with this group accounting for 30 to 70 per 
cent of all established alien grasses. The Caribbean is another 
such hotspot (Canavan et al., 2019). Overall, 80.6 per cent of all 
tall statured grasses are woody bamboos, of which Bambusa 

vulgaris (common bamboo) is the most widespread species 
(Figure 2.20).

Many woody species (shrubs and trees) are among the most 
widespread and damaging invasive plants (D. M. Richardson 
& Rejmánek, 2011). While there is no precise data available on 
the number of established woody species, D.M. Richardson 
and Rejmánek (2013; 2011) compiled a global database of 
751 invasive alien woody species, comprised of 434 trees 
and 317 shrubs in 90 plant families and 286 genera. These 
alien species were introduced outside of their native ranges 
through many pathways including horticulture (62 per cent of 
invasive woody species: 196 trees and 187 shrubs), forestry 
(13 per cent), food (10 per cent), and agroforestry (7 per cent). 
Regions with the largest numbers of woody invasive alien 
species are North America (212), Pacific Islands (208), Australia 
(203), Southern Africa (178), Europe (134), and Indian Ocean 
Islands (126). Taxa within the genera Acacia and Pinus (Pine) 
comprise a large portion of the woody invasive alien species 
globally. In particular, Pinus (comprising 111 tree and shrub 
species, only one of which has its natural range confined to 

the Northern Hemisphere) have been widely introduced and 
planted in many areas well outside their native range and are 
among the most widely used forestry species worldwide (D. 
M. Richardson et al., 1994). At least 30 Pinus species are 
known to be established alien species and 21 invasive alien 
species (D. M. Richardson, 2006). Pinus contorta (lodgepole 
pine) is one of the most invasive plantation trees (Figure 2.19). 
Native to northwest North America, it is established in Great 
Britain, Ireland, and Russia, and is an invasive alien species in 
Argentina, Australia, Chile, New Zealand, and Sweden (Langdon 
et al., 2010). Pinus invasions were first recorded in South Africa 
in 1855, in New Zealand in 1880 and in Australia in the 1950s 
(20-30 years after the first large plantations were established), 
and most research on Pinus invasions has been done in those 
countries (Simberloff et al., 2009). However, because of a recent 
increase in commercial Pinus plantations in South America 
(Argentina, Brazil, Chile, and Uruguay are the countries having 
the greatest area of planted Pinus), Pinus invasions are currently 
an emerging problem on the continent and are predicted to 
increase rapidly in the next few decades (D. M. Richardson et 

al., 2008). Acacias (about 1,350 species), especially Australian 
acacias (species within the genus Acacia that are native 
to Australia, about 1,012 species), have also been widely 
introduced outside their native ranges for centuries (D. M. 
Richardson et al., 2011). At least 386 Australian acacias have 
been introduced outside Australia, of which 71 are recorded 
as established alien species and 23 as invasive alien species. 
The extent of Australian acacia invasions is likely to increase 
in the future, given that climatic models have suggested that 
a third of the world’s terrestrial surface is climatically suitable. 
For example, Acacia dealbata (acacia bernier; Figure 2.19) 
is currently recorded as an invasive alien species in seven 
countries (D. M. Richardson & Rejmánek, 2011). Since it has 
been introduced widely outside of Australia, further accounts of 
its invasion are likely.
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Figure 2  20  	 Numbers of established alien grasses and cacti worldwide.

Colours indicate established alien species of the families Poaceae and Cactaceae per region, including terrestrial, freshwater 
and marine species. For islands, numbers are shown as dots for visualization. White areas on land denote that information 
is lacking. Note that the legend scale varies among panels (section 2.1.4 for further details about data sources and 
data processing). A data management report for the data underlying this figure is available at https://doi.org/10.5281/
zenodo.7615582

Figure 2  19  	 Examples of the most widespread invasive cacti, grasses and woody species.

Opuntia ficus-indica (prickly pear; top left) is the most commercially important cactus and is recorded as invasive in 26 countries 
worldwide. Bambusa vulgaris (common bamboo; top right) is the most widely cultivated bamboo and recorded as invasive in 5 
countries. Pinus contorta (lodgepole pine; bottom left) is one of the most invasive plantation trees and it is recorded as invasive 
in 5 countries. Acacia dealbata (acacia bernier; bottom right) was introduced to many regions for multiple purposes and is now 
a widespread invasive alien species in 7 countries. Photo credit: Nicole Pankalla, Pixabay – under license CC BY 4.0 (top left) / 
Bishnu Sarangi, Pixabay – CC BY 4.0 (top right) / Walter Siegmund – CC BY 4.0 (bottom left) / Ulrike Leone, Pixabay – CC BY 
4.0 (bottom right).
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2.3.2.2	Aquatic plants

Trends
The first records of alien aquatic plants date back to the 
eighteenth century, becoming more numerous by the early 
1900s (Brundu, 2015b; Chomchalow, 2011; Gettys, 2019; 
M. P. Hill et al., 2020; Hussner et al., 2010). As modelled by 
Seebens, Bacher, et al. (2021), the rate of first records for 
alien aquatic plants increased post-1950, especially after 
1980 when the ornamental plant trade increased (Hrivnák 
et al., 2019; Hussner et al., 2010; Nunes et al., 2015), and 
again after 2008 when aquatic detection improved with 
the development of environmental DNA technology. Both 
the numbers and rates of established alien aquatic plants 
are projected to continue to increase until 2050 (Seebens, 
Bacher, et al., 2021).

Status

Of the 13,168 established alien plant species reported in 
the GloNAF database, less than 1 per cent are aquatic 
(Pyšek, Pergl, et al., 2017). However, comprehensive 
assessments of aquatic alien plants globally are lacking. 
Still, some aquatic plant species are prominent invasive 
alien species. Originally from the tropical zone of South 
America, Pontederia crassipes (water hyacinth), is one of 
the world’s most prevalent invasive alien aquatic plants. 
This free-floating vascular plant has invaded freshwater 
systems in 62 countries, from 40°N to 40°S (Pan et al., 
2011) and, according to recent climate change models, 
its distribution may expand into higher latitudes as 
temperatures rise. It is prevalent in tropical and subtropical 
waterbodies where nutrient concentrations are often high 
due to agricultural runoff, deforestation, and insufficient 
wastewater treatment. There are no records of Pontederia 
crassipes first introductions, but many populations are well 
established and persistent despite control efforts (Coetzee 
et al., 2017; Villamagna & Murphy, 2010). Sheppard et al. 
(2006) provide an evaluation of several aquatic invasive 
alien plant species distributions and status in Europe. For 
example, Azolla filiculoides (water fern), a small annual 
floating fern (hydrophyte), became established in slow 
moving and still water in ponds, canals, dikes and lakes, 
following escape from aquaria and botanical gardens in 
the mid-nineteenth century. The plant is now widespread 
in Central and Western Europe, South Africa, China 
and Australasia. Species from the Americas such as 
Ludwigia grandiflora (water primrose), Ludwigia peploides 
(water primrose), and aquatic perennial herbs (hydro-
hemicryptophytes) are classified as invasive alien species 
in Europe. Crassula helmsii (Australian swamp stonecrop), 
originally from Australia and New Zealand, arrived in the 
United Kingdom in the 1950s and is known as an invasive 
alien species in the United Kingdom and the Kingdom of 
the Netherlands. Elodea canadensis (Canadian pondweed) 
and Elodea nuttallii (Nuttall’s waterweed), both native to 

North America, are the most widespread alien aquatic 
plants in Europe. Introduced in the mid-1800s, Elodea 
canadensis spread along river systems throughout Europe 
in the latter half of the century and now occurs in many 
other countries worldwide. In the early twentieth century, 
Elodea canadensis was replaced by Elodea nuttallii in many 
regions. Elodea nuttallii may in turn begin to be replaced 
by another invasive alien hydrocharitacean species, 
Lagarosiphon major (African elodea), in the United Kingdom 
(Brundu, 2015a). Myriophyllum aquaticum (parrot’s 
feather), from tropical and subtropical South America, is 
the dominant invasive alien aquatic plant in Europe. First 
introduced into France (1880) and then Portugal (1935) 
as an aquarium escapee, Myriophyllum aquaticum is also 
present in the United Kingdom and the Kingdom of the 
Netherlands and is probably more widespread as it was 
sold as an “oxygenating plant” until 2016. It is also a major 
weed in the United States, Australasia, Southern Africa, 
and Asia. 

Among marine vascular plants, the seagrass Zostera 
japonica (dwarf eelgrass) was introduced to the Pacific 
Northwest in the mid-1900s likely via oyster aquaculture and 
has since spread and negatively impacted native Zostera 
marina (eelgrass) and ecosystem processes (Shafer et al., 
2014). Additionally, Halophila stipulacea (halophila seagrass) 
was introduced to the Mediterranean Sea through the Suez 
Canal where it is now widespread (Willette et al., 2014). 
More recently, Halophila stipulacea was introduced to the 
Caribbean Sea where it is spreading and is described as the 
world’s first globally invasive marine angiosperm (Willette et 
al., 2014; Winters et al., 2020). 

2.3.2.3	 Algae

In this section, algae are comprised of taxa of the phyla 
Rhodophyta, Chlorophyta, Charophyta, Cryptophyta, 
Euglenozoa, Haptophyta, Foraminifera, Ciliophora, 
Ochrophyta, Myzozoa and Cercozoa. Other groups of 
microorganisms are covered in section 2.3.3.

Trends 

Globally, many alien green, brown, and red marine algae 
have been reported, with steep increases (Figure 2.21) in 
reports of large macroalgae invaders since the mid-twentieth 
century (Carlton & Eldredge, 2009; Fuentes et al., 2020; 
Ribera & Boudouresque, 1995; J. E. Smith, 2011; Vaz-Pinto 
et al., 2014; Villaseñor-Parada et al., 2018; S. L. Williams 
& Smith, 2007). The high rate of increase since this time 
likely reflects increased global shipping after the invention 
of containerized transport in 1956. A study on the global 
distribution of 97 marine algae with known invasion histories 
revealed that hotspots of future occurrences are in East 
Asian and European waters, largely reflecting high shipping 
intensities of enclosed seas (Seebens et al., 2016).
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The unresolved tensions between using alien species for 
aquaculture and their potential ecological impacts are 
well-represented in the history of seaweed invasions. In the 
1970s, a suite of alien seaweeds was introduced to the 
Hawaiian Islands for mariculture, including Kappaphycus 
striatus (Indo-Pacific red algae) and Gracilaria salicornia (red 
alga), and the tropical Atlantic Hypnea musciformis (hypnea). 
In subsequent decades, these algae spread across the 
Hawaiian Islands. Kappaphycus (red alga) is reported to 
achieve over 50 per cent cover on some Hawaiian coral 
reefs. Efforts to remove alien seaweeds from Hawaiian reefs 
are ongoing. 

Status 

Examples of significant algal invasions with well-
documented ecological and economic impacts include a 
variety of alien species native to Asia, such as Sargassum 
muticum (wire weed), Codium fragile (dead man’s fingers), 
Grateloupia turuturu (devil’s tongue weed), Gracilaria 
vermiculophylla (black wart weed), and Asparagopsis 
armata (Harpoon weed) – all now found on many continental 
margins around the world. Less widely distributed but 
even more notorious is Caulerpa taxifolia (killer algae), 
toxic to certain herbivores. More broadly distributed alien 
macroalgae are not necessarily more likely to succeed in 
new regions than more narrowly distributed species (S. L. 

Williams & Smith, 2007). For example, the genus Capreolia 
(red algae), considered endemic to Australasia, has been 
found on the coast of central Chile, based on molecular 
and morphological analysis (Boo et al., 2014). Pyropia 
koreana (red algae) described previously from Korea, has 
been reported in the Mediterranean Sea (Vergés et al., 
2013) and New Zealand (Nelson et al., 2014) and was 
detected using molecular analysis. Finally, Chondracanthus 
chamissoi (yuyo), considered endemic to the south-central 
coast of Chile, has been reported, through molecular 
analysis, in France, Japan, and Korea, where it shows 
important morphological variations (M. Y. Yang et al., 2015; 
Table 2.16).

The cultivation of algae has facilitated the transfer of native 
species within country borders but still outside its historical 
range of distribution. For example, the macroalga Gracilaria 
chilensis (red seaweed), native to the south-central coast 
of Chile, has been extensively cultivated more than 640 km 
from its northern limit of distribution (Guillemin et al., 2008; 
Santelices, 1989), resulting in established alien populations 
from the escape of vegetative propagules from aquaculture 
facilities (Castilla & Neill, 2009; Guillemin et al., 2008; 
Villaseñor-Parada & Neill, 2011). Moreover, alien mollusc 
aquaculture has been identified as an introduction vector 
for many invasive macroalgae (Ribera Siguan, 2003; S. L. 
Williams & Smith, 2007). Indirect evidence suggests that 
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Figure 2  21 	 Status, trends, and data gaps for established alien algae.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by colour. 
The amount of available data is estimated by the proportion of available first records among all records available for that region 
(section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization and do not indicate 
species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of established 
alien species per five years). Smoothed trend (line) is calculated as running median (section 2.1.4 for further details about data 
sources and data processing). Note presented numbers may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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Table 2  16  	 Top 10 most widespread invasive alien algae species worldwide.

The number of regions where the species is recorded and classified as invasive based on GRIIS (Pagad et al., 2022). Note this table 
only refers to the distribution of invasive alien algae species rather than their impacts which are covered in Chapter 4 (see section 
2.1.4 for further details about data sources and data processing). “No. of regions” denotes the number of regions with confirmed 
occurrences of that species according to the chapter database. A data management report for the data underlying this figure is 
available at https://doi.org/10.5281/zenodo.7615582 

Species No. of regions Species No. of regions 

Undaria pinnatifida (Asian kelp) 9 Gracilaria vermiculophylla (black wart weed) 5

Sargassum muticum (wire weed) 8 Coscinodiscus wailesii (diatom) 5

Caulerpa taxifolia (killer algae) 7 Dasysiphonia japonica (siphoned Japan weed) 5

Caulerpa cylindracea (green algae) 6 Alexandrium tamarense (dinoflagellate) 4

Codium fragile (dead man’s fingers) 6 Alexandrium minutum (dinoflagellate) 4

several species of alien macroalgae have been introduced 
by aquaculture of Magallana gigas (Pacific oyster) in Europe 
(Krueger-Hadfield et al., 2017; Lang & Buschbaum, 2010; 
Mineur et al., 2007), North America (Mathieson et al., 2003) 
and South America (D. E. Bustamante & Ramírez, 2009; 
Croce & Parodi, 2014). Filamentous alien species such as 
Polysiphonia morrowii, or alien species with filamentous 
stages in their life cycle, such as the “Falkenbergia phase” 
of Asparagopsis armata (Harpoon weed) or the “Vaucheroid 
phase” of Codium fragile (dead man’s fingers), benefit from 
the rugosities in the shell of Magallana gigas where they can 
pass unobserved.

Alien macroalgae species themselves can serve as an 
introduction vector for other alien species that live as 
epiphytes in the thallus. For example, in many ecosystems 
where Codium fragile (dead man’s fingers) has been 
introduced, its most conspicuous epiphyte is the Asian 
macroalgae Melanothamnus harveyi (Harvey’s siphon weed; 
e.g., González & Santelices, 2004; E. Jones & Thornber, 
2010; Schmidt & Scheibling, 2006; Villaseñor-Parada 
& Neill, 2011). Apparently, Melanothamnus harveyi is a 
secondary introduction associated with Codium fragile. 
Native species may also play an important role in the 
spread of alien species. For example, Schottera nicaeensis 
(red algae) and Asparagopsis armata (Harpoon weed) are 
invasive alien species in the Pacific southeast coast, and 
they have been found as epiphytes in drifting thalluses of 
the buoyant macroalgae Durvillaea antarctica (cochayuyo), 
becoming a potential dispersal mechanism for these 
species (Macaya et al., 2016). For example, the release 
of reproductive fragments adrift has been identified as 
alternative dispersal strategies in Codium fragile (Villaseñor-
Parada et al., 2013) and Mastocarpus latissimus (Oróstica 
et al., 2012).

2.3.2.4	 Bryophytes 

Trends 

Cumulative numbers of first records grew slowly until 1950 
and have since increased rapidly worldwide (Figure 2.22), 
particularly in Oceania and Europe (Essl et al., 2013). 

Status

The most comprehensive assessment of alien bryophytes 
compiled data from 82 locations on five continents in 
both hemispheres (Essl et al., 2013). To date, 139 species 
of bryophytes are considered alien in at least one of the 
regions studied, of which 79 are established, 19 are casual 
and 41 are cryptogenic (of uncertain origin; Glossary) 
occurrences. Of these, 106 are mosses, 28 liverworts, 
and 5 hornworts. Only 18 species (i.e., 13 per cent) 
are recorded as alien from at least five regions, with the 
most widespread being Campylopus introflexus (heath 
star moss; the best documented invasion, introduced 
to the United Kingdom in 1941 and coastal Europe in 
1954 and currently extending to Russia in the east and 
the Mediterranean in the south), Kindbergia praelonga 
(common feather moss), Lunularia cruciata (crescent-cup 
liverwort), Orthodontium lineare (cape thread-moss), and 
Pseudoscleropodium purum (neat-feather moss). The 
two most important pathways for bryophyte introductions 
are unintentional imports as hitchhikers on ships and 
planes and as epiphytes on ornamental plants and other 
horticultural supplies with 34 and 27 species, respectively. 
Most alien bryophytes occur in human-made habitats, 
such as ruderal sites, roadsides, and lawns, while only 
a few natural ecosystems such as forests and rocky 
outcrops regularly harbour alien bryophytes (Essl et 
al., 2013).
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Among locations of the Northern Hemisphere, the highest 
numbers of alien bryophytes are recorded for the Hawaiian 
Islands, United States and United Kingdom (22 species), 
followed by British Columbia, Canada (13 species), Ireland 
(11 species), California, United States (10 species) and 
France (10 species). In the Southern Hemisphere, most 
alien bryophyte species are recorded on islands (South 
and North Islands of New Zealand, 27 species each; St. 
Helena, 22 species). Continental South America, Asia and 
Africa have much lower numbers of alien bryophytes, from 
three to six species (Essl et al., 2013). In general, islands 
are more invaded by alien (and cryptogenic) bryophytes 
than continental regions (Essl et al., 2013). For invasive alien 
bryophytes, GRIIS (Pagad et al., 2022) lists only two species 
that occur in more than one region, Campylopus introflexus 
(heath star moss) and Orthodontium lineare (cape thread-
moss), each occurring in two regions.

2.3.2.5	 Data and knowledge gaps

The GloNAF database and associated analyses (Pyšek, Pergl, 
et al., 2017; van Kleunen et al., 2015, 2019) make it possible 
to quantify the proportion of a continental area for which data 
on established alien vascular plants are available (e.g., Box 
2.2). GloNAF 1.1 covers more than 83 per cent of the world’s 
ice-free terrestrial surface in terms of regions (n = 843) for 
which alien floras are available, but there is great variation in 

the geographic coverage among the continents defined by 
the Biodiversity Information Standards (TDWG, 2021). There 
is nearly complete data coverage, in terms of the proportion 
of individual regions having data on their alien floras, for 
Australasia (99.5 per cent of regions at the country, state, 
district or island level have information on alien flora), Africa 
(98.6 per cent), North America (95.9 per cent), South America 
(95.8 per cent) and Antarctica (90.2 per cent). The continents 
with lower coverage are tropical Asia (68.5 per cent), and 
particularly temperate Asia (54.8 per cent), where data are 
missing primarily for parts of Russia. The lack of data on alien 
floras for some regions of the European part of Russia also 
results in rather low coverage for Europe as a whole (63.8 per 
cent of the continent area). Data on alien plants are available 
for about half of the total area of the Pacific islands (49.1 
per cent). However, good geographical coverage does not 
mean the information on the alien plants for a given region 
is complete; there can be data gaps even for well-studied 
regions (Pyšek et al., 2008), as well uncertainties about a 
species status. Notably, identification of alien species is 
challenging for taxa with a distribution over more than one 
continent, for which no global identification key is available, 
and especially when the origin of the alien plant is unknown, 
such as for Cyperaceae, Hydrocotyle or Myriophyllum. The 
quality and completeness of individual datasets also vary 
greatly, as does the assessment of the status of alien species, 
habitat affiliations, first records and pathways (Figure 2.22). 
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Figure 2  22 	 Status, trends, and data gaps for established alien bryophytes.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by colour. 
The amount of available data is estimated by the proportion of available first records among all records available for that region 
(section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization and do not indicate 
species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of established 
alien species per five years). Smoothed trend line is calculated as running median (section 2.1.4 for further details about data sources 
and data processing). Note numbers presented may deviate from those reported in the text due to variation among data sources. A 
data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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Ideally, records of alien plants occurrences would be collected 
following broadly accepted standards that reflect the research 
infrastructure and resources (Latombe et al., 2017; Chapter 
6, section 6.6.2.3).

Similarly, comprehensive databases such as the GloNAF 
database are not available for bryophytes or algae, severely 
limiting the potential for a thorough assessment of the 
trends and status for these groups. While alien bryophytes 
in Central and Western Europe and North America are 
well-documented, data on alien bryophytes on all other 
continents, and particularly in the tropics, are rarely available 
(Essl et al., 2013). The number of algal invasions worldwide 
is poorly known due to low research efforts. In addition, 
comparatively high taxonomic uncertainty makes it difficult 
to compare species identities among studies. Many 
hundreds of seaweed species bear the same name around 
the world but are regarded as naturally distributed. These 
species doubtless represent a mixture of species complexes 
peppered with many overlooked invasions. Furthermore, 
the original native ranges are often unknown, making it 
impossible to determine whether populations are native or 
alien in that region. As a consequence, many populations 
of algae and bryophytes species can only be classified 
as cryptogenic and a comprehensive assessment of the 
current status of their alien distributions remains elusive.

Finally, the aforementioned databases provide regional lists 
of alien taxa without information on their precise spatial 
distributions. In large countries it is especially common 
that a reported species occurs in only part of the country. 
Occurrence datasets like the GBIF hold such spatially 
explicit data but to date report only incomplete information 
on the biogeographic status of taxa, that is, whether a 
species is native or alien (C. Meyer et al., 2016). Additionally, 
like all global databases, GBIF records for plants are biased 
in terms of taxonomy, space, and time (A. C. Hughes et 
al., 2021; C. Meyer et al., 2016; Troudet et al., 2017). 
However, new methods are emerging that allow the use of 
probabilistic tools to estimate the biogeographic status of 
occurrence records (Arlé et al., 2021).

2.3.3	 Fungi and microorganisms 

This section reports on the temporal trends and status of 
the distribution of alien and invasive alien species for fungi 
(section 2.3.3.1) and the group of Chromista, bacteria and 
viruses (section 2.3.3.2) as well as data and knowledge 
gaps (section 2.3.3.3). In this chapter the group of 
microorganisms is split into “fungi” (section 2.3.3.1) with 
the phyla Ascomycota, Chytridiomycota, Basidiomycota, 
Microsporidia, and Zygomycota, and “Chromista, bacteria 
and viruses” (section 2.3.3.2) with the taxonomic groups 
Oomycota, Actinobacteria, Chlamydiae, Cyanobacteria, 
Firmicutes, Proteobacteria, and viruses. Other groups of 

microorganisms are covered in section 2.3.2.3. Note that 
there can be a high degree of uncertainty about to the 
status of microorganisms as native or alien. 

2.3.3.1	 Fungi 

Trends 

Fungi comprise an immensely diverse biological kingdom 
that forms complex interactions at multiple ecological levels. 
Fungal invasions are increasingly recognized as key drivers 
of wildlife mortality and population declines for amphibians, 
bats, bees, soft coral, and other organisms (Fisher et al., 
2012). Introduction of undesirable alien fungi such as 
those producing repellent smells or toxic compounds, is 
also problematic (Parent et al., 2000; A. Pringle & Vellinga, 
2006). Negative impacts of plant diseases caused by 
fungal invasions have resulted in widespread ecosystem 
disruptions that indirectly impact the function of forests, 
streams, and other natural environments (Anderson et al., 
2004; Scott et al., 2019; Chapter 4, section 4.3.1) such as 
Hymenoscyphus fraxineus (ash dieback; Table 2.17) causing 
ash dieback in Europe. In addition, alien fungal pathogens 
have severe negative impacts on agricultural crops (Chapter 
4, section 4.4.1). Examples include Phytophthora ramorum 
(sudden oak death; Thakur et al., 2019), Phyllosticta citricarpa 
(citrus black spot; Guarnaccia et al., 2019), Phakopsora 
pachyrhizi (soybean rust; Dean et al., 2012) or Pyricularia 
oryzae (rice blast disease; Fones et al., 2020). 

With an increasingly connected world, the rate at which 
alien fungi are recorded is accelerating (Bebber et al., 2013; 
Desprez-Loustau, 2009; Fisher et al., 2012). First reports 
(Figure 2.23) of alien fungi have increased consistently 
since the mid-1800s (Bebber et al., 2013; Fisher et al., 
2012; Monteiro et al., 2020; Santini et al., 2013), with 
approximately 25 per cent of all dated records reported 
since 2000 (Monteiro et al., 2020). New species discovery 
for fungi has risen from 1,000-1,500 per year in the mid-
2000s, to a peak of more than 2,500 species in 2016 and 
over 2,000 new species discovered in 2019 (Cheek et al., 
2020). Nonetheless, reports of new occurrences are almost 
certainly underestimated (Bebber et al., 2019). In addition, 
with rising temperatures and more frequent extreme weather 
events, fungi are not only able to invade novel geographical 
areas, but some potentially pathogenic species are also 
beginning to evolve levels of thermotolerance that could 
allow them to breach the thermal barriers that have long 
protected mammals from fungal infections, representing 
a further threat to human health and wellbeing (Nnadi & 
Carter, 2021).

Status

Fungi are widely dispersed by humans, often unintentionally 
or as stowaways, via transport through the trade of goods 
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such as plants, seed, wood, shipping containers and other 
materials (Desprez-Loustau, 2009). Fungi are also dispersed 
across long and short distances in the atmosphere by wind 
or water and weather disruptions can play a significant 
role in spreading fungi into new regions (Anderson et 
al., 2004; J. K. M. Brown & Hovmøller, 2002). Fungi are 

being recorded on all continents, including Antarctica 
(Figure 2.23). 

The fungi comprise an immensely diverse biological 
kingdom that forms complex interactions at multiple 
ecological levels. Their inconspicuous nature and dispersal 
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Figure 2  23 	 Status, trends, and data gaps for established alien fungi.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by colour. 
The amount of available data is estimated by the proportion of available first records among all records available for that region 
(section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization and do not indicate 
species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of established 
alien species per five years). Smoothed trend (line) is calculated as running median (section 2.1.4 for further details about data 
sources and data processing). Note that presented numbers may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582

Table 2  17  	 Top 10 most widespread invasive alien fungi worldwide.

The number of regions where the species has been recorded and classified as invasive based on GRIIS (Pagad et al., 2022). Note this 
table only refers to the distribution of invasive alien species rather than their impacts which are covered in Chapter 4 (see section 
2.1.4 for further details about data sources and data processing). “No. of regions” denotes the number of regions with confirmed 
occurrences of that species according to the chapter database. A data management report for the data underlying this figure is 
available at https://doi.org/10.5281/zenodo.7615582 

Species No. of regions Species No. of regions 

Ophiostoma novo-ulmi (Dutch elm disease) 10 Ophiostoma ulmi (Dutch elm disease) 4

Batrachochytrium dendrobatidis (chytrid 
fungus)

9 Erysiphe alphitoides (oak mildew) 3

Cryphonectria parasitica (blight of chestnut) 5 Melampsoridium hiratsukanum (alder rust) 3

Hymenoscyphus fraxineus (ash dieback) 5 Clathrus archeri (devil’s fingers) 2

Pyrrhoderma noxium 5 Cronartium ribicola (white pine blister rust) 2

https://doi.org/10.5281/zenodo.7615582
https://doi.org/10.5281/zenodo.7615582
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by small, often long-lived spores make the spread of fungi 
to new locations difficult to control and easy to overlook. 
Fungal size, particularly the size of the fungal spore-
bearing structures, greatly influences how invasive alien 
fungi are recognized and studied (Desprez-Loustau et al., 
2010). The “microfungi,” so called because their spore-
bearing structures are microscopic, are the most important 
fungi associated with plant diseases. In contrast, the 
“macrofungi”, which produce large and sometimes vividly 
coloured spore-bearing structures (e.g., mushrooms), are 
mostly saprophytes and ectomycorrhizal fungi. Although 
the distinction between macro and microfungi is artificial, 
fungal size alone does influence the assessment of invasion 
dynamics of invasive alien fungi. 

About 650 species of macrofungi have been recorded 
outside their native ranges (Monteiro et al., 2020). Most 
belong to the orders Agaricales (44 per cent) and Boletales 
(29 per cent); slightly more than half are ectomycorrhizal, 
and the remainder are saprotrophic (Monteiro et al., 2020). 
The most widely distributed alien macrofungi include 
Amanita muscaria (fly agaric), Amanita phalloides (death 
cap), Phellinus noxius (brown tea root disease), Suillus 
granulatus (weeping bolete mushroom), and Suillus luteus 
(ectomycorrhizal fungus of pine) (Monteiro et al., 2020). The 
highest known diversity of macrofungal alien species is in 
the Southern Hemisphere in countries such as Argentina, 
Brazil, Chile, New Zealand, and South Africa, and in several 
European countries, including France, Germany, and the 
United Kingdom (Monteiro et al., 2020; Vellinga et al., 2009). 

Invasive alien fungal symbionts have been co-introduced 
with their hosts, as in the case of the ectomycorrhizal 
fungus Amanita phalloides (death cap), a native of Europe 
introduced to Australia and North and South America, 
probably in soils as consequence of the plant trade 
(A. Pringle et al., 2009; Vellinga et al., 2009; A. Pringle 
& Vellinga, 2006). According to Vellinga et al. (2009), 
about 200 species of ectomycorrhizal fungi (including 
ascomycetes and basidiomycetes) have been introduced 
into novel habitats due to the transport of Eucalyptus and 
Pinus spp. (Pine).

Dung fungi that have accompanied their herbivore partners 
introduced to the Caribbean islands are a good example 
(M. J. Richardson, 2008). Commercial use of “biofertilizers” 
based on arbuscular mycorrhizal fungi is another example. 
This has led to a global spread of these species (Thomsen 
& Hart, 2018). Although they can have long-term effects 
on ecosystems, such alien species tend to go unnoticed 
(Velásquez et al., 2018) or, in the case of “biofertilizers”, 
unrecognized as an invasion. Some unnoticed alien 
fungal species may be mutualists associated with only 
one symbiont species, for example as a plant endobiont. 
If that symbiont is itself an invasive alien species, a case 
can be made that the unnoticed mutualist too is behaving 

invasively by contributing to the success of its associated 
invasive alien plant. Therefore, an as yet unknown 
number of additional fungal invasive alien species may 
remain undetected.

Most parasitic fungi affect plants (Anderson et al., 2004). 
Examples of invasive alien species include Cryphonectria 
parasitica (blight of chestnut; Gruenwald, 2012), 
Ophiostoma spp. including Ophiostoma novo-ulmi (Dutch 
elm disease; Brasier & Kirk, 2000), Cronartium ribicola 
(white pine blister rust), Austropuccinia psidii (myrtle rust), 
and Discula destructiva (dogwood anthracnose). More 
aggressive genotypes of known plant pathogenic fungi may 
also arrive as alien species and later become invasive (Arenz 
et al., 2011). Also important are invasive alien oomycetes 
such as Phytophthora pinifolia causing needle disease in 
Pinus radiata (radiata pine) in Chile (Durán et al., 2008) and 
hybridization of oomycetes in the genus Phytophthora that 
can cause serious damage to agriculture, horticulture, and 
forestry (Érsek & Nagy, 2008).

Alien and invasive alien fungi that are pathogenic to animals 
include Batrachochytrium dendrobatidis (chytrid fungi) and 
Batrachochytrium salamandrivorans (chytrid fungi) which are 
the agents of chytridiomycosis, a disease spread by trade 
and causing massive global amphibian declines (Berger et 
al., 2016; Weldon et al., 2004), and Pseudogymnoascus 
destructans (white-nose syndrome fungus) in bats (Hendrix 
& Bohlen, 2002; Hovmøller et al., 2016; Sikes et al., 2018; 
Thakur et al., 2019).

2.3.3.2	 Chromista, bacteria, protozoans, 
and viruses

Chromista and other eukaryotic protists constitute several 
biological kingdoms independent of those for animals, 
fungi, and plants. Their underlying phylogeny remains poorly 
understood, with classifications frequently and often radically 
changing as molecular evidence becomes available. 
Chromista includes major groups of ecologically highly 
significant organisms, including many marine algae, diatoms 
and oomycetes. Note that some groups of Chromista, 
which are usually considered algae, are addressed in 
section “Algae” (section 2.2.2.3). Here, taxa of the groups 
Oomycota, Actinobacteria, Chlamydiae, Cyanobacteria, 
Firmicutes, Proteobacteria and viruses are included.

Along with the true fungi, the Oomycota (with few 
exceptions including Phytophthora) have rarely been 
analysed within the context of biological invasions. Recent 
advances in molecular analyses, however, have shown 
that at least some of these species have defined natural 
distributions and can be considered alien if introduced 
by humans beyond the native range. The emergence of 
microbial invasive alien species, pathogenic or not, is thus a 
global phenomenon and a major threat in invasion ecology 
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(Jack et al., 2021; Litchman, 2010; Mawarda et al., 2020; 
Ricciardi et al., 2017; Thakur et al., 2019). 

Trends 

The numbers of alien oomycetes have risen continuously 
since 1900 (Figure 2.24; Santini et al., 2013), as has the 
numbers for other alien microorganisms as well (Figure 
2.25). The new arrivals include some species which are 
causal agents of serious plant diseases (Blehert et al., 2009; 
Fisher et al., 2009; Robert et al., 2012; Singh et al., 2008). 
Global trade is a major driver of oomycete invasions as they 
are usually unintentionally introduced on their hosts or as 
contaminants of goods (Sikes et al., 2018). In particular, 
plants transported with intact root systems, and particularly 
with soil, are likely to host potentially alien oomycete 
species, both beneficial and pathogenic. 

Historically, there have been several oomycete invasions that 
have had huge impacts on humans. The most prominent 
is Phytophthora infestans (Phytophthora blight) introduced 
in the 1800s from North America to Europe. The dispersal 
of Phytophthora infestans is well documented with multiple 
periods of intense spread over the past 200 years (Fry, 
2008). It was the main cause of repeated total potato crop 
failures resulting in massive famines with millions of deaths 
and a huge wave of emigration by hundreds of thousands of 

Europeans (Woodham-Smith, 1962; Yoshida et al., 2013). 
Importantly, Phytophthora species can hybridize, attain 
greater vigour, and potentially infect a wider host range 
relative to parent species thereby creating a serious threat to 
managed and natural systems (Van Poucke et al., 2021). 

Status 

Well-documented microbial invaders are typically pathogenic 
organisms which are detected because of their devastating 
impacts. Anderson et al. (2004) provided a list of emerging 
infectious diseases including Phytophthora ramorum 
(sudden oak death; Gruenwald, 2012).

Biological invasions caused by viruses are also extremely 
relevant in the context of plants as they account for almost 
50 per cent of their emerging infectious diseases (Anderson 
et al., 2004). In many cases they are transmitted by an 
invasive alien host species such as Bemisia tabaci (tocacco 
whitefly), which can transmit over 114 virus species (D. R. 
Jones, 2003). Despite its tropical origin, there have been 
outbreaks of Ralstonia solanacearum biovar 2 (brown potato 
rot) in Europe where it survives the winter in waterways 
in association with endemic plants (Stevens & van Elsas, 
2010). Many pathogenic microbes are thought to be alien 
species in the areas in which they were found (Rúa et 
al., 2011).
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Figure 2  24 	 Status, trends, and data gaps for established alien oomycetes.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by colour. 
The amount of available data is estimated by the proportion of available first records among all records available for that region 
(section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization and do not indicate 
species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of established 
alien species per five years). Smoothed trend (line) is calculated as running median (section 2.1.4 for further details about data 
sources and data processing). Note presented numbers may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582

https://doi.org/10.5281/zenodo.7615582
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Figure 2  25 	 Status, trends, and data gaps for established alien Chromista, bacteria, 
protozoans, and viruses.

The number of established alien species per region (upper left) and the amount of available data (upper right) are indicated by colour. 
The amount of available data is estimated by the proportion of available first records among all records available for that region 
(section 2.1.4 for further details). Grey regions denote areas with lacking data. Oceans are tinted for visualization and do not indicate 
species numbers. Trends are shown in lower panels for cumulative numbers and as a rate of increase (i.e., numbers of established 
alien species per five years). Smoothed trend (line) is calculated as running median (section 2.1.4 for further details about data 
sources and data processing). Note presented numbers may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582

Detection of non-pathogenic microbial species is more 
difficult because their impacts can be more subtle and do 
not result in mortality or disease and are therefore harder to 
quantify unless previously identified impacts are specifically 
looked for. Co-invasion of non-pathogenic microbes with 

plants has been detected in California, United States 
where genomic analyses revealed that Ensifer medicae, a 
bacterial symbiont associated with the legume Medicago 
polymorpha (bur clover), was introduced from Europe 
(Porter et al., 2018). Similarly, colonization of New Zealand 

Table 2  18  	 Top 10 most widespread invasive alien taxa of the groups Chromista and 
bacteria worldwide.

The number of regions where the respective species has been recorded and classified as invasive based on GRIIS (Pagad et al., 
2022). Note that this table only refers to the distribution of invasive alien species rather than their impacts which are covered in 
Chapter 4 (see section 2.1.4 for further details on data sources and data processing). “No. of regions” denotes the number of 
regions with confirmed occurrences of that species according to the chapter database. A data management report for the data 
underlying this figure is available at https://doi.org/10.5281/zenodo.7615582 

Species No. of regions Species No. of regions 

Vibrio cholerae (cholera) 17 Phytophthora cambivora (root rot of forest 
trees)

3

Aphanomyces astaci (crayfish plague) 13 Phytophthora cactorum (apple collar rot) 2

Phytophthora cinnamomi (Phytophthora dieback) 5 Phytophthora gonapodyides (oomycetes) 2

Phytophthora ramorum (sudden oak death) 4 Phytophthora infestans (Phytophthora blight) 2

Yersinia pestis (black death) 4 Phytophthora plurivora (oomycetes) 2

https://doi.org/10.5281/zenodo.7615582
https://doi.org/10.5281/zenodo.7615582
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by European Lotus corniculatus (bird’s-foot trefoil) coincides 
with the introduction of its symbiotic partner, the bacterium 
Mesorhizobium loti (Sullivan et al., 1995, 1996).

In most cases, it is unknown whether these introductions 
spread to other hosts in the introduced habitats which might 
potentially lead to the displacement of native symbiotic 
species. Although most known microbial introductions have 
been reported from Europe, South America, Australia, and 
New Zealand, these data might be biased by the number of 
papers published from each country (Vellinga et al., 2009). 
Table 2.18 lists the 10 most widespread invasive alien 
Chromista and bacteria and the number of regions each 
has invaded.

2.3.3.3	 Data and knowledge gaps

Data and knowledge gaps for fungi are vast. Fungi are 
frequently unnoticed or unreported, particularly in regions 
where scientific infrastructure is minimal (Desprez-Loustau 
et al., 2010). Information about alien fungi in different 
regions can vary tremendously, with biases associated 
with available scientific infrastructure, taxonomic expertise, 
crop production, and trade routes (Desprez-Loustau et al., 
2010; Lofgren & Stajich, 2021). There are generally far fewer 
records of fungi than for animals and plants, even from 
areas with a strong tradition of fieldwork. There are several 
estimates of the total number of fungal species, with values 
ranging from 2.2 to 5.1 million, to as many as 11.7 to 13.2 
million species (Lofgren & Stajich, 2021). These millions 
of predicted fungal species greatly eclipse the 146,155 
species that are so far discovered and named (Kirk, 2021) 

and indicate that as many as 98.8 per cent of all fungal 
species await discovery. Although the rate of new species 
discoveries has accelerated since the advent of DNA 
technologies, at the current rate of about 2,000 new fungal 
species described each year (Cheek et al., 2020), it will be 
at least a thousand years before a comprehensive inventory 
of fungal diversity is made.

The continued paucity of rapidly accessible and reliable 
information for fungi remains a major hurdle for identifying 
new fungal invasive alien species, particularly cryptogenic 
fungi, as their initial establishment phase, which is the only 
stage at which effective countermeasures are feasible, often 
remains unnoticed until major damage is done (McMullan 
et al., 2018). Another important knowledge gap is an 
insufficient understanding of the taxonomic limits of fungal 
species. This hinders effective quarantine of animal and 
plant pathogens. Using molecular phylogenetics, several 
disease-causing microfungi were found to belong to 
species complexes, and incorrect identifications have led to 
confusion (Coleman, 2016; X. Lin & Heitman, 2006; Thines 
& Choi, 2016). 

As with fungi, only 10 per cent of all probable oomycete 
species are estimated to be known and described (Thines, 
2014), a large knowledge gap. Information about non-
terrestrial species is similarly limited, although several 
invasions by aquatic algae have been documented (Acosta 
et al., 2015), including the Prymnesium parvum (golden 
algae) which has successfully established in freshwater 
ecosystems in several locations in the United States (Roelke 
et al., 2016; see also section 2.2.2 including Algae).

Box 2  3  	 Evolution during biological invasions.

Biological invasions have been instrumental in demonstrating that 
evolution can be rapid enough to contribute to contemporary 
ecological dynamics and that feedback between ecology and 
evolution can occur within a few generations (so-called “eco-
evolutionary dynamics”; Carroll et al., 2007; Hendry, 2020). 
Evolution can influence the trends and status of biological 
invasions by enhancing dispersal rates that lead to species 
range expansion, improving alien species’ performance, and 
increasing adaptation to novel environments (Suarez & Tsutsui, 
2008; Vellend et al., 2007). Indeed, approximately half of the 
investigated plants and animals show increased size and 
fecundity in their new range (Parker et al., 2013); many of these 
differences are likely to have a genetic basis. Adaptive evolution 
(i.e., evolutionary changes that increase the chance of survival 
and reproduction) is thought to be common for alien species, 
especially alien plants (Hodgins et al., 2009). A well-known 
animal example is Rhinella marina (cane toad), which has evolved 
longer legs and faster movement as its alien range has expanded 
across Australia (Phillips et al., 2006). 

Observations of evolution during invasion initially presented 
researchers with a paradox. Newly introduced populations 
tend to be small and are therefore expected to contain low 
genetic diversity, thereby limiting the population’s ability to 
respond to selection (Sakai et al., 2001). However, some 
populations that undergo founder effects and genetic 
bottlenecks can evolve rapidly (Dlugosch & Parker, 2008). In 
fact, low genetic variation can facilitate invasive behaviour. 
For example, loss of genetic variation may have reduced 
intraspecific aggression among alien populations of 
Linepithema humile (Argentine ant), leading to the formation of 
competitively dominant “supercolonies” (Tsutsui et al., 2000). 
Other successful invasive alien species have been introduced 
multiple times and in high numbers (i.e., high propagule 
pressure), offsetting founder effects and limiting genetic 
bottlenecks (Roman & Darling, 2007). Indeed, introductions 
of individuals from different parts of a species’ native range 
can create genetic admixtures (a mixture of previously distinct 
genetic lineages), boosting levels of standing genetic variation 
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Box 2  3  

in the new range (Meyerson & Cronin, 2013) and potentially 
providing fitness advantages through hybrid vigour and 
increased variation, on which selection can act (S. R. Keller 
& Taylor, 2010). The contribution of novel mutations in large 
invasive alien populations also cannot be discounted (Colautti 
& Lau, 2015). 

Hybridization and introgression

Genetic variation can also be enhanced during invasion by 
hybridization among species and interbreeding between native 
and introduced genotypes (Meyerson et al., 2010; Meyerson 
& Cronin, 2013); these mechanisms occur commonly and 
can play an important role during invasion (Hovick & Whitney, 
2014; Largiadèr, 2008). Hybridization can facilitate successful 
invasions if it is beneficial and increases fitness (Bossdorf et al., 
2005; Ellstrand & Schierenbeck, 2000; Meyerson et al., 2010; 
Rius & Darling, 2014); and may help a species overcome Allee 
effects associated with small sizes of introduced populations 
(Yamaguchi et al., 2019). For example, hybridization between 
Sporobolus alterniflorus (smooth cordgrass), which was 
deliberately introduced to the North American Pacific coast 
from its Atlantic-coast native range, and native Sporobolus 

foliosus (California cordgrass) have generated highly invasive 
hybrid populations (Daehler & Strong, 1997). Particularly 
in plants, polyploidy (i.e., genome duplication), sometimes 
in association with hybridization (Strong & Ayres, 2013), is 
linked with the success of some alien species through several 
mechanisms, including enhanced genetic variability (Suda et 

al., 2015; te Beest et al., 2011). Nonetheless, how frequently 
the benefits of hybridization outweigh the negative effects is still 
poorly understood (Hodgins et al., 2018).

Plasticity and adaptation

Invasive alien populations with low genetic variation can also 
respond to environmental variation in a new range through 
phenotypic plasticity (Torchyk & Jeschke, 2018). Through 
plasticity, a single genotype can undergo physiological, 
phenological, and morphologic changes in response to 
environmental conditions, which can have significant 
evolutionary implications (Schlichting, 1986). While it is 
expected that plasticity will support the establishment and 
spread of alien species introduced to novel environments 
(Richards et al., 2006), support for the hypothesis that invasive 
alien species display greater plasticity than native or non-
invasive alien species is mixed (A. M. Davidson et al., 2011; 
Meyerson et al., 2020; Palacio-López & Gianoli, 2011; Torchyk 
& Jeschke, 2018). Phenotypic variation can also be generated 
during invasions through epigenetic mechanisms, that is 
heritable DNA modifications without changes in the genetic 
code (Bossdorf et al., 2008). While epigenetic variation has 
been associated with some successful invasions (C. Liu et al., 
2020; Richards et al., 2012), it is too early to generalize about 
the importance of this mechanism for invasions (Bock et al., 
2015). Invasive alien species can also adapt to environmental 
conditions in their new range and increase their abundance, 

though few empirical studies have quantified these links 
(Hodgins et al., 2018). For example, Lythrum salicaria (purple 
loosestrife) in North America has experienced demographic 
benefits of adaptation estimated to be equivalent to those 
that the species enjoys from natural enemy release (Colautti & 
Barrett, 2013).

Data and knowledge gaps

A key uncertainty is how much evolution favours or hinders the 
outcome of a biological invasion, for example, by making the 
difference between invasion success and failure (Bock et al., 
2015). To this end, perspectives from ecology and evolution 
could be further integrated by combining genomic tools 
with more classical experimental and comparative studies to 
test the mechanisms and consequences of evolution during 
invasion (Holman et al., 2019; McCartney et al., 2019). Another 
critical question is to what extent evolution allows alien species 
to colonize environments that are outside of their native-range 
ecological niches (Moran & Alexander, 2014; Pearman et al., 
2008). Settling this question is important for commonly used 
tools such as species distribution models to forecast potential 
distributions of alien species (Pearman et al., 2008). Finally, 
studies of invasions have shown that some species can 
rapidly adapt to changing environments (Colautti & Lau, 2015; 
Hodgins et al., 2018). Alien species may be exceptionally 
responsive to interacting global-change drivers (Moran & 
Alexander, 2014), such as climate change or land-use change, 
a topic warranting further research (Chapter 3, sections 3.5 
and 3.6.1).

Linking evolution and molecular tools 
to invasive alien species impacts 
and management

Just as alien species adapt to their novel environments, so too 
have native species evolved in response to the novel selection 
pressures posed by alien species. Evolutionary responses to 
exposure to alien competitors appear to be widespread in 
plants (Oduor, 2013). Thus, evolution may partially mitigate 
the negative impacts of invasive alien species on native 
communities (Carroll, 2011). This understanding also points to 
ways in which genetic tools and evolutionary principles may 
help to mitigate some of the impacts of invasive alien species 
(Chown et al., 2015; Lankau et al., 2011).

Information about the evolutionary/phylogeographic history 
of alien species obtained by using molecular markers and 
up-to-date statistical methods can also have several practical 
benefits for alien species monitoring and management 
(Lankau et al., 2011). Such knowledge can improve the 
efficacy of biocontrol programmes by targeting biocontrol 
agents from within the source region of a given invasive alien 
species (Chown et al., 2015) and provide better delimitation 
of source regions and introduction pathways, which can be 
obtained using high-resolution genomic tools (Hudson et 

al., 2021, 2022). While it is widely recognized that biological 
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2.4	 TRENDS AND STATUS 
OF ALIEN AND INVASIVE 
ALIEN SPECIES BY IPBES 
REGIONS

This section reports on the temporal trends and status of 
the distribution of alien and invasive alien species across 
IPBES regions (section 2.4.1), and for the individual IPBES 

regions Africa (section 2.4.2), the Americas (section 2.4.3), 
Asia and the Pacific (section 2.4.4), and Europe and Central 
Asia (section 2.4.5), and their respective sub-regions. A 
description of IPBES regions and sub-regions including a 
spatial representation is provided online (IPBES Technical 
Support Unit On Knowledge And Data, 2021) and in 
Chapter 1, section 1.6.4. For each IPBES region, dynamics 
on islands and data and knowledge gaps are provided as 
well. A global synthesis on the dynamics on islands and in 
protected areas is provided in boxes (Boxes 2.4 and 2.5). 
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Figure 2  26 	 Trends in numbers of established alien species across IPBES regions. 

The panels show cumulative numbers of established alien species for different taxonomic groups. Numbers shown underestimate the 
actual extent of established alien species occurrences due to a lack of data (section 2.1.4 for further details about data sources and 
data processing). Note numbers presented may deviate from those reported in the text due to variation among data sources. A data 
management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582

Box 2  3  

invasions constitute a natural experimental framework for 
the study of contemporary evolution, a good understanding 
of source regions and introduction pathways (i.e., routes 
of invasion/introduction) is essential. Knowledge of those 
routes makes it possible to precisely compare introduced 
populations to their original source population(s) and 
thus determine whether the invaders have, for example, 
undergone an adaptive change that has favoured them in 
their new living environment. This change may result from the 
selection of genetic variants that are rare in the original source 
population(s) but favoured in the new environment. The 

reconstruction of routes of invasion/introduction is, therefore, 
crucial to define and test different hypotheses concerning 
the environmental and evolutionary factors underlying 
biological invasions and their success (Estoup & Guillemaud, 
2010; S. R. Keller & Taylor, 2008). Bulk screening by using 
metabarcoding approaches may be used to flag recognized 
invaders at ports of entry and so prevent the introduction 
of harmful species (or new genotypes of already introduced 
species). The potential for molecular instruments to detect the 
spread of invasive alien species is important, although many 
challenges remain (Handley, 2015).

https://doi.org/10.5281/zenodo.7615582
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2.4.1	 Overview of trends and 
status by IPBES regions

Trends

The number of established alien species records has 
increased for all taxonomic groups and for all IPBES regions 
since 1500 with particularly steep escalations observed after 
1800 (Figure 2.26). Before 1800, the number of records is 
particularly low for insects and crustaceans. However, this 
is likely because of the lack of data, which is particularly 
common for invertebrate groups (section 2.3.1.11). 
Likewise, the comparatively high numbers of established 
alien species observed for Europe and Central Asia is likely 
influenced by the higher availability of records for Europe 
and biases in the underlying database. Nonetheless, no 
saturation of established alien species is observed for any 
region (Seebens, Essl, et al., 2017).

Status

Across taxonomic groups, vascular plants provide the by 
far largest contribution to global established alien species 
numbers, followed by insects and fishes (Table 2.19). For 
many taxonomic groups, all IPBES regions except Africa 
report similar numbers of established alien species (Table 
2.19). For instance, the numbers of alien vascular plant 
species reported for the Americas, Asia and the Pacific, 
Europe and Central Asia are comparable in their range, while 
the numbers for Africa are much lower. Similar patterns are 
observed for alien bird and fish species. On the other hand, 
algae show a different pattern with Europe and Central Asia 
harbouring the highest established alien species numbers, 
followed by the Americas, Asia and the Pacific, and Africa. 
However, this pattern may be influenced by variation in 
research intensity around the world. Box 2.6 also presents 
an overview of alien and invasive alien species on land 
managed by Indigenous Peoples and local communities.

Table 2  19  	 Numbers of established alien species across IPBES regions. 

Numbers of established alien species can vary depending on data sources. For mammals, birds, and vascular plants, ranges of 
values indicate variation among databases (section 2.1.4 for further details about data sources and data processing). Note presented 
numbers may deviate from those reported in the text due to variation among data sources. A data management report for the data 
underlying this table is available at https://doi.org/10.5281/zenodo.7615582

Africa Americas
Asia and the 

Pacific
Europe and 
Central Asia

Total

Mammals 30-80 83-164 97-163 72-164 197-368

Birds 121-133 249-287 287-336 221-630 495-877

Fishes 187 803 633 469 1,451

Reptiles 158 192 103 98 411

Amphibians 12 62 43 43 135

Insects 344 2,636 2,017 2,747 6,795

Arachnids 94 207 129 289 500

Molluscs 142 255 261 584 826

Crustaceans 111 213 149 451 813

Vascular plants 3,109-4,498 8,005-9,325 6,141-9,101 5,146-8,519 13,081-18,543

Algae 58 193 157 526 734

Bryophytes 0 48 32 23 88

Fungi 122 363 363 609 1,149

Oomycetes 4 12 12 59 70

Bacteria and protozoans 4 14 12 23 38

Total 5,033-6,484 14,853-16,292 11,722-14,797 13,754-17,628 26,783-32,798

https://doi.org/10.5281/zenodo.7615582
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Box 2  4  	 Protected areas: A global assessment of trends and status of alien and invasive 
alien species.

Protected areas around the world are crucial for preserving 
and sustaining biodiversity, ecosystem processes and human 
well-being (Gaston et al., 2008; Naughton-Treves et al., 2005). 
Increasingly, these areas are being threatened by numerous 
drivers of change in nature that are challenging the effective 
management of over 200 thousand protected areas globally 
(Osipova et al., 2017; UNEP-WCMC et al., 2021). Biological 
invasions constitute a major threat to protected areas 
(Goodman, 2003; Osipova et al., 2017; Pyšek, Hulme, et al., 
2020; Schulze et al., 2018), a concern that dates back to the 
1860s (Foxcroft et al., 2017). 

Seminal work on invasions in terrestrial protected areas 
carried out during the Scientific Committee on Problems of 
the Environment (SCOPE) project in the 1980s found that 
all 24 studied terrestrial protected areas faced challenges 
from invasive alien species and that invasions were not only 
an issue within disturbed sites (Mooney et al., 2005; Usher, 
1988), but also in relatively undisturbed nature reserves. The 
SCOPE report also found that islands faced higher threats 
than mainland areas, that there was an inverse relationship 
between protected area size and the number of introduced 
species in arid land and chaparral biomes, and that there 
was positive correlation between number of human visitors 
and the presence of invasive alien species (Usher, 1988). In 
a study that revisited 21 of the originally studied protected 
areas and compared how the status of biological invasions 
has changed over the last 30 years, Shackleton et al. (2020) 
found that of all the taxa analyzed, invasive plants pose the 
greatest continued threat, and their numbers have increased 
in 31 per cent of the protected areas. Mammal invasions now 
represent a lesser threat due to effective management in many 
protected areas, with fewer invasive alien mammals now listed 
in 43per cent of protected areas. Invasions by amphibians, 
reptiles, and fish have remained fairly stable over the past three 
decades (R. T. Shackleton, Foxcroft, et al., 2020). The limited 
number of study sites included were biased towards mainland 
United States and Africa making regional comparisons and 
trends hard to meaningfully assess. More comprehensive 
global assessments using similar methods would address a 
major knowledge gap and better evaluate status and change 
globally providing important information for international policy 
(Glossary) mandates.

The subsequent uptake of coordinated global academic 
projects on protected areas has been limited, particularly for 
marine systems leaving many knowledge gaps on the status of 
invasive alien species in protected areas and the broad-scale 
status trends. According to Shackelton et al. (2020) there is 
a lack of data on freshwater invertebrates, marine species, 
and other taxa creating a taxonomic bias in invasion science. 
However, some review and synthesis work (e.g., Foxcroft et al., 
2013, 2017; X. Liu et al., 2020; R. T. Shackleton, Bertzky, et 

al., 2020; R. T. Shackleton, Foxcroft, et al., 2020; see above) 
has strengthened information on the current status and key 

trends of invasive alien species in protected areas globally, but 
each effort has limitations and greater coordination on taxa and 
management is needed. 

In “Plant invasion in Protected Areas”, Foxcroft et al. (2013) 
identified and illustrated key impacts of invasive alien species 
and outlined some mechanisms of invasion in protected areas 
and contributed to assessing management interventions, 
helping to synthesize and outline both the status of invasive 
alien species in protected areas and key knowledge gaps. 
Drawing on 14 case studies from around the world that 
included information from over 135 protected areas globally, 
the authors detailed assessments and baseline information 
and elucidated regional patterns and threats. One surprising 
result was that while intentional introductions of invasive alien 
species into protected areas have been assumed to be low, 
this is not the case. This point is further supported by Foxcroft 
et al. (2008) and Toral-Granda et al. (2017). Authors show 
that even Arctic regions now face challenges from invasive 
alien species (Shaw, 2013). Very few protected areas globally 
have good baseline information and only a handful of well-
studied protected areas have robust invasive alien species 
lists available. Regionally there are also large differences in 
monitoring and information. The United States, Oceania, 
and some parts of Europe have more information than other 
regions. For example, J. A. Allen et al. (2009) highlight that 
there are over 7.3 million ha of invasions in 218 protected 
areas in the United States, with over 20,300 distinct invasion 
clusters by over 3,750 invasive alien species. In Central and 
Western Europe, Braun et al. (2016) collected and collated 
data on 53 invasive plant species in 46 large, protected areas 
finding that in 86 per cent of protected areas at least one of the 
46 target invasive plants was present, and that 80 per cent of 
protected areas did conduct some form of management. The 
mean number of invasive plants was 11.2 per protected area, 
however, most of them only managed a mean 4.3 species 
accounting for around 3 per cent of park budgets. Interestingly, 
park size and age had no effect on invasive alien species 
presence or management.

A review on plant invasion science research in protected areas 
(Foxcroft et al., 2017) yielded some important information 
on trends and status highlighting key advances in invasion 
science in protected areas, important policies starting with 
the Convention Relative to the Preservation of Fauna and 
Flora in their Natural State in 1933, the twelfth meeting of 
the Conference of the Contracting Parties to the Ramsar 
Convention on Wetlands in 2015, and 13 other important 
policy support mechanisms in-between. This review also 
identified 59 of the most common invasive plants in protected 
areas: eight species (Arundo donax (giant reed), Pontederia 

crassipes (water hyacinth), Lantana camara (lantana), Melia 

azedarach (Chinaberry), Poa annua (annual meadowgrass), 
Psidium guajava (guava), Robinia pseudoacacia (black locust), 
and Rumex acetosella (sheep’s sorrel)) occur in more than 
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150 protected areas globally. The review showed that North 
America and Europe dominate work on plant invasions in 
protected areas globally, followed by Africa and Oceania, with 
very limited knowledge from other world regions, particularly in 
South America and Asia. 

More recently, key syntheses have assessed the trends and 
status of invasions in terrestrial and inland waters protected 
areas globally (e.g., X. Liu et al., 2020; R. T. Shackleton, 
Bertzky, et al., 2020). X. Liu et al. (2020) assessed the 
establishment of 894 terrestrial alien vertebrates and 
invertebrates in almost 200 thousand protected areas globally 
and found that very few (over 10 per cent) of protected areas 
harbour established alien animals, but the majority (89–99 
per cent) have an established population of at least one alien 
animal species within 10-100 km from their borders. There are 
520 alien animal species in protected areas globally, the most 
common being birds (4.7 per cent of the protected areas, 252 
species), followed by mammals (3.7 per cent, 91 species), 
invertebrates (2.2 per cent, 63 species), amphibians (0.5 
per cent, 48 species) and reptiles (0.4 per cent, 66 species) 
(X. Liu et al., 2020). X. Liu et al. (2020) highlight that larger 
protected areas, those more recently inscribed, and those 
with a higher protection status were surprisingly more prone 
to a higher richness of alien animals. Furthermore, X. Liu et al. 
(2020) found that globally, protected areas in some regions 
and biomes are more at risk from alien animals, including birds, 
mammals, invertebrates, amphibian and reptiles; particularly 
in (sub)tropical Pacific and Caribbean Islands and New 
Zealand, as well as temperate mixed forests, savannas, and 
grasslands in the United States, western Europe, and Australia. 
Additionally, X. Liu et al. (2020) highlight that Africa and Asia are 
most often donors of alien animal species with North America 
and Europe being key recipient areas (Figure 2.27).

Shackleton, Bertzky, et al. (2020) assessed the status of 
biological invasions and their management in 241 natural 
and mixed World Heritage Sites globally and found that just 
over half (53 per cent) were explicitely or implicitly reported 
to be threatened by invasive alien species through formal 
IUCN/ United Nations Educational, Scientific, and Cultural 
Organization (UNESCO) monitoring initiatives. It is suspected 
that this number is much higher. Almost 300 different invasive 
alien species were reported to be invading World Heritage 
Sites. However, detailed information through UNESCO and 
IUCN monitoring programmes yielded limited and inconstant 
information so broad-scale trends were hard to assess. 
To overcome this a seven-step monitoring and reporting 
framework was developed to better collate data moving 
forward. This includes: (i) evaluating pathways, (ii) compiling 
inventories of species, (iii) identifying current impacts, (iv) 
reporting on management, (v) predicting future threats and 
management needs, (vi) identifying knowledge gaps, and 
(vii) assigning an overall threat level. This framework could 
easily be used in all categories of protected areas and 
could be a priority moving forward to improve monitoring 
and understanding.

Marine protected areas “… as oases of biodiversity, serve as 

the last rampart against these invasive alien species” (Francour 
et al., 2010). Alas, this is a wishful premise and biological 
invasions are having a large impact on marine protected areas 
worldwide. Large-scale global syntheses on the topic of marine 
invasions and protected areas are lacking, however, research 
on certain areas and species has provided important insights 
which are summarized here. Generally, European oceans and 
seas, as well as northern Atlantic and Pacific oceans, are most 
at threat from marine invasive alien species (M. J. Costello et 

al., 2021). More specifically, 53 marine alien species, nearly 
all newly reported or newly recognized as introduced, were 
recently documented in the Galápagos Marine Reserve, which 
is a large, biologically diverse and remote protected area 
(Carlton et al., 2019). Surveys of rocky reef fish assemblages 
conducted since 2000 in Mediterranean marine protected 
areas showed no differences in invasive fish density and 
biomass as compared to adjacent unprotected areas. In the 
south and eastern Mediterranean Sea invasive alien species 
have higher species richness and biomass as compared to 
local fish biota (D’Amen & Azzurro, 2020; Galil, 2017; Giakoumi 
et al., 2019; Guidetti et al., 2014). Indeed, a recent assessment 
in protected areas along the Mediterranean coast of Turkey 
identified 289 alien vertebrates, invertebrates and algae 
(Bilecenoğlu & Çınar, 2021). The reduction of protected areas 
to nursery sites for certain invasive alien species is most acute 
in the South-eastern Mediterranean but occurs throughout the 
sea and in the adjacent Atlantic (Blanco et al., 2020; Cacabelos 
et al., 2020; Mazaris & Katsanevakis, 2018; Wangensteen 
et al., 2018). From a species point of view, the spread of the 
venomous Indo-Pacific lionfish, Pterois volitans (red lionfish) 
and Pterois miles (lionfish), across the tropical western Atlantic 
and the Caribbean Sea was swift, not sparing marine protected 
areas, including large, established, well-cared for and remote 
ones (e.g., Florida Keys National Marine Sanctuary, United 
States; Flower Garden Banks National Marine Sanctuary, 
United States; The Parque Nacional Arrecife Alacranes, 
Mexico) (Johnston et al., 2013; López-Gómez et al., 2014; 
Ruttenberg et al., 2012), illustrating the threat that invasive 
marine species pose to conservation. Poor management and 
the lack of effective policies have been nullifying conservation 
goals in marine protected areas in regions exposed to 
biological invasions (Bilecenoğlu & Çınar, 2021; B. Galil, 2017; 
Mazaris & Katsanevakis, 2018; Chapters 5 and 6). 

Foxcroft et al. (2017) mention three key needs to better 
understand the current status of biological invasions and 
their management in protected areas globally and to better 
assess key trends. These include (i) establish a global 
working group to better coordinate research, (ii) develop 
standardized protocols and tools for large-scale and long-
term monitoring of invasive alien species in protected areas 
globally, and (iii) better account for and respond to different 
socioecological contexts in research and management. 
Importantly, many regions of the world have limited baseline 
and empirical evidence concerning biological invasions and 
their management making this fundamental research crucial. 
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Box 2  5  	 Islands: A global assessment of trends and status of alien and invasive alien 
species.

One-quarter of the countries in the world are islands or 
groups of islands, and over two-thirds of all countries include 
islands (Russell & Kueffer, 2019). Taken together, the Earth’s 
islands represent 5.3 per cent of the total land surface (Global 
Islands Network, 2021; Tershy et al., 2015). Because of their 
very high rates of endemism (9.5 and 8.1 times higher than 
continents for vascular plants and vertebrates, respectively), 
and with over 20 per cent of the world’s terrestrial species, 
islands are considered centres of biodiversity (Kier et al., 2009). 
As a result, 10 of the 35 world’s biodiversity hotspots (i.e., 
regions where biodiversity is both the richest and the most 
threatened (Mittermeier et al., 2011) are entirely, or largely 
consist of, islands (Bellard et al., 2014). Globally, islands 
represent concentrated regions of biodiversity loss in the 
past and present, and this trend is predicted to continue in 
the future (Russell & Kueffer, 2019; Whittaker & Fernández-
Palacios, 2006).

Islands harbour some of the highest numbers of established 
alien species (Dawson et al., 2017; Essl et al., 2019), 
particularly small and remote tropical and sub-tropical islands 
with high numbers of invasive alien plants per unit of surface 
(Pyšek, Pergl, et al., 2017), a pattern that holds across 
taxonomic groups (Moser et al., 2018; Turbelin et al., 2017). 
This is especially acute in former European island colonies with 
long histories of repeated species introductions (Turbelin et al., 
2017). Furthermore, nearly 50 per cent of all species at risk 
(Glossary) of extinction on the IUCN Red List are found on 
islands and species on islands are more likely to be threatened 
by biological invasions (almost three-quarters of threatened 
species; Leclerc et al., 2018). While all threats interact on 
islands to cause declines in native species abundance, 
biological invasions consistently lead to the extinction of insular 
populations, particularly through predation and disease (Russell 
& Kueffer, 2019; Chapter 4, section 4.3.1.1). However, 

Box 2  4  

The collection of baseline data is increasingly being conducted 
in data poor areas (e.g., Bhatta et al., 2020; Foxcroft et 

al., 2017; Padmanaba et al., 2017), but more is needed. 
Furthermore, improved monitoring and assessment globally 
is important to answer long-standing and disputed questions 
relating to invasions in protected areas. For example, whether 
or not protected areas impose biotic resistance (Glossary) 
against invasions (Meiners & Pickett, 2013). Some evidence 

suggests protected areas act as a barrier, or refuge, against 
invasions (Ackerman et al., 2017; Foxcroft, Jarošík, et al., 
2010; Gallardo et al., 2017), but other studies show the 
contrary (Byers, 2005; Holenstein et al., 2021; Klinger et al., 
2006). Further work drawing on a multitude of taxa in different 
socioecological systems is needed to fully understand the role 
of protected areas in invasions, which is likely to differ by taxa 
and environmental settings. 
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Figure 2  27  	 Numbers of established alien vertebrate species per terrestrial protected 
area.

Among the top 50 protected areas, 32 per cent are located in New Zealand, 26 per cent in Taiwan, Province of China, 16 per 
cent in the United States (mostly on Hawaii), 12 per cent in Great Britain and 6 per cent on Réunion. Adapted from X. Liu et al. 
(2020), https://doi.org/10.1038/s41467-020-16719-2, under license CC BY 4.0. 
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particularly independent small island developing states (SIDS) 
and island territories with dependencies on larger continental 
economies (Blackburn et al., 2016; Meyerson & Reaser, 2003; 
Reaser & Meyerson, 2003; Russell et al., 2017) have few 
resources for invasive alien species research, management, 
cooperation, and capacity-building (Reaser & Meyerson, 2003; 
Veitch et al., 2019). 

Trends 

Temporal trends of biological invasions on islands can be 
classified into three distinct periods with contrasting dynamics; 
first contact (Indigenous Peoples and local communities), 
modern history (1500), and the contemporary twentieth 
century onwards era (Keppel et al., 2014; Russell & Kueffer, 
2019; Figure 2.28). In the first period, island syndromes (Wroe 
et al., 2006) and the lack of refugia on small islands made 
insular species more vulnerable to biological invasions than 
continental species (Wroe et al., 2006). The second period 
corresponds to the “Age of Discovery”, the timing of which 
in different parts of the world coincided with colonization 
of islands by Europeans (Russell & Kueffer, 2019). During 
this period, unintentional and intentional (and sometimes 
repeated) introductions of many animals and plants were 
facilitated by the establishment of regular shipping lines 
(Seebens et al., 2013). This led to successful invasions 
by a large number of species on many islands of various 
ecosystem types (Russell & Kueffer, 2019). The third period 
is associated with globalization that included a distinct 
increase in world trade, migration, and tourism, all of which 
affected islands worldwide. The emergence and rise of rapid 
international transit increased substantially both the diversity 
of introduction vectors and pathways (Hulme, 2009, 2021; 
Meyerson & Mooney, 2007), and the associated number of 
these introductions (van Kleunen et al., 2015). The number, 
frequency, and geographic origin of biological invasions to and 
among islands also increased with time, following the growth 
of human populations on these islands (both residents and 
tourists), as exemplified by the Galapagos (Toral-Granda et 

al., 2017). At the same time, awareness was rising, and more 
research was underway to detect and report new species. 
Other important predictors for established alien species on 
islands are the existence of military bases or paved airfields 
(Denslow et al., 2009). 

Most introduced species on islands today only occupy a 
small portion of their final predicted range and are thus likely 
to expand further (M. J. B. Dyer et al., 2018; Trueman et al., 
2010). In addition, more species from both the existing pool 
of alien species and those species not currently introduced 
outside their native range will continue to colonize and 
establish on islands in the future (Bellard et al., 2017). Islands 
are also disproportionately vulnerable to climate change which 
may increase the rate of establishment and spread of many 
invasive alien species on islands (X. Li et al., 2020). More 
frequent climate-induced disturbances (e.g., flooding, treefall, 
and landslides caused by tropical cyclones) and/or droughts 
increase the invasibility of native ecosystems affecting, for 

instance, the structure of island forests (Boehmer, 2011; 
Ehbrecht et al., 2021; Pouteau & Birnbaum, 2016; Wyse et 

al., 2018).

The accumulation rate of established alien species on islands 
is not slowing and the future invasive alien species will differ 
in type from species that have invaded islands in the past. 
These emerging invasive alien species include groups such as 
microorganisms and pathogens, as well as reptiles from the 
pet trade (Apanius et al., 2000; Russell & Kueffer, 2019), which 
will likely lead to new species interactions with both direct and 
indirect ecological consequences (Forey et al., 2021; J.-Y. 
Meyer et al., 2021). In the future, the vectors and pathways 
of biological invasions are predicted to further evolve and to 
keep interacting with other drivers of change in nature, such as 
climate change (Russell et al., 2017), and will continue to be 
of great concern for biodiversity conservation (Lenzner et al., 
2020; S. Taylor & Kumar, 2016). For instance, climate-induced 
forest decline is likely to increase the vulnerability of Pacific 
Island rainforests to invasive alien plants (Boehmer, 2011; 
Mertelmeyer et al., 2019) and facilitate invasional meltdowns 
(Minden et al., 2010). 

Status

Most islands are affected by biological invasions with 
insular ecosystems being the recipients of 80 per cent of 
documented bird and mammal introductions (Ebenhard, 
1988). At least 65 major island groups have been invaded by 
Felis catus (cat) (Atkinson, 1989) and over 80 per cent of all 
major island groups have also been invaded by Rattus spp. 
(rat) (Atkinson, 1985). If plants and invertebrates are included 
in assessments, biodiversity is most severely affected by 
biological invasions in the Pacific and Atlantic insular regions 
(Leclerc et al., 2018). For plants, 26 per cent (82 islands) 
of islands covered in the GloNAF database harbour more 
established alien than native species (Essl et al., 2019). The 
identity of invasive alien species and their impacts differ by 
region, island type, and associated ecosystems, but the 
cumulative pattern of impacts is consistent across world 
regions (Leclerc et al., 2020). 

Across SIDS, 8,668 presence records for 2,034 potential 
invasive alien species have been registered, 76 per cent of 
which are plants, 23 per cent animals, and 1 per cent fungi, 
chromists, viruses, bacteria, and protozoa (Russell et al., 2017). 
Over half (53 per cent) of these species were identified as 
invasive alien species on at least one SIDS, while information 
was often lacking for the remaining species (Lenz et al., 2021). 
Long-distance transportation by ship and plane dominates 
invasive alien species pathways to islands, distinguishing 
islands from continents and natural colonization in rate and 
type (Hulme et al., 2008), such as for Anolis spp. (anole lizards) 
on Caribbean islands (Helmus et al., 2014). Only one study 
has focused on plant invasions in urban environments of SIDS 
(Lowry et al., 2020). Given rapid changes expected in Pacific 
country urban areas in coming decades, it is a critical to fill this 
gap (ADB, 2012).
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Figure 2  28  	 Trends in numbers of established alien species for selected islands.

The panels show numbers of established alien species per five-year intervals for those islands with the highest numbers of 
recorded established alien species. Numbers shown underestimate the actual extent of alien species occurrences due to a lack 
of data. Smoothed trends (lines) are calculated as running medians (section 2.1.4 for further details about data sources and 
data processing). Note numbers presented may deviate from those reported in the text due to variation among data sources. A 
data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582

Box 2  6  	 Land managed, used or owned by Indigenous Peoples and local communities: 
A global assessment of trends and status of alien and invasive alien species.

Indigenous Peoples and local communities (i.e., typically ethnic 
groups who are descended from and identify with the original 
inhabitants of a given region) manage or have tenure rights 
over a large area of land. For Indigenous Peoples only, it is 
estimated that they manage or have tenure rights for at least 28 
per cent of the total land area worldwide (Garnett et al., 2018). 
Their land (hereafter called “Indigenous lands”) intersects with 
40 per cent of the world’s protected areas and hosts higher 
amounts of natural areas compared to other lands (Garnett et 

al., 2018). Although Indigenous lands are often less inhabited 
and more remote than other lands, they do not escape 
anthropogenic pressures. It is unsurprising to find many alien 
and invasive alien species on lands managed by Indigenous 
Peoples and local communities and indeed has been frequently 
reported from such lands all over the world (Gautam et al., 
2013; Kannan et al., 2016; Ksenofontov et al., 2019; Miranda-
Chumacero et al., 2012; Thorn, 2019). To date, no study has 
investigated the distribution of alien and invasive alien species 
on Indigenous lands.

The following analysis was conducted to deepen the 
understanding about the distribution of alien and invasive alien 

species on Indigenous land. As described in section 2.1.4, 
occurrences of populations of more than 17,000 established 
alien species worldwide were obtained using occurrence 
records provided by GBIF and the Ocean Biodiversity 
Information System (OBIS). These point-wise occurrences were 
integrated with a spatial layer of land managed, used or owned 
by Indigenous Peoples (Garnett et al., 2018) to determine the 
total number of established alien and invasive alien species 
recorded on Indigenous lands.

This analysis revealed that, in total, 6,351 established alien 
species have been recorded on Indigenous lands, which is 34 
per cent of all established alien species recorded worldwide in 
this data set. The number of invasive alien species according to 
the GRIIS database (Pagad et al., 2022) amounts to 2,355 (56 
per cent of the total number globally) on these lands, although 
it could not be determined whether the invasive alien species 
pose any impact on these lands (see Chapter 4, section 4.6 
for a detailed assessment of impacts by Indigenous Peoples 
and local communities). The number of established alien 
species recorded on Indigenous lands is highly correlated 
with the total number of established alien species of the same 

Box 2  5  

https://doi.org/10.5281/zenodo.7615582
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Box 2  6  

country (t-test: t=12.8, df=77, p<0.001, r=0.82). That is, in 
countries with high numbers of established alien species, those 
numbers are also high on Indigenous lands. However, the 
number of established alien species recorded on Indigenous 
land is on average consistently lower compared to those 
numbers recorded on other lands also after taking area into 
account (Figure 2.29). Hotspots of occurrences with high 
established alien species numbers on Indigenous lands were 
found all over the world but particularly in Australia (2,624 alien 
species), United States (1,719), Mexico (746), Sweden (690) 
and Russia (650). The same sequence applies to invasive alien 
species numbers, although at a lower magnitude: Australia 

(1,172 invasive alien species), United States (691), Mexico 
(481), Sweden (441), and Russia (436) (Figure 2.29).

An analysis of the trends of alien and invasive alien species on 
Indigenous lands is currently missing due to a lack of data, but 
it seems very likely that the number of established alien species 
on Indigenous lands increased as observed for other regions 
(Figures 2.4 and 2.26) and so are the impacts they cause. A 
clear knowledge gap exists for information about the trends 
and status of invasive alien species in coastal waters managed 
by Indigenous Peoples and local communities.
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Figure 2  29  	 Invasive alien species on Indigenous People’s land. 

(A) Land managed, used or owned by Indigenous Peoples. (B) Species-area relationships for established alien species per 
country (circles) and per area of Indigenous lands (IP) lands (dots), showing a consistently lower number of established alien 
species on Indigenous lands. (C) Number of alien species on Indigenous lands per country. (D) Number of established alien 
species on Indigenous lands per grid cell. A data management report for this figure is available at https://doi.org/10.5281/
zenodo.7615582

2.4.2	 Trends and status of alien 
and invasive alien species in Africa
This section reports on the trends and status of established 
alien species of Africa for animals (section 2.4.2.1), plants 
(section 2.4.2.2), microorganisms (section 2.4.2.3), and 
islands (section 2.4.2.4), and provides an overview of 
data and knowledge gaps (section 2.4.2.5). A description 
of IPBES regions and sub-regions including a spatial 
representation is provided online (IPBES Technical Support 
Unit On Knowledge And Data, 2021) and in Chapter 1, 
section 1.6.4.

2.4.2.1	 Animals

Trends

The first alien mammal species to arrive in Africa were 
probably domesticated bovids, pigs, cats, and dogs 
during the spread of agriculture, followed by commensal 
rodents, mostly limited at present to anthropized and 
densely populated areas (Long, 2003). Other introductions 
took place on the western coast of North Africa where 
Mustela nivalis (weasel) was likely a rodent biocontrol agent, 
Apodemus sylvaticus (long-tailed field mouse), a stowaway, 

https://doi.org/10.5281/zenodo.7615582
https://doi.org/10.5281/zenodo.7615582


THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

136

and Bubalus bubalis (Asian water buffalo) livestock. More 
introductions began in the twelfth century such as Suncus 
murinus (Asian house shrew) as a stowaway. A rapid 
increase of mammal introductions during the nineteenth and 
twentieth centuries was mainly due to hunting, ecotourism, 
and the pet trade pathways (Biancolini et al., 2021). 
Acclimatization societies were very active in South Africa 
and carried out numerous bird and mammal introductions 
to “improve” the aesthetic of the South-African landscape 
from a European point of view after the mid-1800s (B. 
W. van Wilgen et al., 2020). In the last century, increasing 
global trade combined with the advent of the game-
farming industry and ecotourism resulted in a striking rise in 
introductions of alien vertebrates and invertebrates (Picker & 
Griffiths, 2017; B. W. van Wilgen et al., 2020).

As for other taxa, African regions with the earliest records 
of established alien species tend to have higher numbers 
of established alien species. For fishes, particularly high 
numbers of established alien species were recorded in 

North Africa due to Lessepsian invasion of marine species 
through the Suez Canal and to its closer socio-economic 
relationship with Europe (Figure 2.30). Indeed, the number 
of alien fish in North Africa accelerated markedly after 
1869 when the Suez Canal opened (Galil, 2000). In South 
Africa an increasing trend in established alien species 
detections is indicated as the number of marine alien 
species reported has increased from 15 (Griffiths et al., 
1992) to 95 established alien species (T. B. Robinson et 
al., 2020). Although there is no doubt that new species are 
being introduced, other factors are also contributing to the 
increase in introductions, such as deeper historical analyses 
of past introductions (Mead et al., 2011), varying levels of 
available taxonomic expertise across time (Griffiths et al., 
2009), and increased research efforts on underrepresented 
taxa or in under-studied ecosystems (T. B. Robinson et 
al., 2020).

With the exception of plants, the introduction of alien 
species into freshwater systems in Africa has largely been 

MAMMALS

0
5

10
15
20
25
30

A
LI

E
N

 S
P

E
C

IE
S

0

1

2

3

4

BIRDS

0

20

40

60

0

2

4

6

8

FISHES

0

20

40

60

A
LI

E
N

 S
P

E
C

IE
S

0

2

4

6

8

INSECTS

0

20

40

60

80

100

0

2

4

6

8

10

CRUSTACEANS

0

10

20

30

40

50

1800 1900 2000

YEAR

A
LI

E
N

 S
P

E
C

IE
S

0
2
4
6
8

10
12
14

1800 1900 2000

YEAR

VASCULAR PLANTS

0

100

200

300

1800 1900 2000

YEAR

0

10
20

30

40

50

1800 1900 2000

YEAR

Southern Africa

Central Africa

West Africa

East Africa and adjacent islands

North Africa

Figure 2  30 	 Trends in numbers of established alien species for Africa. 

Panels show cumulative numbers (left panels) and numbers of established alien species per five-year intervals (right panels). Numbers 
here underestimate the actual extent of established alien species occurrences due to a lack of data. Lines in right panels indicate 
smoothed trends calculated as running medians (section 2.1.4 for further details about data sources and data processing). Note 
presented numbers may deviate from those reported in the text due to variation among data sources. A data management report for 
the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582
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intentional to enhance ecosystem services and promote 
nutritional, economic, or recreational values (Gherardi, 
Britton, et al., 2011; Howard & Chege, 2007; Howard & 
Matindi, 2003; Munyaradzi & Mohamed-Katerere, 2006; 
Weyl et al., 2020). However, the outcomes of these 
introductions were often opposite of the intended purpose, 
with losses of ecosystem function and services (B. W. van 
Wilgen et al., 2020). For example, in South Africa the overall 
rate of alien freshwater animal introductions accelerated 
sharply after 1880 and generally increased over time, with 
unintentional introductions of invertebrates playing a relevant 
role (Weyl et al., 2020). Only freshwater fish introductions 
underwent a significant decrease after the 1950s due 
to legislation regulating introductions and decreasing 
demand for new species for angling (Faulkner et al., 2020). 
In general, the number of invertebrate introductions to 
South Africa rose over time (Faulkner et al., 2016), this 
pattern being reported for freshwater (Weyl et al., 2020), 
terrestrial (Janion-Scheepers & Griffiths, 2020), and marine 
invertebrate introductions (T. B. Robinson et al., 2020).

Status 

In light of Africa’s colonial history, there have been 
surprisingly fewer introductions of alien mammals than 
to other regions (Long, 2003). Africa currently harbours 
44 established alien mammals from seven orders and 18 
families (Biancolini et al., 2021). The most represented 
orders are Cetartiodactyla (17 species), Primates (9), 
Rodentia (7), and Carnivora (6). These alien species are 
mainly concentrated along the western Mediterranean 
coast, South Africa, and Madagascar and originate 
from within Africa (16), Europe and Central Asia (8), the 
Americas (8), and Asia and the Pacific (1). The pathways 
most frequently involved in alien mammal establishment 
were hunting (15 cases), the pet trade (10), farming (8), 
and conservation (8) (Biancolini et al., 2021). Escaped 
game species are a growing problem in South Africa 
where numerous game-farming estates specialize in alien 
mammals (D. Spear & Chown, 2009; B. W. van Wilgen et 
al., 2020). The status of these species is often classified as 
“within country” instead of alien as they are native to the 
geopolitical unit of South Africa. Nevertheless, they have 
been translocated outside of their historical native range 
(B. W. van Wilgen et al., 2020). For example, Tragelaphus 
angasii (nyala), an antelope native to Africa, is now spreading 
outside its native range and possibly competing with native 
herbivores (Biancolini et al., 2021; Downs & Coates, 2005). 
Of the 44 established alien mammal species, 27 (61.4 per 
cent) have ecological impacts (Biancolini et al., 2021). For 
example, Suncus murinus (Asian house shrew), one of the 
“100 of the worst invasive alien species,” has a patchy 
distribution from Madagascar to Egypt, and potentially has 
overlooked impacts on native plants, invertebrates, and 
small vertebrates through predation or competition (GISD, 
2019). However, some alien mammal introductions were 

considered benign and carried out for conservation, such as 
for four primates threatened by habitat loss and translocated 
from their native mainland range to insular protected areas: 
Daubentonia madagascariensis (aye-aye), Eulemur albifrons 
(white-headed lemur), Varecia variegata (black-and-white 
ruffed lemur), and Piliocolobus kirkii (Zanzibar red colobus) 
(Andriaholinirina, Baden, Blanco, Chikhi, Cooke, et al., 2014; 
Andriaholinirina, Baden, Blanco, Chikhi, Zaramody, et al., 
2014a, 2014b; Biancolini et al., 2021; Davenport et al., 
2019). 

Most alien bird species in Africa are found in the far south 
of the continent, although Corvus splendens (house crow) 
is distributed from Sudan to South Africa along the east 
coast. Most alien species are a legacy of Africa’s European 
colonial past, such as Fringilla coelebs (chaffinch) and 
Sturnus vulgaris (common starling) in South Africa. Other 
notable alien birds in Africa are Acridotheres tristis (common 
myna) and Passer domesticus (house sparrow) (E. E. Dyer, 
Redding, et al., 2017).

The number of alien reptile introductions in Southern Africa 
has risen in recent decades, but there is limited information 
about the trends elsewhere in this IPBES region (Capinha et 
al., 2017; Kraus, 2009; Seebens, Blackburn, et al., 2017; 
Van Wilgen et al., 2010). For amphibians, many species 
have been translocated within Southern Africa (Measey et 
al., 2017).

In contrast to most other taxa, the highest numbers of alien 
fishes and crustaceans – many marine – are found in North 
Africa (Table 2.19). East Africa and its adjacent islands have 
the second highest numbers of alien fishes likely because 
of introductions in the many lakes of the Rift Valley area, 
including the three largest, Lakes Victoria, Tanganyika, and 
Malawi, that have high alien fish population densities and 
associated fisheries important for subsistence (Pitcher & 
Hart, 1995). In these lakes and large artificial reservoirs, 
Lates niloticus (Nile perch), Limnothrissa miodon (Tanganyika 
sardine), and tilapias are the main introduced fish species 
(Craig, 1992; Pitcher & Hart, 1995). Tilapias are tropical 
fishes in the family Cichlidae (mainly Oreochromis, Tilapia, 
and Sarotherodon spp.) that are native to parts of Africa and 
the Middle East but have been introduced globally mostly 
for aquaculture and human consumption (Canonico et al., 
2005). A total of 21 alien freshwater fishes have established 
in South Africa, and others have been translocated (Ellender 
& Weyl, 2014; Weyl et al., 2020). The high number of alien 
fishes in Southern Africa is likely influenced by greater 
research efforts compared to other African regions. No 
alien marine fish have been reported for South Africa yet (T. 
B. Robinson et al., 2020). Many freshwater fish have been 
intentionally introduced across Africa in order to maintain or 
increase fishery yields, enhance sport fisheries, or support 
the aquaculture industry (Darwall et al., 2011; Ellender & 
Weyl, 2014; García et al., 2010; Máiz-Tomé et al., 2018). 
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By 2011, sixteen alien fish species had been introduced 
to Central Africa (Brooks et al., 2011). In Madagascar, one 
quarter of the freshwater fish fauna consists of alien species, 
with 26 alien species present, of which at least 24 were 
deliberately introduced during the 1950s (Šimková et al., 
2019). On Île de la Réunion, six species of fish (and one 
decapod crustacean, Macrobrachium rosenbergii (giant 
freshwater prawn)) were introduced by 2002, but only four 
were established by then (Keith, 2002).

Notably, no review on introductions of freshwater alien 
species in Africa has been produced so far except for 
crayfish (Madzivanzira et al., 2021). In other cases, current 
information is available only for specific taxa and has been 
only comprehensively and recently assessed for South Africa 
(M. P. Hill et al., 2020; Weyl et al., 2020; Zengeya & Wilson, 
2020). Available data show that South Africa hosts 51 alien 
freshwater invertebrates and 32 alien freshwater fish, while 
926 alien plant species are reported, and freshwater and 
terrestrial species are not distinguished (Zengeya & Wilson, 
2020). Seventy-seven alien freshwater animals, largely 
dominated by fishes, molluscs, and crustaceans, are currently 
established in South Africa, most of which were intentionally 
introduced (Picker & Griffiths, 2017; Weyl et al., 2020).

Among alien freshwater jellyfish, the cnidarian 
Craspedacusta sowerbii (peach blossom jellyfish) has been 
recorded in South Africa and potentially Morocco (Oualid 
et al., 2019; Weyl et al., 2020). Several species of alien 
molluscs have been recorded in African freshwaters, with 
14 species of gastropods reported by 2011, some of which 
were released for the biological control of the intermediate 
hosts of schistosomiasis (Appleton, 2003; Appleton & 
Brackenbury, 1998). Only one alien freshwater bivalve 
Corbicula fluminea (Asian clam) has been recorded in African 
waters, an introduction probably related to fish stocking 
(Clavero et al., 2012; Darwall et al., 2011). Nine species 
of alien crayfish have been introduced to Africa, mostly for 
aquaculture. Five have established populations in the wild 
and three have spread widely in specific parts of Africa: 
Procambarus clarkii (red swamp crayfish) in Eastern Africa, 
Cherax quadricarinatus (redclaw crayfish) in Southern Africa, 
and Procambarus virginalis (Marmorkrebs) in Madagascar 
(Madzivanzira et al., 2021). 

Little is known about marine alien species in Africa. The 
most studied areas are along the South African coast which 
includes two large marine ecosystems, the Agulhas current 
in the east and the Benguela current in the west (Mead et 
al., 2011; T. B. Robinson et al., 2020). The total number of 
introduced marine species reported is 95, with 59 per cent 
considered as invasive alien species. A variety of taxa are 
represented, from the small protists (e.g., Mirofolliculina 
limnoriae) and dinoflagellates (e.g., Alexandrium minutum) 
to the most conspicuous macroalgae, molluscs, 
crustaceans, bryozoans, and tunicates. Most biological 

invasions were reported along the Benguela current large 
marine ecosystem (70 per cent) and alien species inhabit 
bays, estuaries, and artificial habitats, while only three 
are widespread and abundant on open rocky shores (the 
mussels Mytilus galloprovincialis (Mediterranean mussel) 
and Semimytilus patagonicus, and the barnacle Balanus 
glandula) (T. B. Robinson et al., 2020). Angola harbours 29 
introduced marine species, mostly concentrated in Luanda, 
the most studied area of the country (Pestana et al., 2017). 
The most conspicuous and abundant taxa are bryozoans 
and tunicates, such as Schizoporella errata (branching 
bryozoan) and Ascidiella aspersa (European sea squirt), both 
global invasive alien species.

2.4.2.2	 Plants

Trends

The number of established alien plant species in Africa has 
continually increased for centuries as reported for multiple 
African countries (Brundu & Camarda, 2013; L. Henderson, 
2006; Maroyi, 2012; Senan et al., 2012; Shaltout et al., 
2016). Southern Africa has experienced a steady increase 
in plant alien species numbers during the entire twentieth 
century, the most rapid rise of all African regions, and 
appeared to slow down only towards the end of the century 
(Figure 2.30). In contrast, alien plant numbers in East Africa 
showed a marked acceleration starting in the final quarter 
of the twentieth century and have not yet slowed. In North 
Africa, alien plant numbers increased slowly but steadily 
towards the end of the nineteenth century. No readily 
apparent dynamics were detected for West Africa. However, 
this detected pattern is, to some extent, likely due to more 
intensive research and better data collected for the Republic 
of South Africa relative to the rest of the continent (Pyšek et 
al., 2008; Pyšek, Pergl, van Kleunen, et al., 2020).

Status

Southern Africa has the highest established alien species 
richness for all taxa (1,139) among all the subregions of 
Africa (Table 2.19). Seven other countries harbour over 300 
established alien plant species: Congo (522), Ethiopia (421), 
Morocco (410), Mozambique (396), Benin (333), Algeria 
(328), and Eswatini (315) (D. M. Richardson et al., 2020). 
Expressed as the proportional contribution of established 
alien species to the national flora, countries that rank highest 
in this respect are Chad (12 per cent), Benin (11 per cent), 
and Eswatini (10 per cent); in South Africa, because of its 
extremely rich native flora, the contribution of established 
alien species to the total floristic richness of the country is 
only 5 per cent. South Africa also has the highest number 
of invasive alien species (374, D. M. Richardson et al., 
2020). Bidens pilosa (blackjack, occurring in 61 per cent 
of all African regions as defined by GloNAF corresponding 
mostly to countries), Ricinus communis (castor bean, 60 per 
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cent), Senna occidentalis (coffee senna, 60 per cent), 
Catharanthus roseus (Madagascar periwinkle, 56 per cent), 
and Euphorbia hirta (garden spurge, 54 per cent) occur 
in more than half of the regions in Southern Africa. The 
following are the most widely distributed invasive alien plants 
in Southern Africa: Lantana camara (lantana, invasive in 46 
per cent of regions), Tithonia diversifolia (Mexican sunflower), 
Pontederia crassipes (water hyacinth), Chromolaena odorata 
(Siam weed), Leucaena leucocephala (leucaena), Prosopis 
juliflora (mesquite, all invasive in more than 20 per cent of 
regions), and Parthenium hysterophorus (parthenium weed) 
(D. M. Richardson et al., 2020). Concerning the donor 
regions of established alien plant species in Africa, the 
highest numbers were introduced from temperate Asia (19 
per cent of all introductions to individual countries), Europe 
(13.9 per cent), tropical Asia (13.7 per cent), Southern 
America (13.4 per cent), and Northern America (10.9 per 
cent). However, 21 per cent of species that are established 
in African countries were introduced from another country 
on that same continent (van Kleunen et al., 2015).

Alien tree species have had the greatest impact throughout 
Africa on biodiversity, water regimes, fire regimes, and 

ecosystem functioning (D. M. Richardson et al., 2021). Many 
tree species used in forestry and agroforestry, especially 
Eucalyptus and Pinus (Pine), have been introduced 
throughout Africa, and some shrubs and trees such 
as Acacia colei (parta), Acacia melanoxylon (Australian 
blackwood), Broussonetia papyrifera (paper mulberry), 
Calliandra houstoniana (calliandra), Calotropis gigantea 
(yercum fibre), Dahlia imperialis (bell tree dahlia), Ipomoea 
carnea (pink morning glory), Montanoa hibiscifolia (tree 
daisy), and Tecoma stans (yellow bells) are well established 
in many parts of the continent (D. M. Richardson et al., 
2021). However, relative to Pinus and Acacia, Eucalyptus 
appears to have had a lower impact. South Africa’s 
Mediterranean shrublands have been severely invaded by 
numerous alien trees and shrubs, especially species in the 
genera Acacia, Hakea, Leptospermum and Pinus (B. W. van 
Wilgen et al., 2016). Australian Acacia species are actively 
promoted for agroforestry in other parts of the continent 
(D. M. Richardson et al., 2004) and higher-lying areas have 
been heavily invaded by Acacia melanoxylon and Acacia 
mearnsii (black wattle), Pinus patula (Mexican weeping 
pine) and Pinus radiata (radiata pine). Pines and acacias 
are extremely invasive in the mountains of southwestern 

Table 2  20  	 Numbers of established alien species for subregions of Africa. 

For mammals, birds, and vascular plants ranges of values indicate variation among databases (section 2.1.4 for further details about 
data sources and data processing). Note numbers presented may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this table is available at https://doi.org/10.5281/zenodo.7615582

Central Africa
East Africa 

and adjacent 
islands

North Africa
Southern 

Africa
West Africa Total

Mammals 4-17 17-35 5-17 9-54 1-9 30-80

Birds 13-16 77-79 17-20 71-74 14-23 121-133

Fishes 26 56 130 46 17 187

Reptiles 2 33 8 124 9 158

Amphibians 0 5 2 2 5 12

Insects 33 143 71 227 48 344

Arachnids 9 29 10 70 11 94

Molluscs 2 11 75 67 7 142

Crustaceans 1 11 82 47 3 125

Vascular plants 880-1,071 1,738-2,570 485-1,162 1,754-2,292 645-818 3,109-4,498

Algae 3 4 42 12 1 58

Bryophytes 0 0 0 0 0 0

Fungi 19 44 18 82 9 122

Oomycetes 0 1 0 3 0 4

Bacteria and protozoans 1 2 1 2 1 4

Total 1,045-1,252 2,274-3,126 1,115-1,807 2,773-3,359 802-992 4,510-5,961

https://doi.org/10.5281/zenodo.7615582
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South Africa and in riparian habitats and other biomes 
(Holmes et al., 2005). Other tree and shrub invaders with 
impacts include Acacia dealbata (acacia bernier), Acacia 
decurrens (green wattle), several Rubus (bramble) species, 
and Biancaea decapetala (Mysore thorn). Azadirachta indica 
(neem tree), Prosopis juliflora (mesquite), and Leucaena 
leucocephala (leucaena) are abundant invaders along 

the coastline of much of Africa, preferring hot and humid 
conditions. Chromolaena odorata (Siam weed) is now 
common in many countries in Central and Southern Africa, 
being abundant in open savanna grasslands, woodlands, 
riparian zones, forest gaps, and edges (D. M. Richardson 
et al., 2021). Table 2.20 lists the most widespread invasive 
alien species in Africa according to GRIIS.

Table 2  21  	 Top most widespread invasive alien species for Africa.

The number of regions where the respective species has been recorded and classified as being invasive based on GRIIS (Pagad et al., 
2022). Note this table only refers to the distribution of invasive alien species rather than their impacts, which is covered in Chapter 4. 
A maximum of three species is shown for each group (see section 2.1.4 for further details about data sources and data processing). 
A data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582 

Species name No. of regions Species name No. of regions

Mammals Molluscs

Rattus rattus (black rat) 7 Lissachatina fulica (giant African land snail) 4

Mus musculus (house mouse) 6 Pseudosuccinea columella (mimic lymnaea) 3

Felis catus (cat) 5 Bursatella leachii (blue-spotted sea hare) 2

Birds Crustaceans

Corvus splendens (house crow) 9 Penaeus monodon (giant tiger prawn) 4

Acridotheres tristis (common myna) 4 Cherax quadricarinatus (redclaw crayfish) 3

Passer domesticus (house sparrow) 3 Percnon gibbesi (nimble spray crab) 2

Fishes Vascular plants

Poecilia reticulata (guppy) 9 Lantana camara (lantana) 31

Gambusia holbrooki (eastern mosquitofish) 7 Pontederia crassipes (water hyacinth) 30

Oreochromis niloticus (Nile tilapia) 6 Chromolaena odorata (Siam weed) 23

Reptiles Algae

Trachemys scripta elegans (red-eared slider) 3 Caulerpa cylindracea (green algae) 2

Hemidactylus frenatus (common house gecko) 2 Alexandrium tamarense (dinoflagellate) 1

Gehyra mutilata (mutilating gecko) 1 Caulerpa chemnitzia (green algae) 1

Amphibians Bryophytes

Rhinella marina (cane toad) 2

Duttaphrynus melanostictus (Asian common toad) 1 Fungi

Insects Ceratocystis fimbriata (Ceratocystis blight) 1

Icerya purchasi (cottony cushion scale) 11 Cryphonectria parasitica (blight of chestnut) 1

Bactrocera cucurbitae (melon fly) 9 Pseudocercospora fijiensis (black Sigatoka) 1

Bactrocera dorsalis (Oriental fruit fly) 9 Oomycetes

 Arachnids

Mononychellus tanajoa (cassava green mite) 1 Bacteria and protozoans

Rhipicephalus microplus (cattle tick) 1 Vibrio cholerae (cholera) 9

Yersinia pestis (black death) 1

https://doi.org/10.5281/zenodo.7615582
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By 2006, a total of 27 major invasive alien aquatic plants 
had been recorded in African waters, 16 alien to Africa, 
and 11 native to other parts of the continent (Howard 
& Chege, 2007). A recent review records the existence 
of 19 established alien freshwater plants only in South 
Africa, mainly introduced through trade and hitchhiking via 
boating and angling (M. P. Hill et al., 2020). In South Africa, 
the most important invasive alien freshwater macrophyte 
remains Pontederia crassipes (water hyacinth), first 
recorded as established in KwaZulu-Natal in 1910. Four 
other species are also highly invasive, collectively referred 
to along with water hyacinth as the “Big Bad Five”: Pistia 
stratiotes (water lettuce), Salvinia × molesta (kariba weed), 
Myriophyllum aquaticum (parrot’s feather), and Azolla 
filiculoides (water fern) (M. P. Hill et al., 2020; Chapter 4, 
section 4.3.2.2). 

2.4.2.3	 Microorganisms 

In general, microbial biological invasions are more readily 
detected in well-surveyed regions, such as Europe, than 
in less well-surveyed regions, such as Africa, highlighting 
the importance of monitoring programmes at continental 
and inter-continental scale (Waage et al., 2008). Fungi, 
oomycetes, and other microorganisms are poorly studied in 
most areas of the African continent. While Africa has been 
a source for several plant, animal, and human diseases 
(Bryant et al., 2007; Costard et al., 2009; Pretorius et al., 
2010), reports of biological invasions across most of Africa 
have declined over the years, except for South Africa 
(Zengeya et al., 2020), most likely due to a lack of resources 
dedicated to this research. Thus, reliable data are scarce 
and mostly limited to a few well-researched regions, such as 
the Cape region (Crous et al., 2006) where the introduction 
and impact of alien fungal species are best documented 
(Wood, 2017). In South Africa, nine alien pathogenic species 
are known to attack native plants, while 23 host-specific 
pathogens of alien plant species have likely been introduced 
together with their hosts (Wood, 2017). In addition, one fish 
pathogen, 11 alien saprotrophic species, and 61 species 
of alien fungi forming ectomycorrhizae have been reported 
(Wood, 2017). Furthermore, seven host-specific alien 
pathogens have been introduced for the biological control of 
invasive alien species (Wood, 2017). 

Compared to other IPBES regions, Africa has the lowest 
number of known alien macrofungi, with 107 species 
(Monteiro et al., 2020). Of these, 40 per cent belong to 
Agaricales, 29 per cent to Boletales and 13 per cent 
to Russulales. The most widespread macrofungi are 
Pyrrhoderma noxium, Amanita muscaria (fly agaric), 
Pisolithus albus (white dye-ball fungus), Rhizopogon 
luteolus (yellow false truffle), and Suillus granulatus 
(weeping bolete mushroom), having been recorded for 8 or 
more countries. The highest numbers of alien macrofungi 
are reported for South Africa (65), Tanzania (25), Morocco 

(10), and Kenya (10). A number of countries, mainly from 
the Central African region, have between 1 to 5 known 
alien species.

2.4.2.4	 Islands

Invasive alien species on islands are a major concern in 
the western Indian Ocean islands, including Comoros, 
Mauritius, Seychelles, Île de la Réunion, and smaller nearby 
islands where mammal predators such as cats and rats 
and plants negatively affect the increasingly disturbed 
ecosystems (Bonnaud et al., 2011; Kueffer et al., 2004; 
Russell et al., 2016; Russell & Le Corre, 2009; Tassin 
& Laizé, 2015). Île de la Réunion is estimated to have 
over 2,000 alien plant species, with more than 100 of 
these classified as invasive (e.g., Leucaena leucocephala 
(leucaena), Hiptage benghalensis (hiptage), Ulex europaeus 
(gorse, Baret et al., 2006; Soubeyran et al., 2015). Of the 
28 island groups, including 68 archipelagos present in the 
Western Indian Ocean, alien mammals can be found on 
each group with an average richness of five species per 
island group (Russell et al., 2016). There are 12 invasive 
alien mammal species on Île de la Réunion and various 
combinations of six of them on the nearby Îles Éparses 
(Russell & Le Corre, 2009). The islands of East Africa 
are major hubs of alien reptiles and amphibians globally: 
Mauritius and Île de la Réunion are inhabited by 17 and 15 
alien species, respectively (Capinha et al., 2017; Kraus, 
2009; Telford et al., 2019). On Socotra, 88 alien plants have 
been recorded (Senan et al., 2012). The recent invasion 
of Madagascar by Duttaphrynus melanostictus (Asian 
common toad) and some alien marine biota poses a severe 
threat to the native biodiversity of this island (Licata et al., 
2019; B. M. Marshall et al., 2018). Similarly, the islands off 
the Western coast of Africa have repeatedly experienced 
animal invasions. In São Tomé and Principe, invasions 
began in the 1470s and by the end of the twentieth century, 
14 alien mammal species were established on São Tomé 
and 12 on Principe (Dutton, 1994). Currently, 25 alien 
and invasive alien animal species are reported for both 
islands, of that 5 are birds, 2 ray-finned fish, 13 mammals, 
4 insects, and 1 gastropod (De Menezes & Pagad, 2020). 
In Cabo Verde harbour there are 448 introduced plant taxa, 
equivalent to 60 per cent of the native flora, according to 
the Cabo Verde Biodiversity Database (Medina et al., 2015). 
In addition, there are 38 alien and invasive alien animal 
species, including 4 ray-finned fishes, 2 gastropods and 
2 marine invertebrates, 4 reptile species, 6 bird species, 
10 mammal species, and 9 insect species (Martinez et 
al., 2021).

2.4.2.5	 Data and knowledge gaps

Although impacts of invasive alien species on Africa’s 
biodiversity and ecosystem services are well known, 
there are still large gaps in scientific information (Egoh et 
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al., 2020; Faulkner et al., 2015). With the exception of 
South Africa (B. W. van Wilgen et al., 2020), these gaps 
are apparent in many subregions, particularly in East 
Africa and adjacent islands, both for units of analysis and 
many taxonomic groups. The number of documented 
alien species in many countries may be significantly 
underestimated as this is a function of information 
availability, research intensity, and country development 
status (McGeoch et al., 2010). 

For alien mammals, gaps exist for most of the African 
continent except for areas such as the western 
Mediterranean coast, South Africa, Madagascar, and 
adjacent islands. Knowledge of alien amphibians and 
reptiles is incomplete due to a lack of data (Capinha et al., 
2017; García-Díaz et al., 2015; Kraus, 2009; Seebens, 
Blackburn, et al., 2017; N. J. van Wilgen et al., 2018). These 
gaps broadly match the distribution of data-deficient native 
reptile and amphibian species, which suggests a general 
scarcity of information about the status of reptiles and 
amphibians in the region (Böhm et al., 2013; Stuart et al., 
2008). Further survey efforts in these data-poor areas can 
be expected to uncover established populations of alien 
amphibians and reptiles.

One of the main data gaps regarding freshwater invasions 
in Africa relates to the understanding of their geographical 
scope, given that most comprehensive reviews have 
been produced for South Africa only. A large taxonomic 
bias was also found, with reviews on faunal invasions, 
particularly fish invasions, or on specific species such as 
the highly invasive Pontederia crassipes (water hyacinth), 
dominating the literature, and many fewer studies on other 
taxonomic groups (Coetzee et al., 2019). Thus, the status 
of alien and invasive alien species presented here certainly 
underestimates the true number of freshwater invasive alien 
species present in the region. Increased research could help 
to better inform the trends and status of freshwater invasive 
alien species in Africa.

For vascular plants, Africa is geographically covered 
completely by the GloNAF database (Pyšek, Pergl, et al., 
2017; van Kleunen et al., 2015, 2019), providing data on 
alien plant species in individual countries, but of varying 
quality (Pyšek, Pergl, et al., 2017) so that information 
remains scarce in some regions.

Information on the occurrence of alien fungi is missing for 
many African countries, mainly in North Africa, East Africa, 
and adjacent islands. The most complete information is 
available for South Africa, but even here knowledge is 
considered incomplete (Wood, 2017). The low number 
of alien macrofungi reported in most countries is likely a 
consequence of low research intensity and numbers are 
certainly underestimated.

2.4.3	 Trends and status of alien 
and invasive alien species in the 
Americas

This section reports on the trends and status of alien 
species of the Americas (Figure 2.31, Table 2.21) for 
animals (section 2.4.3.1), plants (section 2.4.3.2), 
microorganisms (section 2.4.3.3), and islands (section 
2.4.3.4), and provides an overview of data and knowledge 
gaps (section 2.4.3.5). A description of IPBES regions and 
sub-regions including a spatial representation is provided 
online (IPBES Technical Support Unit On Knowledge And 
Data, 2021) and in Chapter 1, section 1.6.4.

2.4.3.1	 Animals

Trends

The number of alien animals in the Americas has increased 
across all taxonomic groups, especially post-1850, and 
across all subregions (Figure 2.31). Particularly steep 
increases are observed for North America, followed by 
South America, with the exception of alien birds which also 
showed steep increases in the Caribbean. Since 1900 the 
rates of increase have remained stable (e.g., mammals), 
declining (fishes in North America), or distinctly increasing 
(arthropods). Increases in numbers of alien arthropods in 
North America have been shown in several studies (Aukema 
et al., 2010; Mattson et al., 1994; Nealis et al., 2016) as well 
as in South America (Fuentes et al., 2020), for freshwater 
(Ricciardi, 2001, 2006) and for marine animals (Carlton & 
Eldredge, 2009; Cohen & Carlton, 1998; Ruiz, Fofonoff, et 
al., 2000). Transfers of species within a continent contribute 
to the spread and new incidences of alien species 
occurrences. Within the United States, for example, over 
580 freshwater species have been introduced from one 
watershed to another outside their historical ranges; these 
introductions are nearly as numerous as those originating 
from outside the country, and they have increased over time, 
more than doubling in number since 1950 (USGS, 2021).

Alien mammal introductions in the Americas date to pre-
Columbian times in the Caribbean islands for hunting (e.g., 
Didelphis marsupialis (common opossum), Dasyprocta 
leporina (agouti), Dasypus novemcinctus (nine-banded 
armadillo)) (Biancolini et al., 2021; Giovas et al., 2012; 
Long, 2003). European colonialism caused a surge in 
introductions of alien species beginning in the fifteenth 
century and peaking during the twentieth century, with a 
strong focus on game species and, more recently, on pets 
(Biancolini et al., 2021; Long, 2003).Considered collectively, 
the number of alien amphibians and reptiles in the Americas 
has been increasing since the 1950s and the introduction 
of new alien species through the pet trade is predicted 
to either accelerate or remain steady (Kraus, 2009; 
Lockwood et al., 2019; Perella & Behm, 2020; Powell et 
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al., 2011; Seebens, Blackburn, et al., 2017; Stringham & 
Lockwood, 2018).

The first introductions of alien aquatic species in South 
America occurred in the 1500s in conjunction with European 
colonization, but remained relatively low until the1800s 
and 1900s, when they moderately increased. Alien aquatic 
introductions began increasing distinctly in the mid 1900s, 
both in South and North America, as shown in Figure 3.6 
in the IPBES Regional Assessment Report on Biodiversity 
and Ecosystem Services for the Americas (IPBES, 2018b). 
Through the 2000s there has been a large increase in the 
number of records and studies of alien organisms (e.g., 
Frehse et al., 2016; Vitule et al., 2021). Current data trends 
show no signs of slowing, either in terms of the number 
of alien species or in new spatiotemporal records (e.g., 
Vitule et al., 2021). Aquaculture and the aquarium trade 
(including e-commerce) are the most important pathways 
for the introduction of new alien species (e.g., Bezerra et al., 

2019; Magalhães et al., 2020; Vitule et al., 2019). Habitat 
alteration, the elimination of biogeographic barriers (e.g., D. 
A. dos Santos et al., 2019; Vitule et al., 2012), ballast water, 
hull fouling (Frehse et al., 2016), and introducing fish for 
angling are other important mechanisms for introduction that 
have direct effects on both biodiversity and socio-economic 
aspects (e.g., Doria et al., 2020; Vitule et al., 2014). 

For marine alien species in American waters, seminal 
studies have highlighted the rising numbers of marine 
alien species (Cohen & Carlton, 1998; Coles et al., 1999). 
Recent updates for regions such as for the coastal waters 
of the American temperate zones found an increase in 
the total number of detected alien species, while the rate 
of newly recorded alien species has remained stable in 
recent decades (Bailey et al., 2020). Teixeira & Creed (2020) 
reported that the number of introduced species increased 
by 160 per cent for Brazil between 2009 and 2019. A rise 
in the number of detected alien species was also found for 
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Figure 2  31 	 Trends in numbers of established alien species for the Americas. 

The cumulative numbers (left panels) and number of established alien species per five-year intervals (right panels). Numbers shown 
here underestimate the real extent of alien species occurrences due to a lack of data. Lines in right panels indicate smoothed trends 
calculated as running medians (section 2.1.4 for further details about data sources and data processing). Note numbers presented 
may deviate from those reported in the text due to variation among data sources. A data management report for the data underlying 
this figure is available at https://doi.org/10.5281/zenodo.7615582
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Argentina and Uruguay (Schwindt et al., 2020), where the 
number of detections increased by a factor of 4.5 between 
2001 and 2019, with an estimated arrival of one new 
species every 178 days.

Status

The Americas host a significant number of established 
alien mammals (96 species) from nine orders and 29 
families. Most are from the orders Cetartiodactyla (30 
species), Rodentia (28 species), Primates (14 species) 
and Carnivora (11 species) (Biancolini et al., 2021). Within 
the Americas, alien mammal richness is high on the east 
coast of North America, Alaskan islands, Newfoundland 
Island, central-southern United States, the Caribbean 
Archipelago, and Patagonia (Malvinas) (Biancolini et al., 
2021). Many mammals native to the Americas have been 
translocated inside the region and are thus classified as 
being alien (53 species), while the major outside donors 
were Europe and Central Asia (8 species), followed by Asia 
and the Pacific (7 species) and Africa (2 species). Alien 
mammal introductions mainly occurred for sport hunting, 
the pet trade, so called “faunal improvement” (e.g., releases 
carried out to aesthetically modify the landscape), farming, 
and zoos (Biancolini et al., 2021). A well-established 
hunting industry in North America fuels the introduction of 
ungulates, frequently contained in large enclosures in the 
southern United States and Mexico or directly released 
into the wild (Long, 2003). For example, Ammotragus lervia 
(aoudad), a bovid native to the Northern African savanna 
and desert areas, is now established in a large range north 
of Mexico (establishment not reported for Mexico) (Texas 
Invasive Species Institute, 2021). One of the most invasive 
alien mammals in the Americas is Herpestes javanicus 
auropunctatus (small Indian mongoose) established on 
many islands in the Caribbean (Biancolini et al., 2021; 
Hays & Conant, 2007; Louppe et al., 2020). This species 
was widely introduced during the nineteenth century as a 
biological control agent for rodents, and it is considered 
one of the “100 worst invasive alien species in the world” 
because of its generalist diet and high predatory efficiency. 
Another high-profile example of mammal invasion is the 
ongoing spread of Hippopotamus amphibius (so-called 
“Escobar’s hippos”; hippopotamus) in the Magdalena River 
of Colombia (Biancolini et al., 2021; Jarić et al., 2020). Four 
individuals of this large African mammal were introduced by 
Pablo Escobar in the 1980s for his amusement and they 
escaped captivity in 1993 after his death (Dembitzer, 2017); 
in 2020, about 80–120 alien hippos were found to occur 
over 2000 km2. 

Alien bird species are particularly rich in North America, 
notably Florida and California, where several alien parrot 
species have established populations (E. E. Dyer, Cassey, 
et al., 2017). Alien parrots are also widespread in South 
America. Attempts to establish all the bird species 

mentioned in Shakespeare’s works into North America have 
a legacy in the distribution of Sturnus vulgaris (common 
starling) across the continents. 

In South America, the number of reported alien aquatic 
organisms (ranging from microscopic fungi, invertebrates, 
and plants to large mammals (Schwindt et al., 2018) is 
increasing rapidly (e.g., Fuentes et al., 2020; Vitule et al., 
2021), with fish and molluscs (26.8 per cent and 25.2 per 
cent of studied invasive alien marine species respectively; 
see Schwindt & Bortolus, 2017, Figure 2.31) having the 
largest number of studies, species, and spatiotemporal 
occurrence records (e.g., (Bezerra et al., 2019; Frehse et 
al., 2016; Vitule et al., 2021). The most recent records of 
fishes in South America indicate that over 75 alien species 
have been translocated between different basins within 
South America (Bezerra et al., 2019; Vitule et al., 2019) and 
more than 80 alien fish species have been introduced from 
other regions of the world (Doria et al., 2021; Vitule et al., 
2019, 2021). Most of the alien aquatic species studied in 
South America belong to the salmonid and cichlid families, 
but Limnoperna fortunei (golden mussel) is the alien species 
included in the most publications within the region (Schwindt 
& Bortolus, 2017).

North America has a long and very well-studied history 
of aquatic species introductions, particularly for fish (e.g., 
Courtenay & Meffe, 1989; Fuller et al., 1999; Moyle, 
1986). Introductions of European and Asian species that 
have also been introduced worldwide are noteworthy, 
such as Salmo trutta (brown trout) or Cyprinus carpio 
(common carp), species of tropical or subtropical origin 
introduced to Florida, and species from elsewhere in the 
United States introduced to California, and more recently 
Cyprinus carpio in the Mississippi Basin. The Laurentian 
Great Lakes have many invasive alien animals of Ponto-
Caspian origin (Box 2.9), mostly introduced through ballast 
water (Ricciardi & MacIsaac, 2000; Vanderploeg et al., 
2002). Pterois species (lionfishes) have spread through 
the western Atlantic, including parts of North America and 
the Caribbean. The introduction of Oreochromis niloticus 
(Nile tilapia), Salmo trutta, Cyprinus carpio, and many other 
fish species is widespread throughout the Americas (e.g., 
Agostinho et al., 2005; Contreras-Balderas et al., 2008; 
Habit et al., 2010, 2015). Similarly, many species native to 
small parts of the American continent (e.g., Gambusia spp. 
(Gambusias), Oncorhynchus mykiss (rainbow trout), Poecilia 
reticulata (guppy)) have been widely introduced throughout 
the Americas and elsewhere (Marr et al., 2013). 

The Americas is the IPBES region with the highest number 
of alien reptiles and amphibians (Table 2.22). Within this 
region, the United States is home to several hotspots 
of alien amphibians and reptiles (Capinha et al., 2017; 
Kraus, 2009; Krysko et al., 2011, 2016). Florida (58 
species established), California (25 species), and Puerto 
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Rico (11 species) stand out as global hotspots of alien 
amphibians and reptiles (Capinha et al., 2017; Kraus, 
2009; Krysko et al., 2011, 2016; Meshaka, 2011; Perella 
& Behm, 2020; Powell et al., 2011). Besides Puerto Rico, 
other Caribbean islands such as Cuba and the Bahamas are 
also important global hotspots (Borroto-Páez et al., 2015; 
Capinha et al., 2017; C. R. Knapp et al., 2011; Kraus, 2009; 
Powell et al., 2011). In South America, Brazil is the country 
with the highest number of alien amphibians and reptiles, 
with a total of 136 species recorded, of which at least seven 
have established wild populations (Capinha et al., 2017; É. 
Fonseca et al., 2019; Kraus, 2009).

Marine alien species across the Americas are unequally 
studied geographically and taxonomically, and compilations 
are scarce over time and space. Comprehensive 
assessments are lacking even in well-studied regions, such 
as the United States, making it difficult to draw general 
conclusions (Bailey et al., 2020). The first comprehensive 
assessment was made for the United States for continental 
coasts finding 298 marine alien species (Ruiz, Fofonoff, et 
al., 2000). However, this assessment needs updating, that 

is, as of 2006 there are 257 introduced species in California 
alone (Ruiz et al., 2011). The reports in the rest of North 
America and mesoamerica are spatially or taxonomically 
focused and no comprehensive compilations have been 
published. The Southwestern Atlantic is the best-known 
region in South America for marine invasive alien species, 
yet, unequally studied among countries and sub-regions 
(Schwindt & Bortolus, 2017). Brazil has the highest number 
of marine alien species with 138 species (Teixeira & Creed, 
2020), followed by Argentina and Uruguay with 129 species 
(Schwindt et al., 2020). On the Pacific coast, Chile reported 
51 alien species (Castilla & Neill, 2009; Villaseñor-Parada et 
al., 2017), and Colombia 4 (Gracia et al., 2011), but this may 
be due to lack of research (Schwindt & Bortolus, 2017).

2.4.3.2	 Plants

Trends

Over the last two centuries the cumulative rate of increase 
in established alien plant species was most rapid in North 
America, quickly accelerating at the end of the nineteenth 

Table 2  22  	 Numbers of established alien species for subregions of the Americas. 

Numbers of alien species can vary depending on data sources. For mammals, birds and vascular plants, ranges of values indicate 
variation among databases (section 2.1.4 for further details about data sources and data processing). Note presented numbers may 
deviate from those reported in the text due to variation among data sources. A data management report for the data underlying this 
table is available at https://doi.org/10.5281/zenodo.7615582

Caribbean Mesoamerica North America South America Total

Mammals 35-62 8-34 49-95 25-77 83-164

Birds 110-113 29-41 210-211 53-114 249-287

Fishes 91 226 619 144 803

Reptiles 60 60 121 56 192

Amphibians 20 8 41 16 62

Insects 153 163 2,116 640 2,636

Arachnids 33 36 168 76 207

Molluscs 26 60 212 68 255

Crustaceans 10 64 173 79 248

Vascular plants 1,402-1,761 1,600-2,242 6,571-7,424 2,492-3,099 8,005-9,325

Algae 4 105 65 50 193

Bryophytes 0 0 34 21 48

Fungi 17 15 174 219 363

Oomycetes 2 2 7 5 12

Bacteria and protozoans 1 4 6 5 14

Total 2,036-2,425 2,612-3,292 11,587-12,487 4,353-5,073 13,370-14,809

https://doi.org/10.5281/zenodo.7615582
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century (Figure 2.31; Lavoie et al., 2012; Pyšek et al., 
2019). South America exhibited a slower cumulative 
increase, likely due to fewer experts and lower research 
intensity when compared to North America (Frehse et 

al., 2016; Schwindt et al., 2020; Schwindt & Bortolus, 
2017).(Fuentes et al., 2008; Rojas-Sandoval & Acevedo-
Rodríguez, 2015; Ugarte et al., 2010). Numbers of alien 
plant species are expected to increase over the next 

Table 2  23  	 Top most widespread invasive alien species for the Americas.

The number of regions where the species has been recorded and classified as being invasive based on GRIIS (Pagad et al., 2022). 
Note this table only refers to the distributions of invasive alien species rather than their impacts which are covered in Chapter 4. A 
maximum of three species is shown for each group (see section 2.1.4 for further details about data sources and data processing). 
“No. of regions” denotes the number of regions with confirmed occurrences of that species according to the chapter database. A 
data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582 

Species name No. of regions Species name No. of regions

Mammals Molluscs

Rattus rattus (black rat) 21 Lissachatina fulica (giant African land snail) 12

Mus musculus (house mouse) 19 Melanoides tuberculata (red-rimmed melania) 9

Rattus norvegicus (brown rat) 19 Corbicula fluminea (Asian clam) 8

Birds Crustaceans

Passer domesticus (house sparrow) 11 Macrobrachium rosenbergii (giant freshwater 
prawn)

6

Columba livia (pigeons) 10 Cherax quadricarinatus (redclaw crayfish) 5

Bubulcus ibis (cattle egret) 5 Carcinus maenas (European shore crab) 2

Fishes Vascular plants

Cyprinus carpio (common carp) 9 Calotropis procera (apple of sodom) 13

Oreochromis niloticus (Nile tilapia) 9 Leucaena leucocephala (leucaena) 13

Oncorhynchus mykiss (rainbow trout) 8 Ricinus communis (castor bean) 13

Reptiles Algae

Hemidactylus mabouia (tropical house gecko) 7 Undaria pinnatifida (Asian kelp) 4

Hemidactylus frenatus (common house gecko) 6 Codium fragile (dead man’s fingers) 2

Anolis sagrei (brown anole) 4 Didymosphenia geminata (didymo) 2

Amphibians Bryophytes

Lithobates catesbeianus (American bullfrog) 11 Campylopus introflexus (heath star moss) 1

Rhinella marina (cane toad) 6 Fungi

Xenopus laevis (African clawed frog) 4 Batrachochytrium dendrobatidis (chytrid fungus) 6

Insects Amanita phalloides (death cap) 1

Icerya purchasi (cottony cushion scale) 11 Bipolaris maydis (southern corn leaf blight) 1

Maconellicoccus hirsutus (pink hibiscus 
mealybug)

11 Oomycetes

Aedes albopictus (Asian tiger mosquito) 10 Phytophthora cinnamomi (Phytophthora dieback) 1

 Arachnids Phytophthora lateralis (Port-Orford-cedar root 
disease)

1

Raoiella indica (red palm mite) 7 Phytophthora ramorum (sudden oak death) 1

Aceria litchii (Litchi gall mite) 1 Bacteria and protozoans

Avicularia avicularia (tarantula spiders) 1 Vibrio cholerae (cholera) 5

Yersinia pestis (black death) 2

https://doi.org/10.5281/zenodo.7615582
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20 years in emerging South American economies such 
as Brazil, Mexico, and Argentina based on global trade 
dynamics and climate change (Seebens et al., 2015) which 
could reverse the current status of North America as more 
invaded by plants than South America (Pyšek et al., 2019).

Status

With 5,958 established alien vascular plant species, North 
America has the highest recorded alien plant richness in the 
world (Pyšek, Pergl, et al., 2017; van Kleunen et al., 2015). 
South America harbours 2,667 established alien plants 
(Pyšek et al., 2019); note that the numbers differ from those 
presented in Table 2.21, because of different data sources 
and deviating data integration steps (section 2.1.4 for 
further details). In the United States, California is the world’s 
richest region in terms of established alien vascular plants 
with 1,753 established alien plant species, and Florida is a 
world regional hotspot with 1,473 established alien plants 
(Kartesz, 2014). Sonchus oleraceus (common sowthistle), 
Plantago major (broad-leaved plantain), Taraxacum officinale 
(dandelion), and Poa annua (annual meadowgrass) are 
among the most widely distributed established species 
in North America (each in more than 85 regions), while 
for South America the analogous list includes Eleusine 
indica (goose grass), Sonchus oleraceus, Plantago major, 
Polygonum aviculare (prostrate knotweed), and Brassica 
rapa (field mustard) (Pyšek, Pergl, et al., 2017; Table 
2.23). According to Pyšek, Pergl, et al. (2017), countries in 
Mesoamerica also harbour many established alien plants 
(Nicaragua 671, Mexico 519, Costa Rica 280, Panama 263), 
but due to their high native diversity, alien plants make up 
only 2.0–2.8 per cent of the total floras, the exception being 
Nicaragua with 10.4 per cent (e.g., Correa A. et al., 2004; 
Pyšek, Pergl, et al., 2017; Chacón & Saborío, 2012). Some 
regions in the Caribbean are heavily invaded by established 
alien plants, both in terms of actual species numbers 
(Cuba 542, Bahamas 356) or the proportion of established 
alien plants in the national floras (Bahamas 24 per cent, 
Barbados 14 per cent). Other countries in the Caribbean 
harbour 20 to 110 established alien plant species and their 
contributions to national floras do not exceed 8 per cent 
(Acevedo-Rodríguez & Strong, 2008; Kartesz, 2014; Pyšek, 
Pergl, et al., 2017). 

2.4.3.3	 Microorganisms 

Trends 

The introduction of microorganisms has a long history in 
the Americas but is poorly documented as is the case 
worldwide. Where available, studies on the trends in alien 
microorganisms usually cover only fungi. For example, first 
records of alien fungi in Chile have been documented from 
the early twentieth century and show a continuous increase 
in numbers until the present (Fuentes et al., 2020).

Status 

The Americas harbour at least 199 alien macrofungi 
species, with approximately 36 per cent belonging to 
the group Agaricales, 32 per cent to Boletales and 11 
per cent to Russulales (Monteiro et al., 2020). Species 
most widely distributed within the region are Suillus luteus 
(ectomycorrhizal fungus of pine), Amanita muscaria (fly 
agaric), Rhizopogon roseolus (ectomycorrhizal fungus), 
and Suillus granulatus (weeping bolete mushroom). 
Countries with high numbers of known established species 
occur mainly in South America, and include Brazil (75), 
Argentina (60), and Chile (40) (Monteiro et al., 2020). In the 
remaining IPBES sub-regions, higher numbers of known 
alien macrofungi were found in the United States (including 
Hawaii) (50), Canada, and Mexico (7 each).

2.4.3.4	 Islands

Alien and invasive alien species are widespread on islands 
of both sides of the Americas: in the Pacific Ocean (notably 
the Galapagos islands) and the Atlantic Ocean (notably the 
Caribbean islands; e.g., (Kairo et al., 2003; Rojas-Sandoval 
& Acevedo-Rodríguez, 2015; Van der Burg et al., 2012). 
As an example, Caribbean Island forests are extensively 
dominated by alien tree species (Brandeis et al., 2009; 
Chinea & Helmer, 2003; Helmer et al., 2012), some of 
which are shade-tolerant and could permanently change 
forest species composition (C. J. Brown et al., 2006). In 
addition, several alien species grow in forest plantations, 
livestock pastures, and abandoned agricultural fields 
creating both economic and environmental impacts. Such 
is the case for Dichrostachys cinerea (sickle bush), an alien 
species that occurs across almost 800,000 hectares in 
Cuba (Hernández et al., 2002). The Hawaiian Islands are 
a global hotspot of plant invasions with 1,488 total alien 
plant species, and numbers for individual islands within 
the archipelago ranging from 386 to 913 alien species 
(Imada, 2012).

On the other side of the Americas, the Galapagos 
Archipelago harbours an estimated 1700 alien species with 
Capra sp. (goat) and Rubus niveus (Mysore raspberry) being 
among the most common until recently (Toral-Granda et 
al., 2017). Between the 1980s and 1990s, the number of 
introduced plants has nearly doubled on the Galapagos 
Islands, reaching nearly 900 species (De Lourdes Torres 
& Mena, 2018). In addition, a study of the residence 
time and human-mediated propagule pressure of plants 
suggested that this archipelago is still in an early stage of 
plant invasions, due to the booming tourism industry and 
increasing human population size (Trueman et al., 2010). 

2.4.3.5	 Data and knowledge gaps 

Data availability for the Americas is dominated by studies 
from North America. Across taxonomic groups, the 
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Caribbean, Mesoamerica, and South America have 
considerably less data available relative to North America 
(Pyšek et al., 2008). Studies on the temporal accumulation 
of alien species are almost exclusively available for this 
region except for a few studies for islands in the Caribbean 
and South America (Fuentes et al., 2008; Rojas-Sandoval 
& Acevedo-Rodríguez, 2015; Toral-Granda et al., 2017). 
Only a few studies on temporal trends exist for mainland 
South America or Mesoamerica (e.g., Fuentes et al., 2020). 
Temporal information is scarce for most taxonomic groups 
in North America, including well-investigated groups such 
as vascular plants, birds, and mammals. For some groups, 
that are generally less studied globally, such as many 
invertebrates, fungi, and microorganisms, information is 
lacking for vast areas of this region. 

In South America, regions often considered pristine and 
less impacted, such as the Amazon basin, lack studies 
on alien species and could be more thoroughly explored, 
particularly given recent levels of deforestation which could 
facilitate biological invasions (e.g., Frehse et al., 2016; Vitule 
et al., 2021; Chapter 3, section 3.3.1). In addition, there is 
a high degree of uncertainty on the status of alien species 
or populations and due to uncertainties about the native 
range of many species, the challenge of cryptic invasive 
alien species may be even greater for South America than 
the rest of the world (Bortolus et al., 2015; Essl et al., 2018; 
Jarić et al., 2019). 

A notable exception represents alien amphibians and 
reptiles which are relatively well-known in most of the 
Americas as a consequence of ongoing surveys and 
research (Capinha et al., 2017; É. Fonseca et al., 2019; 
García-Díaz et al., 2015; González-Sánchez et al., 2021; 
Kraus, 2009; Krysko et al., 2016; Perella & Behm, 2020; N. 
J. van Wilgen et al., 2018). Nevertheless, clarification of the 
status (i.e., being alien or native to a certain region) of some 
species in Mesoamerica and South America is needed 
(García-Díaz et al., 2015; González-Sánchez et al., 2021), 
and further work will improve the understanding of the 
ecology and impacts of the alien amphibians and reptiles 
present in this region (É. Fonseca et al., 2019; N. J. van 
Wilgen et al., 2018).

An important data gap exists for countries along the North 
Atlantic coast of South America (from French Guiana 
to Guiana; Schwindt & Bortolus, 2017). For example, in 
Venezuela the number of marine alien species originally 
reported by Pérez et al. (2007) was 22 but was later lowered 
to 11 alien species by Figueroa López and Brante (2020) 
due to uncertainty in the provided records. However, the 
number of marine alien species is likely higher even than 
the number reported by Pérez et al. (2007). No extensive 
compilations of alien species in general are available for 
continental Ecuador and for Peru (but see Calder et al., 
2021; Cárdenas-Calle et al., 2019).

The availability of records on alien macrofungi for the 
Americas is dominated by a few countries, notably those 
for which higher numbers of alien species are reported 
here, including Argentina, Brazil, Chile and the United 
States. Important data gaps on established alien species 
exist for many other countries of the Americas, particularly 
in the Caribbean and Mesoamerica (Monteiro et al., 
2020). In general, information about alien microorganisms 
is lacking for all of the Americas as is the case for other 
IPBES regions.

2.4.4	 Trends and status of alien 
and invasive alien species in Asia 
and the Pacific

This section reports on the trends and status of alien 
species of Asia and the Pacific for animals (section 2.4.4.1), 
plants (section 2.4.4.2), microorganisms (section 2.4.4.3), 
and islands (section 2.4.4.4), and provides an overview of 
data and knowledge gaps (section 2.4.4.5). A description 
of IPBES regions and sub-regions including a spatial 
representation is provided online (IPBES Technical Support 
Unit On Knowledge And Data, 2021) and in Chapter 1, 
section 1.6.4.

2.4.4.1	  Animals

Trends

The numbers of alien animal species increased continuously 
for all taxonomic groups and all subregions of the Asia-
Pacific regions (Figure 2.32). The steepest increases were 
observed in Oceania for all animal groups considered in 
Figure 2.32, except for fishes. In Oceania, the number 
of alien animals rose distinctly already in the nineteenth 
century, much earlier relative to other subregions where 
steep increases were mostly observed after 1950. 
Northeast Asia experienced strong increases during that 
time for birds, fishes, and crustaceans. Likewise, increasing 
alien species numbers have been reported in various 
countries for insects (Huang et al., 2011; Yamanaka et 
al., 2015), gastropods (Barker, 1999; Roll et al., 2009), 
amphibians and reptiles (Lee et al., 2019), and marine alien 
species of different groups (Bailey et al., 2020; Hewitt et 
al., 2004).

Before colonization by Europeans, alien mammals in South-
East Asia were introduced via ancient exchanges between 
the Indonesian Archipelago, Papua New Guinea, and 
Australia with numerous prehistoric introductions of game, 
fur, pet, and stowaway species (e.g., Phalanger orientalis 
(northern common cuscus), Sus celebensis (Sulawesi 
pig), Dendrolagus matschiei (Matschie’s tree-kangaroo)) 
(Biancolini et al., 2021; Heinsohn, 2003; Long, 2003). 
Introductions surged during the nineteenth century following 
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European colonization when Australia, New Zealand, and 
other Pacific islands became hotspots for alien mammals 
that negatively impacted native animal communities 
(Biancolini et al., 2021; Woinarski et al., 2015). The aim was 
to supply game species (e.g., Cervus elaphus (red deer), 
Lepus europaeus (European hare), Dama dama (fallow deer)) 
or create a familiar environment for colonists. In Central 
Asia and North-East Asia, alien mammal introductions were 
largely carried out at the beginning of the nineteenth century 
to create hunting and furbearing populations (Biancolini 
et al., 2021; Clout & Russell, 2008; Long, 2003). Native 
Australian species became the subject of conservation 
introductions, also called assisted colonization, to offshore 
islands free of invasive alien mammals (Seddon et al., 2015; 
Woinarski et al., 2015).

The Asia-Pacific region has experienced a growing number 
of alien bird, reptile and amphibian introductions, a trend 
likely to continue in the future (Chapple et al., 2016; Kraus, 
2009; Lee et al., 2019; Pili et al., 2020; Seebens, Bacher, 

et al., 2021; Seebens, Blackburn, et al., 2017; Toomes et 
al., 2020).

The number of alien freshwater species grew slowly in Asia 
and the Pacific until the nineteenth century (Figure 2.32) 
when the number of recorded alien freshwater species 
distinctly increased (H. H. Tan et al., 2020; Yuma et al., 
1998). During the twentieth century, aquaculture was the 
main pathway for freshwater fish species introductions 
(Saba et al., 2020; Xiong et al., 2015) and in the beginning 
of the late twentieth century, many freshwater fish species 
were introduced for ornamental purposes (H. H. Tan et 
al., 2020; Yuma et al., 1998). The number of ornamental 
freshwater fish rapidly increased towards the end of the 
twentieth century and ornamental trade is now the main 
pathway of introduction (Goren & Ortal, 1999; Saba et al., 
2020; Yuma et al., 1998). 

As in many other regions, detected numbers of introduced 
alien marine species in the South Pacific region increased 
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Figure 2  32 	 Trends in numbers of established alien species for Asia and the Pacific. 

Cumulative numbers (left panels) and number of established alien species per five-year intervals (right panels). Numbers shown here 
underestimate the actual extent of alien species occurrences due to a lack of data. Lines in right panels indicate smoothed trends 
calculated as running medians (section 2.1.4 for further details about data sources and data processing). Note numbers presented 
may deviate from those reported in the text due to variation among data sources. A data management report for the data underlying 
this figure is available at https://doi.org/10.5281/zenodo.7615582
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over time. The first assessment for New Zealand 
documented 129 alien species (Cranfield et al., 1998), 
while the most recent assessment nearly doubled that 
number to 214 (Therriault et al., 2021), with 15 alien species 
considered as new arrivals establishing between 2010 
and 2018. Despite these numbers, recent work shows 
an apparent decline in primary detections since 2005 in 
several regions across Asia and the Pacific. It is unknown 
if this decline is a result of effective preventive strategies 
(Chapter 5, section 5.5.1) or a reduction in search effort 
(Bailey et al., 2020). In Asia, alien species introductions 
occur mainly by unintentional translocations such as ballast 
water discharged in ports located across China’s coast (Y. 
Chen et al., 2017).

Status 

Asia and the Pacific is the region with the highest number 
of established alien mammals in the world (130 species), 
from 12 orders and 34 families (Biancolini et al., 2021). 
The majority are from the orders Cetartiodactyla (30), 
Diprotodontia (28), Rodentia (26) and Carnivora (21). 
Areas with high numbers of alien mammals are Japan, the 
Indonesian archipelago, Australia, New Zealand, and the 
Pacific islands. These alien species originate mainly from 
within the region itself (96), while 14 alien species originate 
from Europe and Central Asia, 13 from the Americas, and 10 
from Africa. Major pathways of alien mammal introductions 
in Asia and the Pacific are hunting (48 alien species), 
conservation (28), pet trade (27), faunal improvement (27), 
farming (22), stowaway transportation (16), and biocontrol 
(12) (Biancolini et al., 2021). During the nineteenth century 
acclimatization societies sought to “improve” local fauna 
by introducing many aesthetically pleasing and/or game 
species to Australia and New Zealand (Biancolini et al., 
2021; Simberloff & Rejmanek, 2011). Of the 130 established 
alien mammal species, 68 (52 per cent) have invasive alien 
populations (Biancolini et al., 2021). Examples include the 
prolific generalist Oryctolagus cuniculus (rabbits), a well 
known invasive alien species in Australia (Kirkpatric et al., 
2008), and the generalist Trichosurus vulpecula (brushtail 
possum), which was introduced to New Zealand in 1858 for 
domestic fur and meat trade (Forsyth et al., 2018; Gormley 
et al., 2012).

Despite Asia and the Pacific having a larger area and more 
suitable habitats than Europe and Central Asia, the Asia-
Pacific region harbours similar numbers of alien amphibians 
and reptiles as Europe and Central Asia (Table 2.18). This 
pattern may possibly be a result of stringent biosecurity 
measures (Chapter 5, section 5.6.3.3) in some areas 
such as Australia, New Zealand, and Japan, (Brenton-
Rule et al., 2016; Chapple et al., 2016; García-Díaz et 
al., 2017; Toomes et al., 2020), but also lower relative 
research intensity in other regions (Figure 2.6). Despite the 
comparatively low alien species richness, the Asia-Pacific 

region harbours two of the best-known examples of alien 
reptiles and amphibians, namely Boiga irregularis (brown 
tree snake) in Guam and Rhinella marina (cane toad) in 
Australia and other Pacific islands (Engeman et al., 2018; 
Lever, 2003; Rogers et al., 2017; Shine, 2018; Zug, 2013). 
The notable invasive alien species Lithobates catesbeianus 
(American bullfrog), Trachemys scripta (pond slider), and 
Eleutherodactylus planirostris (greenhouse frog) have been 
reported in China (S. Lin et al., 2017; X. Liu et al., 2015; 
Shi et al., 2009). Additionally, Japan (17 alien species), the 
Cook Islands (14 alien species), and island territories such 
as Taiwan, Province of China, (at least 12 alien species) and 
Guam, United States (11 alien species) are global hotspots 
of alien amphibians and reptiles (Capinha et al., 2017; 
Kraus, 2009; Lee et al., 2019; Zug, 2013). 

In Asia, the number of introduced alien freshwater species 
is highest for China (439) (Xiong et al., 2015), followed by 
Malaysia (203 freshwater fishes) (Saba et al., 2020) and the 
Philippines (159 freshwater fishes) (Casal et al., 2007). The 
number of established alien freshwater fishes is highest in 
China (61) (Luo et al., 2019), followed by Singapore (42) (H. 
H. Tan et al., 2020), the Philippines (39) (Casal et al., 2007), 
and Japan (23) (Yuma et al., 1998). Most of the established 
alien fishes were introduced for aquaculture (Casal et al., 
2007; Luo et al., 2019), while the proportion of introduced 
ornamental fishes is much lower (Casal et al., 2007; Luo et 
al., 2019).

A regional assessment of marine alien species across Asia 
and the Pacific is lacking, and, as in many other marine 
regions, records are likely underestimated. Lutaenko et al. 
(2013) compiled an atlas of marine invasive alien species 
in the Northwest Pacific Region, which includes territories 
from Japan, the Republic of Korea, the Russian Federation 
and China (Yellow Sea). For Japan, 42 marine alien species 
were reported (Iwasaki, 2006), mostly concentrated in 
eutrophicated enclosed bays near large urban cities such 
as Tokyo Bay and Osaka Bay. Although ballast water and 
hull fouling are important vectors, 21 species were reported 
as intentionally introduced for commercial sales, live bait, or 
fishery studies (Lutaenko et al., 2013). Partial updates were 
done by Doi et al. (2011) adding crustaceans (mainly crabs, 
amphipods, barnacles, and isopods) to the list of alien 
species reported by Iwasaki (2006), increasing the 42 by 10 
reported alien species. There are few reports about marine 
species introductions to Korean and Chinese waters. Seo 
and Lee (2009) reported 136 species suspected to be alien 
across this vast region of Asia, while 41 alien species are 
recognized only for the Republic of Korea (Lutaenko et al., 
2013). As for the Russian waters of the Northwest Pacific 
region, 37 marine invasive alien species were reported by 
2010 and this number increased to 66 in a later assessment 
(Zvyagintsev et al., 2011), mostly concentrated around Peter 
the Great Bay in Russia. Two recent reports for the north 
Pacific document 73 alien species for the northern central 
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Indo-Pacific, 208 species for the northwest Pacific (includes 
northeast Asia), and 368 for the northeast Pacific (from the 
United States, Canada up to Alaska; Kestrup et al., 2015; 
Lee II & Reusser, 2012). In conclusion, the vast region 
of the north Pacific has a similar number of introduced 
marine species as the Mediterranean Sea. In addition, the 
northwest Pacific contains the largest number of alien fishes 
(34 species), most intentionally released into the wild or 
maintained in aquaculture facilities. 

There are few exhaustive assessments for the south Pacific 
Ocean with the greatest research efforts in Australia and 
New Zealand. Surveysof Port Phillip Bay (Australia) detected 
100 marine alien species (Hewitt et al., 2004). A subsequent 
thorough literature reviewthat included data from port 
surveys yielded 132 alien species (Sliwa et al., 2008). As of 
March 2018 in New Zealand, 214 established alien species 
were reported (Therriault et al., 2018). The knowledge of 
marine bioinvasions of the Pacific Island Countries and 
Territories is scattered and dispersed in diverse publications. 
Surveys in Pago Pago Harbor (American Samoa) recognized 
17 marine alien species (Coles et al., 2003), 40 alien species 

were detected from Guam (Paulay et al., 2002), and 11 alien 
species in Malakal harbour, Palau (M. L. Campbell et al., 
2016). Most alien species were associated with transport 
in ballast water or biofouling (Hewitt & Campbell, 2010), 
and the number of intentional introductions for aquaculture 
purposes are low in Australia and New Zealand but high 
across the Pacific Islands countries (Eldredge, 1994). 
Many introduction attempts have been conducted in the 
past 50 years in the south Pacific Ocean, with at least 
38 alien species originating from small scale fisheries or 
aquaculture activities.

2.4.4.2	 Plants

Trends

First records of alien plant species in Asia and the Pacific 
date back more than 1000 years (Wijesundara, 2010), 
and continual increases in the number of established alien 
species have been consistently recorded for several Asian 
and Pacific countries (Banerjee, 2020; C. Chen et al., 2017; 
Jaryan et al., 2013; Lazkov & Sultanova, 2011; Shrestha, 

Table 2  24  	 Numbers of established alien species for subregions of Asia and the Pacific. 

Numbers of established alien species can vary depending on data sources. For mammals, birds, and vascular plants ranges of values 
indicate variation among databases (see section 2.1.4 for further details on data sources and data processing). Note numbers may 
deviate from those reported in the text due to variation among data sources. A data management report for the data underlying this 
table is available at https://doi.org/10.5281/zenodo.7615582

North-East 
Asia

Oceania South Asia
South-East 

Asia
Western Asia Total

Mammals 28-53 50-105 12-28 38-54 5-20 97-163

Birds 119-129 169-175 29-38 84-85 84-139 287-336

Fishes 287 95 90 296 125 633

Reptiles 41 41 7 35 13 103

Amphibians 24 13 4 12 1 43

Insects 607 1,521 111 89 101 2,017

Arachnids 67 83 13 18 6 129

Molluscs 81 119 15 24 89 261

Crustaceans 43 75 12 19 63 158

Vascular plants 2,219-2,454 4,631-6,747 1,055-3,142 1,313-1,598 271-562 6,141-9,101

Algae 55 63 8 13 47 157

Bryophytes 0 32 0 0 0 32

Fungi 59 303 17 20 1 363

Oomycetes 9 5 2 1 0 12

Bacteria and protozoans 7 4 3 2 4 12

Total 4,008-4,278 7,963-10,140 1,490-3,602 2,053-2,355 932-1,293 10,445-13,520

https://doi.org/10.5281/zenodo.7615582
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2016; Vinogradov & Kupriyanov, 2016; Wijesundara, 
2010; Wu et al., 2010). The most dramatic increase in the 
cumulative number of alien plant species is recorded for 
Oceania, including Australia, New Zealand, and the Pacific 
Islands (Figure 2.32). Introduction rates peaked in around 

1900, followed by a decline and a re-acceleration in the 
mid-twentieth century (Figure 2.32). The trends for other 
Asia-Pacific sub-regions are similar to that for Oceania but 
they have markedly lower absolute numbers of established 
alien species per time period.

Table 2  25  	 Top most widespread invasive alien species for Asia and the Pacific.

The number of regions where the species has been recorded and classified as being invasive based on GRIIS (Pagad et al., 2022). 
Note this table only refers to the distribution of invasive alien species rather than their impacts which are covered in Chapter 4. A 
maximum of three species is shown for each group (see section 2.1.4 for further details about data sources and data processing). 
“No. of regions” denotes the number of regions with confirmed occurrences of that species according to the chapter database. A 
data management report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582 

Species name No. of regions Species name No. of regions

Mammals Molluscs

Rattus rattus (black rat) 23 Lissachatina fulica (giant African land snail) 15

Mus musculus (house mouse) 18 Pomacea canaliculata (golden apple snail) 11

Rattus norvegicus (brown rat) 14 Euglandina rosea (rosy predator snail) 6

Birds Crustaceans

Acridotheres tristis (common myna) 16 Amphibalanus improvisus (bay barnacle) 3

Columba livia (pigeons) 7 Cherax quadricarinatus (redclaw crayfish) 3

Corvus splendens (house crow) 7 Procambarus clarkii (red swamp crayfish) 3

Fishes Vascular plants

Gambusia holbrooki (eastern mosquitofish) 16 Lantana camara (lantana) 29

Cyprinus carpio (common carp) 15 Pontederia crassipes (water hyacinth) 28

Gambusia affinis (western mosquitofish) 12 Leucaena leucocephala (leucaena) 23

Reptiles Algae

Hemidactylus frenatus (common house gecko) 4 Alexandrium minutum (dinoflagellate) 2

Iguana iguana (iguana) 4 Caulerpa taxifolia (killer algae) 1

Trachemys scripta elegans (red-eared slider) 4 Chattonella marina (raphidophyte) 1

Amphibians Bryophytes

Lithobates catesbeianus (American bullfrog) 6

Rhinella marina (cane toad) 6 Fungi

Xenopus laevis (African clawed frog) 2 Pyrrhoderma noxium 4

Insects Amanita muscaria (fly agaric) 1

Solenopsis geminata (tropical fire ant) 14 Austropuccinia psidii (myrtle rust) 1

Tapinoma melanocephalum (ghost ant) 14 Oomycetes

Brontispa longissima (coconut hispine beetle) 13 Phytophthora cinnamomi (Phytophthora dieback) 3

 Arachnids Bacteria and protozoans

Aculops lycopersici (Tomato russet mite) 1 Vibrio cholerae (cholera) 3

Latrodectus geometricus (brown widow spider) 1 Yersinia pestis (black death) 1

Latrodectus hasselti (Redback spider) 1

https://doi.org/10.5281/zenodo.7615582
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Status

The Asia-Pacific region includes several global hotspots of 
established alien plant species (Dawson et al., 2017) as for 
islands in Oceania (Essl et al., 2019; Moser et al., 2018). 
Such hotspots include New Zealand with 1,726 established 
alien plant species (comprising 44.5 per cent of the flora; 
Howell & Sawyer, 2006), Tahiti with 1,346 (73.8 per cent), 
and Guam with 833 (66.5 per cent, Raulerson, 2006). 
Australian states harbour from 1,186 established alien 
species in Western Australia to 1,584 in New South Wales, 
corresponding to 12–25 per cent of the total plant diversity 
in these states (Pyšek, Pergl, et al., 2017; Randall, 2002; 
Walsh & Stajsic, 2007). Australasia experienced a rapid 
accumulation of established alien plants during colonization, 
while the Pacific islands show the steepest increase in 
established plant species among all global regions (van 
Kleunen et al., 2015). The most widespread established 
alien species on the Pacific Islands include Euphorbia hirta 
(garden spurge), Cenchrus echinatus (southern sandbur), 
Phyllanthus amarus (jamaicaweed), Sida rhombifolia 
(arrowleaf sida), Carica papaya (papaya), Eleusine indica 
(goose grass), and Euphorbia prostrata (prostrate sandmat). 
In Australia and New Zealand,the most widespread 
established alien species are Sonchus oleraceus (common 
sowthistle), Solanum americanum (American black 
nightshade), Chenopodiastum murale (nettle-leaf goosefoot), 
Medicago polymorpha (bur clover), and Malva parviflora 
(pink cheeseweed) (Pyšek, Pergl, et al., 2017; Table 2.25). 
Global hotspots of established alien species also occur in 
other Asian sub-regions; in South Asia and South-East Asia, 
India (471 alien plants comprise 2.6 per cent of the flora; 
Inderjit et al., 2018), the Philippines (628 species, 6.4 per 
cent; Pelser et al., 2011), and Indonesia (503 species, 1.7 
per cent; Biotrop, 2003) are invasion hotspots. In Nepal, 21 
established alien plant species have been classified as being 
invasive (Shrestha, 2016), while 101 invasive alien plant 
species have been recorded for Bhutan (Dorjee et al., 2020). 
In North-East Asia, Japan is richest in alien plants (1311 
species, 22.6 per cent) and numbers from China range 
from 100 to 400 (Pyšek, Pergl, et al., 2017). Western Asia is 
comparatively poor in numbers of alien plants (Table 2.25; 
Pyšek, Pergl, et al., 2017).

2.4.4.3	 Microorganisms

Trends 

In general, information on the trends of alien microorganisms 
in Asia is very scarce as for other IPBES regions. Data from 
China indicate that of the 27 invasive alien fungi recorded 
so far, only two new additions were reported after the year 
2000 (H. G. Xu & Qiang, 2018). In India, only one new 
invasive alien fungal pathogen (Puccinia horiana (white 
rust of chrysanthemum)) has been recorded in the last five 
years (Akhtar et al., 2019; Dubey et al., 2021). However, 
15 invasive fungal pathogens were intercepted by plant 

quarantine (Akhtar et al., 2019, 2021; Dubey et al., 2021) 
between 2015 and 2020. Only scattered information on 
trends of invasive alien fungi is available from other countries 
in Asia.

Status 

Twenty-seven invasive alien fungal pathogens were recorded 
from China (H. G. Xu & Qiang, 2018), 21 from India (Akhtar 
et al., 2019, 2021; Dubey et al., 2021; Government of 
India, 2005), 30 from the Maldives (Shafia & Saleem, 
2003), and 15 from the Lao People’s Democratic Republic 
(Nhoybouakong & Khamphouke, 2003). Further information 
on invasive alien fungi is not traceable or available from 
countries in Asia though it is clear from studies by Fisher 
et al. (2020) that several new invasive alien fungi may have 
been introduced from across the globe. 

A comparatively high number of known alien macrofungi 
has been reported for Asia and the Pacific which harbours 
at least 235 established alien species (Monteiro et al., 
2020). Most of these alien species belong to the order 
Agaricales (54 per cent), followed by Boletales (21 per 
cent), and Russulales (10 per cent). The most widespread 
alien macrofungi is Pyrrhoderma noxium. The countries 
with the highest numbers of known alien macrofungi are 
New Zealand (170 species) and Australia (40 species). 
This highlights the paucity of knowledge on invasive alien 
microparasites in this region. In general, it is assumed 
that goods, species including humans constantly carry a 
multitude of microorganisms around the globe and that 
many of them are introduced every year without detection.

2.4.4.4	 Islands 

Many islands in the Asia-Pacific region are significantly 
impacted by invasive alien species (IPBES, 2018b). For 
example, French Polynesia has undergone severe invasions 
by species ranging from avian malaria, plants, mammals, 
ants, birds, and predatory land snails (Brodie et al., 2014; 
Howarth, 1985; J.-Y. Meyer, 2014; J.-Y. Meyer & Butaud, 
2009). Mammals are widely introduced on islands in Asia 
and the Pacific (Courchamp et al., 2003), with examples 
including commensal rodents (mice, black rats, brown 
rats, and Pacific rats), rabbits, pigs, goats, cats, and foxes, 
in particular on many islands (D. J. Campbell & Atkinson, 
2002; Priddel et al., 2000; Reaser et al., 2007; St Clair, 
2011; Towns et al., 2006). 

Conversely, while some islands are invaded by only a 
few alien species, they are archetypal examples of island 
invasions. Invasive Herpestes sp. (mongooses) have been 
introduced on the Japanese islands of Amami-Oshima 
and Okinawa (Goldson, 2011; Reaser et al., 2007; The 
Ministry of the Environment of Japan, 2014). On Guam, 
Boiga irregularis (brown tree snake) has spread widely 



THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

154

reaching densities in excess of 31,000 individuals per 
km2 (CGAPS, 1997; Fritts & Rodda, 1998; Rogers et al., 
2017). On Guam and on Christmas Island, Anoplolepis 
gracilipes (yellow crazy ant) invasions were boosted by 
the invasive Tachardiaephagus tachardiae (yellow lac 
scale insect), which supplies yellow ants with honeydew 
(O’Dowd et al., 2003; Reaser et al., 2007). Other typical 
examples are gastropod invasions on many Polynesian 
islands, such as Lissachatina fulica (giant African land snail; 
Tsatsia & Jackson, 2022). Invasive plants are also a serious 
issue on many Asia-Pacific islands, such as Tahiti (J.-Y. 
Meyer & Florence, 1996), Lord Howe Island (T. D. Auld & 
Hutton, 2004), and Carnac Island (Abbott et al., 2000), 
while invasive soilborne plant pathogens, such as the 
fungus Phytophthora cinnamomi (Phytophthora dieback), 
are problematic in over 70 countries including several 
Australian islands (T. D. Auld & Hutton, 2004; Pickering 
et al., 2007), Fiji, Samoa, Tuvalu, and New Zealand (e.g., 
F. Campbell, 2010; Thaman, 2011; Thaman & O’Brien, 
2011). Hawaii is another classic example of an archipelago 
heavily invaded by many species groups, being among 
the three regions with the most established alien species 
in the world (Dawson et al., 2017): over 1,000 plants (W. 
L. Wagner et al., 1999), 3,000 arthropods (Nishida, 2002), 
and 110 vertebrates (Moulton & Pimm, 1983; Vitousek et 
al., 1987).

Pacific Islands are widely invaded by alien birds with New 
Zealand being a global hotspot of alien bird richness. More 
than 130 species were introduced to New Zealand, mostly 
deliberately by acclimatization societies set up by British 
colonists. More than 30 species are now established, 
including dense populations of several passerine species 
imported from Britain, such as Turdus philomelos (song 
thrush), Turdus merula (Eurasian blackbird), Prunella 
modularis (dunnock), Chloris sp. (greenfinch), Acanthis sp. 
(redpoll) and Emberiza citrinella (yellowhammer). 

2.4.4.5	 Knowledge and data gaps 

For alien plants, Asia and the Pacific have lower data 
coverage than other continents; data are available on 
established alien species for 68.5 per cent of the area 
of tropical Asia as a whole (Pyšek, Pergl, et al., 2017; 
van Kleunen et al., 2015). Notable exceptions represent 
some well-studied invasion hotspots such as Australia, 
New Zealand and Hawaii (van Kleunen et al., 2015, 2019; 
Figure 2.6). Mainland Asia is a region especially affected 
by knowledge gaps for alien mammals, likely due to a 
low sampling effort (Pyšek et al., 2008) and/or linguistic 
barriers (Angulo et al., 2021). Notably, while reports of alien 
mammals in Hong Kong, Special Administrative Region of 
China, are numerous and exhaustive, very little information 
is available in English for mainland China (Biancolini et al., 
2021). However, the situation has improved recently with 
several specialized accounts published or underway (Dorjee 

et al., 2020; Inderjit et al., 2018; Patzelt et al., 2022), and 
this trend is expected to continue. Temporal information 
such as first records is generally scarce for most regions in 
Asia and the Pacific.

The completeness of the information about alien amphibians 
and reptiles and freshwater species in Asia and the Pacific 
varies substantially by country. While some countries in 
North-East Asia and Oceania are relatively well-studied, 
others, particularly in southeast Asia and western Asia, have 
substantial knowledge gaps (Capinha et al., 2017; Chapple 
et al., 2016; C. Chen et al., 2017; Cogălniceanu et al., 
2014; Das, 2015; Kraus, 2009; Lee et al., 2019; Rights and 
Resources Initiative, 2015; Seebens, Blackburn, et al., 2017; 
Soorae et al., 2010; Van Wilgen et al., 2010; Zug, 2013). 
In addition, further genetic work is needed to resolve the 
status of various species and populations of alien reptiles 
throughout the Pacific and western Asia (Cogălniceanu et 
al., 2014; Zug, 2013).

The total number of marine alien species varies among 
studies, in part due to a lack of standardized terminology, 
sampling methods, environments studied, and taxonomic 
expertise available to assess species lists and record dates 
(Marchini et al., 2015). For example, many species counted 
as marine alien species in the northwest Pacific are present 
in aquaculture facilities, while it remains unknown whether 
they have established in some cases. Some assessment 
lists only include species detected on vectors, some others 
consider different delineations of marine regions, while yet 
others are country specific. 

Asia and the Pacific is grossly under-explored for alien 
fungi and other microorganisms. The high number of alien 
macrofungal records in New Zealand and Australia are 
likely influenced by high research and sampling intensities 
in these regions. Much less data and fewer studies on alien 
macrofungi are available for most other countries in Asia and 
the Pacific. 

2.4.5	 Trends and status of alien 
and invasive alien species in 
Europe and Central Asia

This section reports on the trends and status of alien 
species of Europe and Central Asia for animals (section 
2.4.5.1), plants (section 2.4.5.2), microorganisms (section 
2.4.5.3) and islands (section 2.4.5.4), and provides an 
overview of data and knowledge gaps (section 2.4.5.5). A 
description of IPBES regions and sub-regions including a 
spatial representation is provided online (IPBES Technical 
Support Unit On Knowledge And Data, 2021) and in 
Chapter 1, section 1.6.4.
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2.4.5.1	 Animals

Trends

The number of alien animal species in Europe and Central 
Asia has increased across various taxonomic groups 
including vertebrates (Rabitsch & Nehring, 2017), insects 
(Roques et al., 2016), molluscs (Peltanová et al., 2012) and 
freshwater species (Muñoz-Mas & García-Berthou, 2020; 
Nunes et al., 2015). Comparisons of long-term trends among 
sub-regions show much larger numbers of alien species 
recorded for Central and Western Europe, which has the 
highest numbers of alien species for all animal groups and 
at all times, compared to other sub-regions (Figure 2.33). 
While rates of increase remained relatively constant over the 
last 200 years for alien mammals, they rose sharply in recent 
decades for birds and invertebrates. Rates of increase of 
alien species remained relatively constant for all groups in 
Eastern Europe, but available numbers in Central Asia are 
often too low to assess trends (Figure 2.33).

Alien mammal introductions first occurred in Europe and 
Central Asia during prehistoric times, with major introductions 
from Asia to Europe and from the mainland to islands 
(Biancolini et al., 2021; Long, 2003). The spread of agriculture 
brought domestic species (e.g., Capra hircus (goats), Ovis 
aries (sheep), Felis catus (cat)), while island colonization 
by humans brought game species (e.g., Lepus europaeus 
(European hare), Glis glis (European edible dormouse), 
Oryctolagus cuniculus (rabbits)) as well as stowaways 
(Apodemus sylvaticus (long-tailed field mouse), Crocidura 
suaveolens (lesser white-toothed shrew), Microtus arvalis 
(common vole)) (Biancolini et al., 2021; Long, 2003). Biological 
invasions of islands intensified with the growth of the sea 
trade in the following centuries causing the disappearance 
of many natural island ecosystems, especially in the 
Mediterranean basin (Masseti, 2009). Hunting has always 
been and continues to be a major pathway for alien mammals 
and birds on both the mainland and the islands of Europe and 
Central Asia (Genovesi et al., 2012; Monaco et al., 2016).
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Figure 2  33 	 Trends in numbers of established alien species in Europe and Central Asia. 

Cumulative numbers (left panels) and number of established alien species per five-year intervals (right panels). Numbers underestimate 
the actual extent of alien species occurrences due to a lack of data. Lines in right panels indicate smoothed trends calculated as 
running medians (section 2.1.4 for further details about data sources and data processing). Note that presented numbers may 
deviate from those reported in the text due to variation among data sources. A data management report for the data underlying this 
figure is available at https://doi.org/10.5281/zenodo.7615582
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The number of alien animal species in Europe and Central 
Asia has increased across various taxonomic groups 
including vertebrates (Rabitsch & Nehring, 2017), insects 
(Roques et al., 2016), molluscs (Peltanová et al., 2012) 
and freshwater species (Muñoz-Mas & García-Berthou, 
2020; Nunes et al., 2015). Comparisons of long-term 
trends among sub-regions show much larger numbers 
of established alien species recorded for Central and 
Western Europe, the highest species numbers for all animal 
groups and at all times, compared to other sub-regions 
(Figure 2.33). While rates of increase remained relatively 
constant over the last 200 years for alien mammals, they 
rose sharply in recent decades for birds and invertebrates. 
Rates of increase of established alien species remained 
relatively constant for all groups in Eastern Europe, but 
available numbers in Central Asia are often too low to 
assess trends (Figure 2.33).

Alien mammal introductions first occurred in Europe 
and Central Asia during prehistoric times, with major 
introductions from Asia to Europe and from the mainland 
to islands (Biancolini et al., 2021; Long, 2003). The spread 
of agriculture brought domestic species (e.g., Capra hircus 
(goats), Ovis aries (sheep), Felis catus (cat)), while island 
colonization by humans brought game species (e.g., Lepus 
europaeus (European hare), Glis glis (European edible 
dormouse), Oryctolagus cuniculus (rabbits)) as well as 
stowaways (Apodemus sylvaticus (long-tailed field mouse), 
Crocidura suaveolens (lesser white-toothed shrew), Microtus 
arvalis (common vole)) (Biancolini et al., 2021; Long, 
2003). Biological invasions of islands intensified with the 
growth of the sea trade in the following centuries causing 
the disappearance of many natural island ecosystems, 
especially in the Mediterranean basin (Masseti, 2009). 
Hunting has always been and continues to be a major 
pathway for alien mammals and birds on both the mainland 
and the islands of Europe and Central Asia (Genovesi et al., 
2012; Monaco et al., 2016).

Europe and Central Asia has experienced a growing 
number of alien reptile and amphibian introductions, a 
trend that will likely continue (Seebens, Bacher, et al., 2021; 
Seebens, Blackburn, et al., 2017). Trends in alien reptiles 
and amphibians follow a similar pattern: historical events 
and trade routes around the Mediterranean Basin have 
resulted in some of the oldest known introductions of alien 
amphibians and reptiles in the world occurring in this region 
(Mateo et al., 2011; Pleguezuelos, 2002). In line with global 
trends, the number of alien amphibians and reptiles has 
increased in this region and the pet trade is expected to 
contribute more species in the near and medium futures 
(Capinha et al., 2017; Filz et al., 2018; Kraus, 2009; Mateo 
et al., 2011).

Introductions of alien freshwater animals increased 
after the mid-nineteenth century due to the activities of 

acclimatization societies, mainly for angling (Gherardi 
et al., 2009). Established alien species numbers also 
increased notably after World War II due to more intensive 
trade, openings of major inland canals and waterways in 
Central and Western Europe, and the intensification of 
aquaculture (Gherardi et al., 2009; Nunes et al., 2015). 
The main pathways of introduction were releases and 
escapes through aquaculture, deliberate stocking, and 
pet and aquarium trades. The latter acquired more 
importance as a driver facilitating introductions since the 
1990s (Nunes et al., 2015). In central and north-eastern 
Europe, interconnected canals and waterways were the 
main pathways of introduction, while in Central and Western 
Europe releases and escapes are linked to aquaculture and 
pet and aquarium trades. A slight decrease in introduction 
rates in recent decades has been reported on the Iberian 
Peninsula (Muñoz-Mas & García-Berthou, 2020). Alien 
species introductions are further assisted by unintentional 
translocations, such as the opening of waterways in Israel 
(Goren & Ortal, 1999).

Across the coastal areas of Europe, the number of 
detections and introductions of alien species has increased 
over time, although numbers differ among assessments 
(Bailey et al., 2020; Gollasch, 2006; Katsanevakis et al., 
2020; Tsiamis et al., 2019), especially for the eastern 
Mediterranean Sea since the earliest inventories taken 
during the 1960s (Galil et al., 2021b). For example, the 
number of marine alien species along the coast of Israel has 
increased three-fold from 1970 (147 alien species) to 2020 
(452 alien species), and this trend is consistent as new alien 
species detections still appear in the scientific literature. For 
the Baltic Sea, the annual introduction rate has more than 
doubled since 1950: 1.4 species per year between 1950 
and 1999 and 3.2 between 2000 and 2018 (ICES, 2019).

Status

Currently 85 alien mammals are known to be established 
in Europe and Central Asia, from 7 orders and 24 families 
(Biancolini et al., 2021). The most numerous orders are 
Rodentia (26 species), Cetartiodactyla (24), Carnivora (18) 
and Eulipotyphla (8). Alien mammal hotspots are present 
in Central and Western Europe, numerous Mediterranean 
islands, the British Isles, Italy, Scandinavia, Eastern Europe 
and European Russia (Biancolini et al., 2021). Most alien 
mammals are native to other parts of Europe and Central 
Asia (42) and the major outside donor is Asia and the Pacific 
(14), followed by the Americas (10), and Africa (4). This 
great reshuffling of mammal fauna was mainly driven by 
hunting (36 cases), pet trade (22), stowaway transportation 
(16), intentional introductions (12), conservation purposes 
(11) and fur exploitation (11) (Biancolini et al., 2021). For 
example, squirrels were released or escaped from captivity 
in the last several decades, creating numerous alien 
populations scattered across Europe (Biancolini et al., 
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2021). A well-known example is Sciurus carolinensis (grey 
squirrel), which was introduced to the United Kingdom and 
Italy (Bertolino et al., 2008, 2014; Gaertner et al., 2016). 
Ondatra zibethicus (muskrat), Nyctereutes procyonoides 
(raccoon dog), and Mustela vison (American mink) are 
among the most widespread species in Europe and Central 
Asia (Biancolini et al., 2021; Genovesi et al., 2012; Tedeschi 
et al., 2022). 

Many alien bird species were introduced during European 
colonial expansion including a large number introduced to 
Europe. Game and ornamental species were particularly 
popular, such that Europe now has populations of a number 
of alien galliforms and wildfowl. Other such introductions 
pre-date colonialism, such as Phasianus colchicus 
(common pheasant), which is widespread in Europe and 
still released in various countries every year by the tens 
of millions. Prior to the bird flu epidemic of 2005, Europe 
was a major hub for the caged bird trade, but European 
Union-wide bans on imports have greatly restricted the 
influx of species from outside the continent (Reino et al., 

2017). There is still extensive trade in captive-bred birds 
within Europe, and escapes continue to threaten further 
alien species introductions. The caged bird trade is the 
major source of alien species in Asia, notably in trade hubs 
in the Far East. Millions of birds continue to be trapped 
from wild populations in Asia, and pose a substantial 
extinction threat to popular species, as well as a risk of new 
alien populations.

Europe and Central Asia have several global hotspots of 
alien amphibians and reptiles. These include the Balearic 
Islands (20 species), mainland Spain (13 species), mainland 
Italy (11 species), mainland France (10 species), and the 
United Kingdom (10 species) (Capinha et al., 2017; Ficetola 
et al., 2010; Kark et al., 2009; Kraus, 2009; Mateo et al., 
2011). Fewer alien reptiles and amphibians have been 
reported from Central Asian countries than in Europe 
(Capinha et al., 2017; Kraus, 2009).

According to Nunes et al. (2015), there are 534 alien 
freshwater animals (46 per cent native to some European 

Table 2  26  	 Numbers of established alien species for subregions of Europe and Central 
Asia. 

For mammals, birds, and vascular plants ranges of values indicate variation among databases (section 2.1.4 for further details about 
data sources and data processing). Note presented numbers may deviate from those reported in the text due to variation among data 
sources. A data management report for the data underlying this table is available at https://doi.org/10.5281/zenodo.7615582

Central and Western 
Europe

Central Asia Eastern Europe Total

Mammals 64-133 5-23 24-80 72-164

Birds 218-627 4-5 20-24 221-630

Fishes 423 51 119 469

Reptiles 94 0 6 98

Amphibians 42 2 5 43

Insects 2,698 28 213 2,747

Arachnids 289 2 6 289

Molluscs 557 4 75 584

Crustaceans 420 10 88 563

Vascular plants 4,498-7,896 134-361 1,950-2,400 5,146-8,519

Algae 483 0 82 526

Bryophytes 23 0 1 23

Fungi 594 3 28 609

Oomycetes 59 0 2 59

Bacteria and protozoans 22 0 2 23

Total 12,711-16,587 265-511 2,903-3,413 11,472-15,346

https://doi.org/10.5281/zenodo.7615582
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areas) in Europe and Central Asia. The Iberian Peninsula, 
France, Italy, the United Kingdom, and Germany host the 
highest numbers of species (Gollasch & Nehring, 2006; 
R. P. Keller et al., 2009; Muñoz-Mas & García-Berthou, 
2020; Nunes et al., 2015; Teletchea & Beisel, 2018). For 
Uzbekistan, 31 alien freshwater fishes have been recorded 
(Yuldashov, 2018). Most introduced fish arrived mainly 
through stocking, aquaculture, or pet and aquarium trades, 
followed by crustaceans and molluscs, both mainly via 
ornamental trade and through corridors (e.g., canals and 
waterways; Muñoz-Mas & García-Berthou, 2020; Nunes 
et al., 2015). Some species, such as Cyprinus carpio 
(common carp), Sander lucioperca (pike-perch), Silurus 
glanis (wels catfish) or Ponto-Caspian gobies, are only native 
to parts of western Europe but have now established in 
much of European fresh waters (e.g., Leprieur et al., 2008). 
Similarly, many widespread species such as Perca fluviatilis 
(perch), Rutilus rutilus (roach) or Alburnus alburnus (bleak) 
are not native to the peninsulas in southern Europe, which 
have distinct, threatened fish faunas with high endemism 
(Yuldashov, 2018).

2.4.5.2	 Plants 

Trends

Since the start of the nineteenth century, Central and 
Western Europe has had a steady increase in alien plant 
introductions and data indicate no deceleration of this trend 
(Figure 2.33). First records for Eastern Europe and Central 
Asia show very slow increases, partly due to lower research 
effort in these regions relative to Central and Western 
Europe (section 2.4.5.5). A recent Europe-wide inventory 
of established alien plants, including Central and Western, 
and a portion of Eastern Europe was conducted through 
the project Delivering Alien Invasive Species In Europe 
(Lambdon et al., 2008) and recorded 4,139 established 
alien plant taxa (Pyšek, Pergl, et al., 2017; van Kleunen et 
al., 2015), an increase of 390 taxa (or 9.6 per cent). The 
introduction of alien aquatic plants increased after 1950, 
the main pathway being the ornamental trade, followed by 
cultivation and contaminants of commodities (Nunes et al., 
2015). Ornamental trade and cultivation had similar rates in 
different European areas while contaminants of commodities 
were mostly recorded in southern Europe (Nunes et 
al., 2015). The number of alien aquatic plant species is 
still relatively low in European freshwaters but is sharply 
increasing, having doubled in nearly 30 years (Hussner et 
al., 2010). 

Status

In Central and Western Europe, a total of 8,565 alien 
vascular plants, 497 established alien algae, and 25 
established alien bryophytes have been recorded (Table 
2.27). The GloNAF database reports 4139 established alien 

vascular plants (Pyšek, Pergl, et al., 2017; van Kleunen et 
al., 2015). The highest numbers of established alien plants 
are recorded in England (1,379), Sweden (874), Scotland 
(861), Wales (835), France (716), Norway (595), Belgium 
(508), Italy (478), Spain (454), and Germany (451) indicating 
that the northern part of the continent, particularly United 
Kingdom, Ireland, and Scandinavia are heavily invaded by 
established alien species. Only a few regions in Eastern 
Europe (perhaps due to lack of data) harbour comparably 
high numbers of established alien species, such as the 
European part of Russia (649), Ukraine (626) and Bulgaria 
(593) (Pyšek, Pergl, et al., 2017; van Kleunen et al., 2015, 
2019). Some of these countries also have the highest per 
centage of established alien species as a proportion of the 
total flora. In England, established alien species make up 47 
per cent of the total flora, in Wales 44 per cent, Scotland 42 
per cent, Sweden 35 per cent, in Norway 32 per cent, and 
in the European part of Russia 37 per cent (Pyšek, Pergl, 
Dawson, et al., 2020). There are 35 alien species that have 
become established in more than 30 regions of Europe, 
that is, at least half of the European regions considered in 
the GloNAF database, the most widespread being Erigeron 
canadensis (Canadian fleabane; recorded in 76 per cent 
of regions), Elodea canadensis (Canadian pondweed), 
Matricaria discoidea (rounded chamomile), Oenothera 
biennis (common evening primrose), Solidago canadensis 
(Canadian goldenrod) and Galinsoga parviflora (gallant 
soldier) (Table 2.27). Central Asia is generally less invaded 
by alien plants with country floras in this region harbouring 
50–70 established alien species which corresponds to 
1.9–4.5 per cent contribution to total plant diversity (Pyšek, 
Pergl, et al., 2017).

According to Nunes et al. (2015), there are 210 alien 
freshwater plants (38 per cent native to some European 
areas). Hussner (2012) found that the highest number 
of alien plant species in all of Europe is reported for Italy 
and France, followed by Germany, Belgium, Hungary, 
and the Kingdom of the Netherlands. The most frequently 
introduced plants are the angiosperms: 200 out of 210 
(Nunes et al., 2015).

Over last decade, negative impacts associated with the 
spread of particular alien aquatic plant species (e.g., Elodea 
spp. (waterweeds), Pontederia crassipes (water hyacinth), 
Ludwigia spp. (primrose-willow), Hydrocotyle ranunculoides 
(floating pennywort), Myriophyllum aquaticum (parrot’s 
feather)) increased in Europe (Hussner, 2012). Even though 
the number of alien aquatic plants appears relatively small 
compared to alien terrestrial plant species, the European 
and Mediterranean Plant Protection Organization (EPPO, 
2021) has listed 18 of these species as invasive or 
potentially invasive within the European and Mediterranean 
Plant Protection Organization’s region covering most of 
Europe and parts of Central Asia and North Africa. In 
total, 96 aquatic alien species from 30 families have been 
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Table 2  27  	 Top most widespread invasive alien species for Europe and Central Asia.

The number of regions where the species has been recorded and classified as invasive based on GRIIS (Pagad et al., 2022). Note this 
table refers only to the distribution of invasive alien species rather than their impacts which are covered in Chapter 4. A maximum of 
three species is shown for each group (see section 2.1.4 for further details about data sources and data processing). “No. of regions” 
denotes the number of regions with confirmed occurrences of that species according to the chapter database. A data management 
report for the data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582 

Species name No. of regions Species name No. of regions

Mammals Molluscs

Mustela vison (American mink) 15 Dreissena polymorpha (zebra mussel) 15

Rattus norvegicus (brown rat) 11 Corbicula fluminea (Asian clam) 13

Myocastor coypus (coypu) 10 Potamopyrgus antipodarum (New Zealand 
mudsnail)

13

Birds Crustaceans

Alopochen aegyptiaca (Egyptian goose) 8 Pacifastacus leniusculus (American signal 
crayfish)

18

Branta canadensis (Canada goose) 7 Amphibalanus improvisus (bay barnacle) 14

Psittacula krameri (rose-ringed parakeet) 6 Faxonius limosus (Spiny-cheek crayfish) 14

Fishes Vascular plants

Pseudorasbora parva (topmouth gudgeon) 19 Ailanthus altissima (tree-of-heaven) 32

Lepomis gibbosus (pumpkinseed) 18 Robinia pseudoacacia (black locust) 31

Gambusia holbrooki (eastern mosquitofish) 15 Solidago canadensis (Canadian goldenrod) 26

Reptiles Algae

Trachemys scripta (pond slider) 6 Sargassum muticum (wire weed) 7

Trachemys scripta elegans (red-eared slider) 4 Coscinodiscus wailesii (diatom) 5

Chelydra serpentina (common snapping turtle) 2 Bonnemaisonia hamifera (red algae) 4

Amphibians Bryophytes

Lithobates catesbeianus (American bullfrog) 7 Campylopus introflexus (heath star moss) 10

Pelophylax ridibundus (Eurasian marsh frog) 3 Orthodontium lineare (cape thread-moss) 2

Triturus carnifex (Italian crested newt) 3 Fungi

Insects Ophiostoma novo-ulmi (Dutch elm disease) 9

Cameraria ohridella (horsechestnut leafminer) 13 Hymenoscyphus fraxineus (ash dieback) 5

Harmonia axyridis (harlequin ladybird) 12 Ophiostoma ulmi (Dutch elm disease) 4

Leptinotarsa decemlineata (Colorado potato 
beetle)

8 Oomycetes

 Arachnids Aphanomyces astaci (crayfish plague) 13

Opilio canestrinii (harvestman) 3 Phytophthora cambivora (root rot of forest trees) 3

Varroa destructor (Varroa mite) 3 Phytophthora ramorum (sudden oak death) 3

Mermessus trilobatus (trilobate dwarf weaver) 2 Bacteria and protozoans

Anabaenopsis raciborskii (cyanobacteria) 1

Erwinia amylovora (fireblight) 1

https://doi.org/10.5281/zenodo.7615582
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reported as established alien species from at least one 
European country. Sixteen alien species belong to the 
family of Hydrocharitaceae, followed by the Nymphaeaceae 
and Lemnaceae (both with nine plant species). Most 
aquatic alien plant species introduced into Europe are 
native to North America (26 per cent) and Asia (29 per 
cent) (Hussner, 2012). The highest number of aquatic alien 
plant species was found in Italy (34 species), France (34 
species), Germany (27), Belgium, and Hungary (both 26), 
and was lowest in the Balkan region and the northern and 
eastern parts of Europe (Hussner, 2012). Elodea canadensis 
(Canadian pondweed) is the most widely distributed 
alien aquatic plant in Europe, occurring in 41 European 
countries (but not in Cyprus, Malta, Iceland, Greece, and 
Montenegro). Azolla filiculoides (water fern) is the second 
most widely distributed species (25 countries), followed by 
Vallisneria spiralis (eelweed) (22) and Elodea nuttallii (Nuttall’s 
waterweed) (20) (Hussner, 2012). 

2.4.5.3	 Microorganisms

Trends

Due to global trade of live plants and animals, the rate 
of introduction of alien fungi, oomycetes, and other 
microorganisms to Europe and Central Asia is likely to 
further accelerate (Hulme, 2021). Several fungi, oomycetes, 
and other microorganisms causing diseases have been 
introduced in recent decades (Nunes et al., 2015). For 
example, within the past 20 years, 5 downy mildew 
pathogens with the potential to cause significant losses 
have been introduced to Europe (Gilardi et al., 2013; Görg 
et al., 2017; Thines, 2011; Thines et al., 2020; Voglmayr et 
al., 2014). These organisms were most likely introduced with 
seeds or latently infected plants, making clear the necessity 
for better quarantine procedures for alien plants and for local 
production of plants and seeds whenever possible.

Status

Europe and Central Asia has a well-documented 
history of biological invasions by alien plant and animal 
parasitic fungi and oomycetes. Well-known examples are 
Batrachochytrium dendrobatidis (chytrid fungus; Longcore 
et al., 1999), Aphanomyces astaci (crayfish plague; Mrugała 
et al., 2015), Phytophthora infestans (Phytophthora blight; 
Yoshida et al., 2013), and Plasmopara viticola (grapevine 
downy mildew; Gessler et al., 2011). In addition, alien 
species have also invaded Europe as saprotrophsor 
symbionts, but the few documented examples such as 
Clathrus archeri (devil’s fingers) are likely only the tip of the 
iceberg (Desprez-Loustau et al., 2007; Litchman, 2010).

In Europe and Central Asia, the highest numbers of invasive 
alien forest pathogenic fungi are reported from the central-
southern region (e.g., France, Italy, and Switzerland; 

Santini et al., 2013). For example, Phytophthora ramorum 
(sudden oak death), which has had significant impacts 
on native forests, is thought to have been introduced to 
the United Kingdom via the ornamental plant trade (Jung 
et al., 2021). Most forest pathogenic fungi are native 
to the northern hemisphere, but about one third are of 
unknown origin (Desprez-Loustau, 2009). The incidence 
in Europe of alien powdery mildews (Erysiphales) is 
higher in terms of expected species numbers and this 
may reflect responses to climate change in a group 
adapted for long-distance aerial spore dispersal (Heluta 
et al., 2009). Using dried reference collection samples, 
Gross et al. (2021) demonstrated that three species of 
Erysiphe could be linked to the incidence of powdery 
mildew in oaks, a disease that emerged in Europe at the 
beginning of the twentieth century. By comparison, the 
incidence of specialized alien insect parasites of the order 
Laboulbeniales is comparatively low given their high species 
numbers (Desprez-Loustau, 2009). More aggressive 
genotypes of known plant pathogenic fungi may also arrive 
and become invasive (Arenz et al., 2011). Alien and invasive 
microfungi pathogenic to animals include Batrachochytrium 
dendrobatidis (chytrid fungus), which is the agent of 
chytridiomycosis, a disease spread by trade and causing 
massive amphibian declines worldwide (Weldon et al., 
2004), and Pseudogymnoascus destructans (white-nose 
syndrome fungus) in bats (Thakur et al., 2019).

Among all IPBES regions, Europe and Central Asia 
represents the region with the best available knowledge 
on the distribution of alien macrofungi with several national 
lists of alien fungi available (e.g., Desprez-Loustau et al., 
2010; Motiejūnaitė et al., 2016). However, information for the 
Central Asian and Eastern European sub-regions, is much 
scarcer, and the absence or low number of alien macrofungi 
as known for these regions is likely a clear underestimation 
of actual numbers. 

2.4.5.4	 Islands 

Mediterranean islands are biodiversity hotspots and have 
been invaded by large numbers of alien plant and animal 
species for centuries, many of which are now established 
(e.g., Capizzi, 2020; Chainho et al., 2015; Ruffino et al., 
2009). Many North Sea and Baltic Sea islands have also 
been invaded, for example by Mustela vison (American 
mink) (e.g., Bonesi & Palazon, 2007). Islands belonging 
to Europe include overseas territories in most oceans. In 
particular, the United Kingdom and France have many 
islands in the southern Atlantic and in the Pacific. Biological 
invasions on islands related to European countries may be 
due to proximity of continents (islands off the Atlantic and 
Channel Sea coasts) or the colonization of more remote 
islands (e.g., French Polynesia and New Caledonia). Among 
the most studied taxa, the mammals of these islands, such 
as Gough Island, Crozet Island, or the Kerguelen Islands 
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include rats, mice, cats, cattle, and mouflons (Davies et al., 
2015; C. W. Jones et al., 2019; Pascal, 1980). 

2.4.5.5	 Data and knowledge gaps 

While sampling and reporting intensity is high for alien 
mammals in Western Europe, data coverage and quality 
decrease eastward towards Eastern Europe, including 
Russia (Biancolini et al., 2021). Significantly fewer sources 
of information are available for these areas in comparison to 
Western Europe and reports frequently lack extensive details 
on alien species trends, ecology, distribution, and impacts. 
This could reflect linguistic barriers that hinder data sharing 
(Angulo et al., 2021) as the available literature published 
in English with respect to Eastern Europe cites numerous 
works written in other languages (e.g., Russian) (Khlyap 
et al., 2011). A similar situation is reported for freshwater 
species, which are well reported for Europe, especially 
Western Europe (Nunes et al., 2015), while less data are 
available for Central Asia. 

While information available on alien amphibians and 
reptiles in this IPBES region has been thoroughly collected 
(Capinha et al., 2017; Kark et al., 2009; Kraus, 2009), 
some countries in Western Europe and Central Asia have 
been understudied and those lists of alien amphibians 
and reptiles are likely incomplete (Capinha et al., 2017; 
Seebens, Blackburn, et al., 2017; N. J. van Wilgen et 
al., 2018).

Europe is amongst the best-researched continents for 
plant invasions (Pyšek, Hulme, et al., 2020) and many 
regions in Central and Western Europe possess high quality 
data compared to other parts of the world (Lambdon et 
al., 2008; Pyšek, Blackburn, et al., 2017; Pyšek, Pergl, 
Dawson, et al., 2020). Many countries have specialized 
catalogues and inventories with information going beyond 
the distribution of alien species (e.g., Celesti-Grapow et 
al., 2009; E. J. Clements & Foster, 1994; Essl & Rabitsch, 
2002; Klotz et al., 2003; Preston et al., 2002, 2004; Pyšek 
et al., 2002; S. C. P. Reynolds, 2002). For Eastern Europe, 
there are data gaps and incomplete species lists for several 
countries including a large part of Russia (van Kleunen 
et al., 2015, 2019). Work is currently underway to close 
this data gap (e.g., Leostrin & Pergl, 2021; Vinogradova 
et al., 2018), and more species are likely to be identified 
as established alien species in Europe. Some countries 
in Central Asia also lack inventories (appendix 1 in Pyšek, 
Blackburn, et al., 2017). 

2.5	 TRENDS AND STATUS 
OF ALIEN AND INVASIVE 
ALIEN SPECIES BY IPBES 
UNITS OF ANALYSIS

This section reports on the temporal trends and status of 
the distribution of alien and invasive alien species for each 
IPBES unit of analysis. IPBES units of analysis represent a 
broad-based global classification system considering both 
the state of nature in classes, equivalent to biomes, and 
in anthropogenically-altered biomes or “anthromes”. The 
units correspond broadly to global classifications of nature 
and human interactions, serving the need for analysis and 
communication in a global policy context. More details 
about the units of analysis are provided in Chapter 1, 
section 1.6.5 and online (IPBES, 2019b). The following 
section is sub-divided into an overview (section 2.5.1), 
terrestrial (section 2.5.2), freshwater (section 2.5.3), 
and marine (section 2.5.4) units of analysis as well as 
anthroponized areas (section 2.5.5).

2.5.1	 Overview of trends and 
status by IPBES units of analysis

While no studies on biological invasion dynamics among 
comparative units of analysis exist, some studies have 
investigated patterns using similar delineations of study 
regions such as freshwater, marine, and terrestrial habitats. 
In general, far more studies are available for terrestrial 
alien species (although availability varies for above- and 
belowground) than for marine and freshwater systems. 
For instance, one comprehensive global analysis of first 
records of established alien species shows that 64 per cent 
of all studies had an explicit focus on terrestrial habitats, 
13 per cent addressed marine and 12 per cent freshwater 
habitats, and the remaining were cross-taxonomic (Seebens, 
Blackburn, et al., 2017). As a result, most established alien 
species have been reported from terrestrial habitats (over 75 
per cent), while freshwater or marine alien species numbers 
are both of similarly low range (less than 10 per cent). 
Terrestrial alien species invasions were usually recorded earlier 
in time compared to freshwater species, which in turn were 
reported earlier than marine species (Zieritz et al., 2017). 
Likewise, before 1840 most (about 75 per cent) established 
alien species recorded in north-western Europe represented 
terrestrial species, and the proportion has dropped 
continuously to less than 20 per cent more recently (Zieritz et 
al., 2017). Only a few studies compared the trends and status 
of alien species across terrestrial, freshwater, and marine 
habitats at large spatial scales (e.g., Roy, Peyton, et al., 2014; 
Sandvik, Dolmen, et al., 2019; H. Xu et al., 2012; Zieritz et al., 
2017). Other studies reported similar increases in established 
alien species across terrestrial, marine, and freshwater 
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habitats with a tendency of freshwater alien species numbers 
accelerating more rapidly in recent years (O’Flynn et al., 2014; 
Roy, Preston, et al., 2014; H. Xu et al., 2012). 

2.5.2	 Trends and status of alien 
and invasive alien species in 
terrestrial units of analysis

Box 2  7  	 Mountain regions: A global assessment of trends and status of alien and 
invasive alien species.

Elevational patterns of plant invasions have been described for 
many mountain regions around the world and with very few 
exceptions, established alien species richness peaks at lower 
elevations and declines towards the highest elevations, closely 
following patterns of human settlements and disturbance (e.g., 
Alexander et al., 2011; Fuentes-Lillo et al., 2021; Haider et al., 
2010; Pauchard et al., 2009; Pérez-Postigo et al., 2021; Tanaka 
& Sato, 2016). Most introduced alien species are pre-adapted 
to the environmental conditions at low elevations and need a 
broad environmental tolerance to spread towards high mountain 
sites (Alexander et al., 2011). Therefore, alien species at high 
elevations are typically environmental generalists, and only 
rarely are mountain specialist species directly introduced at high 
elevations (Alexander et al., 2016; Steyn et al., 2017). As the 
regional lowlands are the most important source of alien plants 
found at high elevations, alien mountain floras are surprisingly 
dissimilar across mountain ranges and continents. In a study 
analyzing alien species lists from 13 mountain regions, about 
60 per cent of alien species were recorded in a single mountain 
area, and less than 5 per cent were found in more than half of 
the regions included in the study (McDougall et al., 2011).

Anthropogenic corridors such as roads, trails, and railways 
strongly facilitate the spread of alien plants from low to high 
elevations (Alexander et al., 2011; Lembrechts et al., 2017; 
Liedtke et al., 2020; Rashid et al., 2021; M. Yang et al., 2018), 
and alien plants are much more common in disturbed habitats 
directly adjacent to such corridors compared to more remote 
natural habitats (Seipel et al., 2012). Thus far, few alien species 
have been able to penetrate natural communities, especially at 
higher elevations, but those that have invaded are often shade 
and moisture tolerant (McDougall et al., 2018). 

While there is no evidence that alien species in mountains 
have caused the local extinction of native species, they have 
a strong impact on multiple dimensions of biodiversity (B. 

W. van Wilgen et al., 2020). First, they reduce differences in 
community composition between low and high elevations, 
and thus negatively affect beta-diversity, leading to a biotic 
homogenization in mountains – and in the long-term maybe 
also across mountain regions. A global study based on a 
standardized vegetation survey demonstrated that alien species 
along roadsides either shifted the richness peak of native 
plants to lower elevations, or even changed the shape of the 
relationship between native species richness and elevation 
(Haider et al., 2018).

In the last 15–20 years, research on plant invasion patterns in 
mountains has increased markedly. However, published studies 
are unevenly spread across mountains worldwide. While there 
are many studies from regions with temperate or Mediterranean 
climates, there are few from the subtropics and tropics (e.g., 
the Andes, mesoamerica, Africa, and Asia) or high latitude 
boreal and Arctic regions. A second shortcoming is the lack of 
long-term monitoring of alien species in mountains. Few studies 
have used permanent monitoring sites to document changes 
in alien species occurrence in mountains (but see Kalwij et al., 
2015; Turner et al., 2021). The Mountain Invasion Research 
Network (MIREN, www.mountaininvasions.org) has developed 
a standardized survey protocol to study and monitor patterns 
of plant invasions into mountains (but not in Africa), which has 
been applied in 19 regions worldwide since 2007 (Haider et al., 
2022; Figure 2.34). While assessing future trends of alien plant 
species distributions in mountains remains a challenge, efforts 
are being conducted to model invasions using data collected at 
multiple scales especially under climate change (Lembrechts et 

al., 2017; Petitpierre et al., 2016) and shifts in biotic interactions 
using evidence collected through both observational and 
experimental approaches. Such studies show that future plant 
invasions in mountains will increase in the future under climate 
change and increased anthropogenic pressure (Alexander et 

al., 2016; Petitpierre et al., 2016).

2.5.2.1	 Tropical and subtropical dry and 
humid forests

Tropical and subtropical forests cover about 52 per cent of 
global forested land and hold 200 billion tons of carbon in 
aboveground biomass (IPBES, 2019a). These ecosystems 
harbour the highest biological diversity globally, but also the 
highest number of threatened species (IPBES, 2019a). Since 
1990, over 250 million hectares were cleared for agriculture 
and urban expansion, infrastructure and mining (IPBES, 
2019a; Vancutsem et al., 2021). Although some regions 

have reported net gain in forest cover, this trend is mainly 
driven by planted-forest expansion with alien tree and palm 
species (Sloan & Sayer, 2015).

Trends

Historically, tropical and subtropical dry and humid forests 
have experienced fewer introductions of alien species 
relative to temperate ecosystems. Compared to other 
mainland terrestrial regions of the globe, tropical and 
subtropical dry and humid forests have lower numbers of 

http://www.mountaininvasions.org
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Box 2  7  	

Victoria

New South Wales

Southern Argentina

Central Argentina
Southern Chile

Central Chile

Ecuador

Hawaii

Oregon
Montana

Canary Islands

China

India

ArmeniaAustria

Norway

Switzerland

ELEVATION (M A.S.L.)

Czech Republic

Blue Mountains
902-2265 m a.s.l.

2007–2012
411 spp. (25.3 %)

Rocky Mountains
1803-3315 m a.s.l.
2007–2012–2017
453 spp. (10.4 %)

Mount Teide
5-2250 m a.s.l.

2008–2018
309 spp. (32.4 %)

European Alps
411-1802 m a.s.l.
2007–2012–2017
856 spp. (4.2 %)

Northern Scandes
13-704 m a.s.l.

2012–2017
225 spp. (6.2 %)
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Figure 2  34  	 Locations of the MIREN surveys. 

Sites in mountain regions where MIREN surveys have been used to sample and monitor plant invasions across elevational 
gradients. Source: Haider et al. (2022), https://doi.org/10.1002/ece3.8590, under license CC BY 4.0.3

invasive alien species for all taxonomic groups (Dawson et 
al., 2017). For instance, records of invasive alien species in 
the tropical and dry forests of South America mostly date 
from the past 50 years and have increased only in the last 
20 years (Zenni, 2015; Zenni & Ziller, 2011). Also, tropical 
South America has two or three times fewer established 
alien plants than temperate South America despite its 
greater area (Zenni et al., 2022). However, the recent 
and ongoing increases in biological invasions in tropical 
and subtropical dry and humid forests can be attributed 
in large part to agricultural and urban expansion and 
increased propagule pressure (Waddell et al., 2020). Forest 
degradation and clearcutting allow the establishment and 
spread of numerous invasive alien grass species, some of 
the most prominent invaders in tropical forest ecosystems 
(Dar et al., 2019; Zenni, 2015; Zenni & Ziller, 2011).

Lack of reliable baseline information from most countries in 
Asia prevents a comprehensive analysis of trends of alien 
plant invasions in tropical and subtropical forests in this 
region. Available information shows an increase of one to 
eight major species during a period of 7-18 years in five 
countries in the region (Banerjee et al., 2021; Government 
of Myanmar, 2005; Islam et al., 2003; Khuroo et al., 2012; 

Mukul et al., 2020; Pallewatta et al., 2003; Shrestha & 
Shrestha, 2021; Tiwari et al., 2005; Wijesundara, 2010).

Status

Some tropical and subtropical dry and humid forests on 
islands have some of the most noteworthy examples of 
biological invasions. Hawaii, for instance, has a greater 
number of established alien species than native species 
(G. W. Cox, 1999). Species such as Psidium cattleianum 
(strawberry guava), Morella faya (firetree), Hedychium spp. 
(ginger), and Sus scrofa (feral pig) have caused significant 
ecological impacts in Hawaiian tropical forests. Another 
highly invaded tropical island, the Galapagos, considers 
biological invasions the most relevant threat to native 

3.	 This map is directly copied from its original source (Haider et al., 2022) 
and was not modified by the assessment authors. The map is copyrighted 
under license Attribution 4.0 International (CC BY 4.0). The designations 
employed and the presentation of material on the maps used in the 
assessment do not imply the expression of any opinion whatsoever on 
the part of IPBES concerning the legal status of any country, territory, city 
or area or of its authorities, or concerning the delimitation of its frontiers 
or boundaries. These maps have been prepared or used for the sole 
purpose of facilitating the assessment of the broad biogeographical 
areas represented therein and for purposes of representing scientific data 
spatially.

https://doi.org/10.1002/ece3.8590


THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

164

biodiversity and the alien taxa outnumber the native species 
(Zenni et al., 2022). In Guam, invasive alien reptiles (notably 
Boiga irregularis (brown tree snake)) and some invasive 
alien tree species have been reported to extirpate native 
species and drastically change ecosystem processes (Fritts 
& Leasman-Tanner, 2001; Marler, 2020).

In South America, there are 247 known established alien 
plant species in Bolivia, 503 in Brazil, 265 in Colombia, 
348 in Ecuador, 166 in Guyana, 72 in Paraguay, 288 in 
Peru, and 219 in Venezuela (Zenni et al., 2022). For the 
Caribbean, there are at least 446 invasive alien species 
known among plants, invertebrates, vertebrates, fungi, 
and diseases (Kairo et al., 2003). Herpestes javanicus 
auropunctatus (small Indian mongoose) is one of the most 
notorious of these species in the Caribbean as it has been 
associated with the extinction of five native species. In Asia, 
179 invasive alien species have been recorded in tropical 
forests of central India (Dar et al., 2019). For plants, the 
numbers of invasive alien plants in tropical and subtropical 
forests (based on data from 10 countries) range from 15 to 
58, the highest being in forests of Indonesia (58 species) 
followed by forests in China (52) (Banerjee et al., 2021; 
Mukaromah & Imron, 2019; Mukul et al., 2020; Qureshi 
et al., 2014; Shrestha & Shrestha, 2021; D. T. Tan et al., 
2012; Weber et al., 2008; Wijesundara, 2010; H. Xu et 
al., 2012). The most widespread species in the region are 
Lantana camara (lantana) (recorded in 18 countries of the 
19 for which data are available), Leucaena leucocephala 
(leucaena, 18 countries), Mikania micrantha (bitter vine, 
16 countries), Ageratum conyzoides (billy goat weed, 16 
countries), Chromolaena odorata (Siam weed, 15 countries), 
Mimosa diplotricha (giant sensitive plant, 13 countries), 
Prosopis juliflora (mesquite, 12 countries) and Parthenium 
hysterophorus (parthenium weed, 11 countries).4 In India, 
the invasive alien plant Chromolaena odorata dominates 
the understory of forests and has been shown to negatively 
affect the pollination of native species (Peh, 2010; Chapter 
4, section 4.4.3). Another invasive alien plant Lantana 
camara, a plant species native to South America and 
invasive in most tropical regions of the world, can greatly 
reduce the productivity of economically important plants 
(Peh, 2010).

In Africa in recent decades the establishment of alien tree 
plantations, mainly pines and eucalyptus, has been a 
high priority in governmental forestry (Obua et al., 2010; 
Tumushabe & Mugyenyi, 2017). The replacement of natural 
forests with alien species, coupled with other human 
disturbances, has compounded the threat of invasive alien 
species that include plants such as Broussonetia papyrifera 
(paper mulberry), Senna spectabilis (whitebark senna), 
Lantana camara (lantana; Totland et al., 2005), and also 

4.	 Data extracted from the Global Invasive Species Database (GISD; http://
www.iucngisd.org/gisd/), GRIIS (https://doi.org/10.5281/zenodo.6348164) 
and Association of South-east Asian Nations (ASEAN; https://asean.org/)

insect species like Gonometa podocarpi (podocarpus moth; 
FAO, 2012), Achaea catocaloides (African apple tree moth; 
e.g., Martins et al., 2015) and Leptocybe invasa (blue gum 
chalcid; FAO, 2012). These invasive alien species have the 
potential to pose a threat to forest ecosystems (Hamilton et 
al., 2016). However, very little is known about the invasion of 
alien species into tropical forests and there is no up-to-date 
detailed assessment of the potential risks that these invasive 
alien species, especially under rapidly changing climate, are 
causing to the forests and their associated biodiversity and 
nature’s contributions to people (Chapter 3, section 3.3.4).

Data and knowledge gaps 

A worldwide review of invasive alien species in tropical and 
subtropical dry and humid forests has never been done, 
and most data available to date are at the country-level 
rather than at the level of biogeographic regions such as 
units of analysis. Of the countries with major areas covered 
by tropical and subtropical dry and humid forests, data 
are available mostly for South America, some parts of 
Mesoamerica and the Caribbean, and for South Asia, while 
data is scarce for tropical and subtropical dry and humid 
forests in Africa.

Biological invasions in tropical and subtropical dry and 
humid forests have been less studied than most other 
terrestrial ecosystems. This lack of data is, in part, explained 
by the lower numbers of invasive alien species recorded for 
tropical forests compared to other ecosystems. However, 
given the growing anthropogenic pressure over these 
regions, it is likely that biological invasions will increase in the 
next decades in tropical and subtropical forests, especially 
in regions with high intensity of land use change. Most 
reports available for tropical and subtropical dry and humid 
forests are for plant invasions, and there is very limited 
data on animal invasions except for a few well-studied 
species, such as Herpestes javanicus auropunctatus (small 
Indian mongoose) and Boiga irregularis (brown tree snake). 
For most regions with these forests, lists of established 
plant species are available (Pyšek, Pergl, et al., 2017; van 
Kleunen et al., 2019), but these data provide very little 
insight into the actual situation of biological invasions in 
tropical and subtropical dry and humid forests (e.g., spread 
and impacts).

As a general trend in Asia, the cumulative number of 
invasive plants is known to increase exponentially over years 
(e.g., in China: H. Xu et al., 2012). However, information 
on trends and status of invasive alien plants in tropical and 
subtropical forests in Asia are largely unavailable. Attempts 
are currently being made by some countries to prepare 
national inventories for invasive alien plants (e.g., Dorjee 
et al., 2020; Mukul et al., 2020), though these lists do not 
appear to include information on the habitats in which the 
alien species occur. 

http://www.iucngisd.org/gisd/), GRIIS (https://doi.org/10.5281/zenodo.6348164
http://www.iucngisd.org/gisd/), GRIIS (https://doi.org/10.5281/zenodo.6348164
https://asean.org/
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2.5.2.2	 Temperate and boreal forests 
and woodlands

Trends
The view that forested ecosystems are resistant to invasions 
by alien plants has eroded over the past two decades 
as observations of local dominance by both herbaceous 
and woody invaders in forests worldwide accumulate 
(Fridley, 2013; Liebhold et al., 2017; P. H. Martin et al., 
2009). Although estimates of trends in alien plant richness 
specific to forests are difficult to determine for most regions, 
biological invasions in temperate forests are increasing 
globally and will likely accelerate as high latitudes continue 
to warm with climate change (Pauchard et al., 2016; 
Chapter 3, section 3.3.4), particularly for boreal forests 
(Mulder & Spellman, 2019; Sanderson et al., 2012). 
Habitat fragmentation and road-building activities are also 
principal drivers that facilitated he increase in forest plant 
invasions (Chapter 3, section 3.3.1.2), both as a means 
to disperse alien propagules and to increase light and 
nutrient availability, which facilitate the growth of invader 
source populations that may spread into adjacent closed-
canopy forests (R. O. Bustamante & Simonetti, 2005; Flory 
& Clay, 2009; Kuhman et al., 2010). Afforestation (i.e., 
plantation of trees in areas without previous tree cover) 
represents another driver that promotes biological invasions 
(Ramprasad et al., 2020). Forest invasion research lags 
behind that of grasslands and wetlands (Nunez-Mir et al., 
2017), and temperate and especially boreal forests tend to 
be remote, making the early stages of biological invasions 
difficult to monitor (Liebhold et al., 2017). As a result, the 
colonization of temperate and boreal forests by alien plants 
is likely much greater than currently reflected in the literature 
(P. H. Martin et al., 2009).

Status

In the Northern Hemisphere, North American deciduous 
forests have a larger number of alien plant species than 
those of Europe and Asia (Fridley, 2013; Heberling et al., 
2017), including a substantial number of alien shrubs, 
lianas, and small trees introduced as ornamentals (Fridley, 
2008). In contrast, the most negatively impactful alien 
plants in European temperate forests are trees (Chapter 4, 
section 4.3.2.1; Campagnaro et al., 2018; Essl et al., 2011; 
Langmaier & Lapin, 2020), many of which were intentionally 
introduced for timber production or forest reclamation (e.g., 
Prunus serotina (black cherry; Closset-Kopp et al., 2007), 
Quercus rubra (northern red oak; Major et al., 2013), Robinia 
pseudoacacia (black locust; Vítková et al., 2017)), and 
woody species are the most numerous species in forest 
understory (V. Wagner et al., 2017). Deciduous forests of 
East Asia, which tend to have higher levels of native species 
richness than other temperate forests (Qian & Ricklefs, 
2000), remain relatively uninvaded (B. Auld et al., 2003; 
Fridley, 2013; but see Wavrek et al., 2017); further, woody 

species in general are strongly under-represented in the 
alien floras of China (Axmacher & Sang, 2013; Weber et 
al., 2008), Korea (Heberling et al., 2017), Japan (B. Auld 
et al., 2003), and the Russian Far East (Kozhevnikov & 
Kozhevnikova, 2011). Boreal forests across the northern 
hemisphere are among the least invaded forest types 
outside the tropics (Leostrin & Pergl, 2021; Sanderson et 
al., 2012); however, climate change is widely expected to 
accelerate understory plant invasions (Mulder & Spellman, 
2019; Chapter 3, section 3.3.4), and many fast-growing 
herbaceous alien species are already disrupting native 
tree regeneration in forest gaps (e.g., Cirsium arvense 
(creeping thistle); Humber & Hermanutz, 2011). In European 
(deciduous) forests, 386 alien plant species were recorded 
in forest understory and the most common, Impatiens 
parviflora (small balsam), was recorded in 21 per cent of 
sampled plots (V. Wagner et al., 2017). Plant invasions of 
forests of temperate South America remain understudied 
but there is some evidence that North American plantation 
conifers (e.g., Pinus contorta (lodgepole pine), Pseudotsuga 
menziesii (Douglas-fir)) are able to establish in native 
evergreen forests (Pauchard & Alaback, 2004; Peña et 
al., 2008; Simberloff et al., 2009), along with herbaceous 
species such as Prunella vulgaris (self-heal; Godoy et al., 
2011). Plantation conifers (e.g., Pinus radiata (radiata pine)) 
are also an increasing concern in dry eucalypt forests of 
Australia (M. C. Williams & Wardle, 2005).

Data and knowledge gaps

Although alien plant lists are increasingly available for 
regions where forest invasions are understudied, including 
Turkey (Akbulut & Karaköse, 2018; Yazlık et al., 2018), Iran 
(Sohrabi et al., 2021), and Siberia (Vinogradova et al., 2018), 
the richness and abundance of invasive alien plants specific 
to temperate forested habitats remains unknown for many 
regions outside North America and Europe (Heberling et 
al., 2017). One of the key knowledge gaps is the role of 
shade tolerance in alien species establishment: many alien 
plants establish following disturbance and persist under 
a closed canopy, but relatively few alien plants can recruit 
into intact temperate and boreal forests (P. H. Martin et al., 
2009; V. Wagner et al., 2021). A priority of future research is 
to understand the interplay of disturbance, climate change, 
and biological invasions (Chapter 3, section 3.3.4) in 
altering the trajectory of native forest stands to what will 
likely become novel communities of mixed native and alien 
species (Chmura, 2020).

2.5.2.3	 Mediterranean forests, 
woodlands and scrub 

Trends 

Although no comprehensive analysis of the trends of alien 
species for Mediterranean ecoregions (Mediterranean Basin, 
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South Africa, North America, South America and Australia) 
exists, it seems likely that the number of alien species 
increases as observed for other regions. As with other 
units of analysis, increases in the number of alien species 
and rates of new records results not only from increased 
transport of species (e.g., trade, human population, spread, 
tourism; M. C. Jackson & Grey, 2013), but also from 
increasing wildfires (e.g., Keeley et al., 2005), increased 
sampling intensity (both in the field and for bibliographic 
searches) and greater awareness of invasive alien species 
(L. Henderson & Wilson, 2017). Some regions and taxa 
have recently shown a deceleration in new introductions as 
a result of successful invasive alien species management 
or national and transnational regulations (European Union, 
2014; Murray & Phillips, 2012). This is the case with, for 
example, birds in the Iberian Peninsula (Abellan et al., 
2016), plants and terrestrial vertebrates in Chile (Fuentes 
et al., 2020), and invasive plants in Australia (Murray & 
Phillips, 2012).

In South Africa, the South African Plant Invaders Atlas 
reports a general increase in both the numbers of alien plant 
species and total area occupied (L. Henderson, 2007). While 
the rate of spread of alien plants decreased in some cases 
and even contracted in a few cases as a result of classical 
biocontrol, overall, 172 new alien plant species emerged 
between 2006 and 2016 and those already established 
expanded their ranges (L. Henderson & Wilson, 2017). An 
increase in alien species numbers in the Mediterranean 
parts of the country, due to horticulture and floriculture, is 
reported; the area of fynbos in South Africa is referred to 
as one the most heavily invaded biomes in the country (L. 
Henderson, 1998; B. W. van Wilgen, 2018).

Some countries in the Mediterranean Basin (e.g., Portugal) 
have good records of temporal trends of plant species 
dating back to 1500. A steady increase in alien species 
numbers occurred over time with an acceleration in the 
introduction of new species at late nineteenth century, some 
deceleration between 1930–1940 and a new acceleration at 
least up to 2018 (Almeida, 2018; Almeida & Freitas, 2001). 
Other countries in the Mediterranean Basin, such as Albania 
(Barina et al., 2014), experienced accelerated introductions 
later during the mid-twentieth century with few alien species 
reported before that time.

From 1500 to 1903 more populations of alien birds were 
introduced to the Mediterranean parts of South Africa, 
Australia, California, and fewer to Chile and the north-
western countries of the Mediterranean Basin. By the end 
of the twentieth century, this trend exhibited some changes 
with more bird populations introduced in the north-western 
countries of the Mediterranean Basin (with a hotspot in 
Spain), in Western Cape (South Africa) and California 
(United States) (E. E. Dyer, Cassey, et al., 2017). At least 
in the Iberian Peninsula, the pronounced increase after 

1955 – particularly steep after the 1980s – was followed by 
a decrease by 2005, possibly explained by the ban of wild-
caught birds in Spain after the avian flu and regulations to 
reduce invasion risk (Abellan et al., 2016).

Amphibians and reptiles were reported as introduced 
to Mediterranean areas only after 1800, with increasing 
numbers of records of new established alien species after 
mid-1900 (Capinha et al., 2017). 

In California, United States, alien terrestrial 
macroinvertebrates have been established since 1700, with 
many species (ca. 39 per cent) introduced before 1930. A 
more detailed analysis from 1935 – 2010 demonstrates the 
regular detection of new species of alien arthropods across 
the 75 years in three distinct phases: higher mean values 
early in this period, decreased detections 1970 to late 
1980s, followed by an increase (Dowell et al., 2016).

Status 

Comprehensive information about terrestrial alien vascular 
plants is available for most countries with a Mediterranean 
climate (e.g., Almeida, 2018; Arianoutsou et al., 2010; 
Barina et al., 2014; Fuentes et al., 2020; Galasso et al., 
2018; Meddour et al., 2020; B. W. van Wilgen, 2018), and 
most of the checklists provide information about the status 
of the species (Pyšek, Pergl, et al., 2017 for summary data 
on established alien plants). 

All the Mediterranean regions share a higher percentage 
of alien plant species with southwest Australia than with 
any other region. Chile and the Mediterranean Basin share 
comparatively fewer alien plant species with the other 
regions (Arianoutsou et al., 2013). Common invasive plants 
in and from Mediterranean areas are Oxalis pes-caprae 
(Bermuda buttercup), Acacia spp., Carpobrotus edulis 
(hottentot fig), Ulex spp. (Gorse), Cytisus spp., and Hakea 
spp. (Pincushion tree). Most Mediterranean areas also share 
alien species that have originated from different climates, 
e.g., Ailanthus altissima (tree-of-heaven), Conyza spp., and 
Agave americana (century plant).

Publications on alien plants are more common than for 
other taxonomic groups (e.g., Chile; Fuentes et al., 2020; 
N. J. van Wilgen et al., 2018; IUCN SSC Invasive Species 
Specialist Group (ISSG)). In Mediterranean areas, alien 
bird species richness is high in some regions of California, 
western parts of the Mediterranean basin, South Africa, 
and Australia (E. E. Dyer, Cassey, et al., 2017). Alien reptiles 
and amphibians (Capinha et al., 2017) present in the five 
global Mediterranean areas are more numerous in terms 
of species numbers in California and Spain, and have few 
documented species (or are even absent) in northern Africa 
and Eastern Europe. Terrestrial invertebrates also show high 
numbers of alien species, for example, in California (over 
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1,600 species, approximately 85 per cent insects) (Dowell 
et al., 2016). 

Data and knowledge gaps 

In countries covering multiple units of analysis, the trends 
and status for alien species in the Mediterranean zone is 
mostly not specifically described. Some countries with 
Mediterranean climates, particularly Syria, Lebanon, Malta, 
and Macedonia, have not yet published comprehensive 
inventories of alien species. Detailed distribution maps 
of specific alien species in Mediterranean areas are not 
frequently found.

2.5.2.4	 Arctic and mountain tundra 

Trends 

Early introductions of alien plant and vertebrate species 
in polar regions were largely intentional (e.g., revegetation 
of industrial sites and fur farming (Forbes & Jefferies, 
1999; Usher, 2005), while current introductions are often 
unintentional (Tolvanen & Kangas, 2016; Wasowicz et al., 
2020). Future increases in alien species richness across 
taxonomic groups for both Arctic and mountain tundra 
regions is expected due to climate change and increasing 
anthropogenic activity including deliberate ornamental plant 
introduction related to tourism development or unintentional 
introductions along roads, trails, and mineral extraction sites 
(Chapter 3, Carboni et al., 2018; Nielsen & Wall, 2013; 
Normand et al., 2013; Petitpierre et al., 2016; Solovjova, 
2019; C.-J. Wang et al., 2017; Ware et al., 2016; Wasowicz 
et al., 2013). However, a modelling study on the 100 
world’s worst invaders projected no increase in suitability 
of tundra regions to invasive alien species until 2100 as 
climatic conditions for some of these species might become 
too extreme in the future, or as ongoing degradation and 
land use change might render current habitats unsuitable 
(Bellard, Thuiller, et al., 2013). Invasive alien disease risks 
are likely to increase in the future under climate change, 
with potential increases in disease transmission between 
domestic species and Arctic wildlife, as well as through 
increased survival probability and range expansion of 
introduced disease vectors or increased host susceptibility 
under climate change (Bradley et al., 2005; Dudley et al., 
2015; Kutz et al., 2004; Waits et al., 2018).

Similarly, mountain regions have been mostly spared 
from biological invasions because of low anthropogenic 
pressure and harsh climates (Kueffer et al., 2013; Pauchard 
et al., 2009; Petitpierre et al., 2016). However, many high 
mountain regions globally have increasing alien species 
richness, especially for plants (Alexander et al., 2016; 
Becker et al., 2005; Carboni et al., 2018; Pauchard et al., 
2009; Pickering et al., 2007; Williamson & Fitter, 1996). 
Future alien species colonizers are expected to have wide 

climatic niches (like most current invasive alien species) 
and will likely increase their range sizes from low elevations 
via an upward expansion of their current range limits, with 
expansion rates for alien plants being twice as high as for 
native plant species (Alexander et al., 2011, 2016; Carboni 
et al., 2018; Dainese et al., 2017). Direct introductions of 
more specialized (i.e., cold adapted) alien species into high 
elevation environments will also likely increase because of 
increased tourism and targeted introduction for ornamental 
purposes (Alexander et al., 2016; Carboni et al., 2018; 
Godde et al., 2000; Kueffer et al., 2013; McDougall et al., 
2005). Genetic adaptability of alien species at range margins 
resulting in the colonization of cooler sites will likely further 
increase the risk of future invasions (Alexander, 2010). 
Bryophytes are common alien species in cold environments 
(Rozzi et al., 2008) and the likelihood of alien bryophytes 
invading high mountain and Arctic tundra ecosystems 
is assumed to be high (Essl et al., 2013; Pauchard et 
al., 2016).

Status

Established alien species richness across taxonomic groups 
decreases towards higher latitudes (Capinha et al., 2017; 
E. E. Dyer, Cassey, et al., 2017; Essl et al., 2013; Pyšek 
& Richardson, 2006; Qian, 2008; Sax, 2001) and high 
elevations (M. Ahmad et al., 2018; Alexander et al., 2011; 
Q. Guo et al., 2021; Haider et al., 2010; Kalwij et al., 2008; 
Khuroo et al., 2011; Marini et al., 2013; Western & Juvik, 
1983), but exceptions exist (Paiaro et al., 2011; Rosa, 
2020). Arctic regions have been identified as coldspots for 
alien species richness across different taxonomic groups 
(e.g., plants, birds, mammals, spiders, ants, amphibians, 
reptiles, fishes), especially Greenland, northern North 
America and northern Europe (Dawson et al., 2017). Alaska 
and northern Central Asia have higher alien richness of 
several taxonomic groups, but these patterns might be 
influenced by different sampling intensity and data availability 
across regions (Dawson et al., 2017). In mountain and arctic 
tundra, alien plants are generally found in anthropogenically 
disturbed sites and along transportation infrastructure 
routes (Alexander et al., 2011, 2016; Forbes & Jefferies, 
1999; Haider et al., 2010; Kalwij et al., 2008; Khuroo et 
al., 2011), and their richness decreases with increasing 
distance from these structures (Arteaga et al., 2009; Haider 
et al., 2022; Pauchard & Alaback, 2004; Seipel et al., 
2012). Successful invaders are mainly graminoid or weedy 
species (Alexander et al., 2016; Carey et al., 2016; Forbes 
& Jefferies, 1999; Wasowicz et al., 2020) however, primary 
invasion along mountain roads tends to promote longer 
lived species (McDougall et al., 2018). Species richness 
increases across taxonomic groups are mainly linked to 
invasions from lower elevations and latitudes under climate 
change, and increasing anthropogenic pressure associated 
with intentional introductions (Alexander, 2010; Bertelsmeier 
et al., 2015; Carboni et al., 2018; Dainese et al., 2017; 
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Godde et al., 2000; Greve et al., 2017; Kueffer et al., 2013; 
McDougall et al., 2005; Parkinson & Butler, 2005; Wasowicz 
et al., 2013, 2020) but some invasive alien species might 
also lose suitable habitats when the climatic conditions 
become too extreme in the future (Bellard, Thuiller, et 
al., 2013).

Data and knowledge gaps 

No dedicated gap analysis is currently available for Arctic 
and mountain tundra regions. However, the same regional 
gaps emerge across taxonomic groups as for global alien 
richness datasets. In particular, data is missing for most 
taxonomic groups in the northern part of Asia (Dawson 
et al., 2017) and research efforts are generally less 
intensive for animals and plants at higher latitudes (Lenoir 
& Svenning, 2015). Given that animals and plants are two 
of the most studied taxonomic groups, this is likely also 
true for other taxonomic groups such as mosses, lichens, 
and microorganisms.

2.5.2.5	 Tropical and subtropical 
grasslands

In the Millennium Ecosystem Assessment (2005) tropical 
grasslands and savannas were regarded as less affected 
by plant invasions relative to other biomes, but there is 
an increasing trend in both distribution and alien species 
richness in these biomes. Thus, although invasive alien 
species have only recently been considered as a main 
threat to biodiversity conservation and functioning of tropical 
grasslands and savannas, they are likely to become much 
more widespread in the future. Within the grassland-
savanna biome, frequently seasonally flooded river and 
stream banks are generally substantially more vulnerable to 
plant invasions than areas away from rivers (Pyšek, Hulme, 
et al., 2020; D. M. Richardson et al., 2007), but with notable 
exceptions. 

The current low incidence and impact of alien plants in 
savannas relative to some other terrestrial biomes may be 
because disturbance, which generally favours invasions, is 
fundamental to savanna functioning (Chapter 4, section 
4.3.2.1). Savannas are resilient to changes in disturbance 
regimes (Harrison & Shackleton, 1999; Walker & Noy-
Meir, 1982), making them relatively resistant to biological 
invasions in some areas (Foxcroft, Richardson, et al., 
2010). Drivers facilitating plant invasions in savannas 
include herbivore presence, residence time, intentional 
introductions for pasture improvements, the introduced 
species’ physiology, and anthropogenic disturbance 
(Foxcroft, Richardson, et al., 2010). While fire regimes may 
play a role in preventing alien plant invasions in fire prone 
systems, the increasing invasion of cacti (less affected by 
fire in areas denuded of grass cover) in African savannas, 
and fire adapted African grasses in northern Australian and 

southern American savanna grasslands are overcoming 
this barrier.

Trends

Although no study about trends of alien species in tropical 
and sub-tropical grasslands yet exists, it seems likely that 
the number of alien species are increasing likewise to 
other regions worldwide such as temperate grasslands 
(section 2.5.2.6).

Status

Foxcroft, Richardson, et al. (2010) suggested that African 
savannas are less invaded than savannas in the Neotropics 
and northern Australia, where alien African grasses 
especially have had significant impacts, due to (i) lower rates 
of intentional plant introductions to that continent, (ii) the 
role of large mammalian herbivores in African savannas, (iii) 
historical and biogeographical issues relating to the regions 
of origin of alien species, and (iv) the adaptation of African 
systems to fire. Moreover, many forms of anthropogenic 
land use over a long period (Bourlière & Hadley, 1983), 
together with high levels of frequent disturbances, may have 
resulted in alien plants being not yet very widespread or 
common in African savannas (Foxcroft, Richardson, et al., 
2010). In Southern Africa, L. Henderson and Wells (1986) 
listed 583 established alien plants for tropical savannas, of 
which 151 were known to be particularly impactful invasive 
alien species, and L. Henderson (2007) reported 48 alien 
species for the savanna biome of South Africa alone. 
Lantana camara (lantana), Chromolaena odorata (Siam 
weed) and Melia azedarach (Chinaberry) were the most 
prominent invasive alien species, followed by Solanum 
mauritianum (tobacco tree), Acacia mearnsii (black wattle), 
Opuntia ficus-indica (prickly pear), Ricinus communis (castor 
bean), Psidium guajava (guava), and Jacaranda mimosifolia 
(jacaranda). Examples of invasive alien species in protected 
areas include Chromolaena odorata in Hluluwe-Imfolozi 
(Macdonald, 1983) and Opuntia stricta (erect prickly 
pear) in Kruger National Park (Foxcroft et al., 2004). More 
recent evidence from East Africa suggests these trends of 
savannas being less invaded are reversing and biological 
invasions are rapidly increasing. While the Serengeti-Mara 
ecosystem in East Africa is relatively free of widespread and 
abundant invasive alien plants, with a few exceptions, Witt 
et al. (2017) report 51 established alien plant species, with 
21 of these recorded as invasive. They consider Parthenium 
hysterophorus (parthenium weed), Opuntia stricta, 
Tithonia diversifolia (Mexican sunflower), Lantana camara, 
Chromolaena odorata, and Prosopis juliflora (mesquite) to 
pose the greatest threats. In central Kenya, Laikipia County, 
which comprises grasslands, savanna woodland and forest, 
145 alien plant species recorded, 67 and 37 were already 
established or invasive, respectively (Witt et al., 2020). 
Widespread species in the county included Opuntia stricta, 
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Opuntia ficus-indica, Austrocylindropuntia subulata (Eve’s 
needle cactus), and other succulents (Witt et al., 2020).

“New World” neotropical savannas are locally highly 
invaded mostly by African C4 grasses introduced for forage 
quality improvement (e.g., Hyparrhenia rufa (jragua grass), 
Urochloa eminii (signal grass), Melinis minutiflora (molasses 
grass), Andropogon gayanus (tambuki grass), Panicum 
maximum (Guinea grass); Rejmánek et al., 2013). In Brazil, 
this practice was encouraged into the late 1990s (Pivello 
et al., 1999). In Colombia, Venezuela, and Brazil, about 4 
million km2 were transformed to pasture by using, to a large 
extent, African C4 grasses (D. G. Williams & Baruch, 2000). 
Gorgone-Barbosa et al. (2015) also reported Urochloa 
brizantha (palisadegrass) to be an aggressive invasive alien 
grass in the Brazilian Cerrado. Trees are, however, also 
invasive in grassland savanna in São Paulo State, Brazil, 
where De Abreu and Durigan (2011) reported that Pinus 
elliottii (slash pine) has completely altered the structure of 
grassland savannas.

African and European grasses are common alien species 
in Australia (D’Antonio & Vitousek, 1992). Lonsdale (1994) 
reported that 466 alien pasture species were intentionally 
introduced into the savannas of northern Australian and 
many have become invasive (ca.13 per cent). The most 
impactful invasive alien species in Australian tropical 
savannas include Andropogon gayanus (Tambuki grass) 
introduced as a pasture grass in the 1930s, whose invasion 
has led to several-fold increases in the fuel load and fire 
intensity, further promoting this species’ invasion (Rossiter 
et al., 2003). In Kakadu, Mimosa pigra (giant sensitive 
plant), Hymenachne amplexicaulis (hymenachne), Urochloa 
mutica (para grass) (Setterfield et al., 2013), Cenchrus 
ciliaris (buffel grass), Cenchrus polystachios (mission grass), 
Themeda quadrivalvis (grader grass) are other fire-regime 
altering African grasses, while Vachellia nilotica (gum arabic 
tree) from Africa, Cryptostegia grandiflora (rubber vine) 
from Madagascar, Jatropha gossypiifolia (bellyache bush) 
from Mesoamerica, Lantana camara (lantana) from the 
Neotropics, Mimosa pigra from South America, or Prosopis 
species (mesquite) from Americas, and Ziziphus mauritiana 
(jujube) from India are examples of woody species invading 
Australian savannas. There are also several cactus species 
introduced from Meso- and South America (Foxcroft, 
Richardson, et al., 2010). Ratnam et al. (2019) also shows 
that across large stretches of fine- and broad-leaved 
savannas in Asia, Lantana camara and Prosopis juliflora 
are widespread, expanding widely over the past three to 
four decades.

Data and knowledge gaps

Tropical and subtropical savannas and grasslands are 
in regions understudied compared to other regions of 
the world making information about alien species scarce 

and comprehensive studies lacking. It therefore remains 
unclear to what degree the often-low numbers of reported 
established alien species in these ecosystems represent 
low research effort or true numbers. However, given the low 
numbers of available studies, it seems likely that numbers of 
established alien species are likely to be considerably higher 
than reported.

2.5.2.6	 Temperate grasslands

Temperate grasslands once covered 5–10 per cent of the 
terrestrial surface (Dixon et al., 2014; White et al., 2000), 
yet now rank among the most threatened biomes globally 
due to land conversion and degradation (Hoekstra et al., 
2004; IPBES, 2019a). In North America, ca. 70 per cent of 
the Great Plains prairie have been converted to cropland 
and to a lesser degree to pastures and human settlements. 
Intensive grazing and agricultural usage have transformed 
many Pampas areas of South America. Conversion is 
also pronounced in some parts of Central Asia (including 
Kazakhstan, Kyrgyzstan, Russia, Tajikistan; V. Wagner et al., 
2020), but less so in highly continental Asia (Mongolia and 
China) where the world’s largest temperate grasslands are 
still found (Wesche et al., 2016).

Trends

The ongoing intensifying anthropogenic pressures on 
grassland ecosystems including climate change will likely 
further accelerate the establishment of new alien species in 
temperate grasslands (Chapter 3, section 3.3.4; Catford & 
Jones, 2019).

Although comparative studies are lacking, the North 
American prairie appears to be the temperate grassland 
region most impacted by alien biota. The history of alien 
species introductions is linked to the arrival and spread 
of European settlers in the nineteenth century, and 
subsequent land conversion (Seastedt & Pyšek, 2011), 
associated with plant introductions having far-reaching 
consequences such as the conversion of prairies to 
annual grasslands dominated by Eurasian grasses such as 
Bromus tectorum (downy brome) (Mack, 1989). Intentional 
introductions have played a key role in this trend (Lehan et 
al., 2013; Mack & Erneberg, 2002). For the entire United 
States, the cumulative number of introduced insect, mite 
(Sailer, 1983), and bird (Temple, 1992) species has grown 
consistently since the 1800s. In Kansas, a state that falls 
entirely within the temperate grassland biome, the number 
of introduced vascular plants found outside of cultivation 
has been steadily increasing since the late 1800s but has 
slowed in the last century (Woods et al., 2005). A similar 
increase-and-decline pattern was reported for rangelands 
of Washington, Oregon, Idaho, Montana, and Wyoming 
(testimony of Peter Reich cited in (Mitchell, 2000) and is in 
line with reports for California (Rejmánek & Randall, 2004) 
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and the United States as a whole (Seebens, Blackburn, et 
al., 2017). 

In South American grasslands, the number of records of 
alien plants (C. R. Fonseca et al., 2013), invertebrates (De 
Francesco & Lagiglia, 2007), birds (Zufiaurre et al., 2016) 
and vertebrates are still increasing. However, formal trend 
analyses are lacking as are comprehensive reviews or 
summary data.

Review data on trends are missing for the Eurasian steppe 
biome. Although new plant species continue to colonize 
even highly continental Asia (Urgamal et al., 2014), they 
remain mainly confined to ruderal and otherwise disturbed 
habitats, while frequency and abundance in natural 
grasslands remains low. For the extensive grassland 
regions of Mongolia and China, an increase towards a 
higher share of C4 plants in the otherwise C3-dominated 
vegetation has been described (Wittmer et al., 2010). This 
is, however, attributed to a higher share of native species 
(Cleistogenes spp. and Amaranthaceae weeds) and may 
partly be triggered by warmer climate. In the middle of the 
last century, almost all introduced plants in Kazakhstan 
were either cultivated or confined to ruderal plants, with 
none recorded as colonizing temperate steppe grasslands 
(Pavlov, 1956). Compared to other continents, the trend 
in continental Asia might indicate a lower introduction 
pressure, harsher climate conditions, or time lag compared 
to temperate grasslands in other continents.

Status 

The total number of organisms introduced to temperate 
grasslands worldwide has never been assessed thoroughly. 
A comparison of the proportion of alien species among 
all species across habitats revealed that temperate 
grasslands exhibit intermediate levels of invasions with lower 
proportions than urban or agricultural habitats but higher 
proportions than wetlands or planted forests (Catford & 
Jones, 2019). In states that lie entirely within the Great Plains 
of the United States (Kansas, Nebraska, North Dakota, 
Oklahoma, South Dakota), 790 alien vascular taxa (14.6 per 
cent of the flora) are found outside of cultivation, with forbs 
and herbs comprising the largest group (553 taxa, 70 per 
cent of the alien flora) (data extracted from the PLANTS 
Database; USDA, NRCS, 2021). Introduced plant species 
have become so common in the prairies that grasslands 
lacking any alien species are rare (S. DeKeyser et al., 2010; 
Larson et al., 2001). Examples of invasive alien species 
include perennial C3 (e.g., Bromus inermis (awnless brome), 
Poa angustifolia (Kentucky bluegrass); E. S. DeKeyser et 
al., 2015; Otfinowski et al., 2007) and C4 (Bothriochloa 
ischaemum (yellow bluestem), Dichanthium sericeum (silky 
bluegrass); Mittelhauser et al., 2011; Simmons et al., 2007) 
grasses introduced as forage grasses, as well as annual 
grasses (e.g., Bromus tectorum (downy brome); Ashton et 

al., 2016) and biennial and perennial forbs (e.g., Centaurea 
stoebe subsp. australis (spotted knapweed), Euphorbia 
virgata (leafy spurge); LeJeune & Seastedt, 2001; Dunn, 
1985). Although the rate of introduction appears to have 
slowed in North American temperate grasslands, the 
regional expansion and range infilling of already introduced 
alien species is ongoing (e.g., Ventenata dubia (North Africa 
grass); Wallace et al., 2015).

In the central Great Plains, 14 alien earthworm species 
occur in the wild (J. W. Reynolds, 2016). Furthermore, Sus 
scrofa (feral pig) – descendants from stock introduced 
from Europe – have become invasive in the southern and 
northern Great Plains (Brook & van Beest, 2014; Reeves 
et al., 2021). Equus caballus (horse) have escaped and 
colonized some areas of Australia and the Great Plains, 
though are highly restricted in their current range for the 
latter (Nimmo & Miller, 2007; Reeves et al., 2021). Although 
trees are scarce in the prairie, some invasive alien species, 
such as Agrilus planipennis (emerald ash borer; insect), 
Adelges piceae (balsam woolly adelgid; insect), and 
Ophiostoma species (Dutch elm disease; fungi; Reeves et 
al., 2021) can damage trees that grow locally. 

In South America, around 350 alien plant species have 
been recorded for the Pampa regions, of which ca. 
50 occur in natural and semi-natural grasslands (C. R. 
Fonseca et al., 2013). In Brazil, the Pampa region had the 
highest proportion of established alien species relative 
to total richness and compared to other natural regions 
(114 alien established alien species out of 1,685 species 
in total; Zenni, 2015). Invasive alien species are particularly 
common in the Pampas of Argentina, but also are abundant 
and problematic in other temperate grasslands of South 
America. Pampas are subject to invasion by alien shrubs 
from Eurasia (Mazía et al., 2010; Zalba & Amodeo, 2015) as 
well as by herbaceous alien species (Dresseno et al., 2018; 
Hierro et al., 2011). Similar to North America, the latter 
include alien species that have been introduced as pasture 
grasses, especially from Africa (Eragrostis curvula (weeping 
lovegrass), Eragrostis lehmanniana (Lehmann lovegrass), 
Panicum coloratum (klein grass; D. G. Williams & Baruch, 
2000)), and herbs (Tognetti & Chaneton, 2012). Introduced 
alien pine species have been planted on a large scale in the 
high-altitudinal temperate grasslands of the Páramo and are 
showing signs of escape and spread (Hofstede et al., 2002; 
van Wesenbeeck et al., 2003). 

In contrast, numbers of alien species are low in the harsh 
continental grassland regions of Asia. Several of the most 
important alien grasses in North American prairies originate 
from steppes and related grasslands (Agropyron cristatum 
(crested wheatgrass), Bromus tectorum (downy brome)), 
yet the continental climates of central Eurasia are less 
invaded. Mongolia, with its ca. 1 million km² of steppes, 
has less than 100 alien plant species (out of ca. 3200; 
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Urgamal et al., 2014). None of these 100 alien plant species 
achieved high frequency or dominance in steppes, and the 
few studies on invasive plants from northern China also 
refer to heavily disturbed areas, fields or sown grasslands 
rather than natural steppes (Guan et al., 2019; Xun et 
al., 2017). The same holds true for the extensive steppes 
of Kazakhstan and surrounding environments, while the 
steppes of Russia and Europe are heavily converted (Kamp 
et al., 2016; Smelansky & Tishkov, 2012). The remaining 
steppes of these regions often have altered plant community 
compositions, but the species are overwhelmingly native 
to the regions. Alien plants are typically confined to arable 
fields, and ruderal and disturbed areas (Sukhorukov, 2011; 
Vakhlamova et al., 2016).

Equus caballus (horse; Zalba & Loydi, 2014) and Sus 
scrofa (feral pig; Caruso et al., 2018) are known to occur 
in South American grasslands. Several alien bird species 
have established in Pampas such as Myiopsitta monachus 
(monk parakeet; Bucher & Aramburú, 2014) and Sturnus 
vulgaris (common starling; Zufiaurre et al., 2016). Data on 
invertebrates are more anecdotal, yet invasions have been 
documented for Rumina decollata (decollate snail; De 
Francesco & Lagiglia, 2007).

Data and knowledge gaps 

Alien plant invasions in temperate grasslands in the 
Americas are reasonably well documented in the scientific 
literature. By comparison, the frequency and impact of 
other alien taxonomic groups, such as earthworms, remain 
understudied in these regions. Numbers of documented 
alien species from the steppes of inner Asia are low and it 
seems likely that records are missing due to low research 
intensity and that higher numbers could be expected, 
particularly in countries of low economic growth. 

Records on alien animal species are incomplete with only 
limited reports available on common invasions in Asia. 
Widespread alien mammals, such as Mus musculus (house 
mouse), are even thought to have large parts of their 
native range in continental Asia (Appenborn et al., 2021). 
Baseline data are available for invertebrates and although far 
from comprehensive.

2.5.2.7	 Deserts and xeric shrublands 

Deserts and xeric shrublands correspond, in general, 
to regions with low population densities and several are 
located in countries with low per capita gross domestic 
product. Due to their harsh climate, few alien plants have 
been able to establish in these habitats (Kalusová et al., 
2017). As such, they are expected to harbour fewer alien 
and invasive alien species than other biomes (Dawson et 
al., 2017). On the other hand, the harsh abiotic conditions 
sometimes motivated the introduction of alien species 

capable of surviving in such habitats to ameliorate 
human livelihood.

Trends 

Comparing rates of alien plant species accumulation, 
accounting for area, the accumulation of alien plants 
appears to be slower in deserts and xeric habitats than in 
colder temperate and Mediterranean regions (Pyšek, Pergl, 
et al., 2017). Although these habitats used to be considered 
relatively resistant to alien plant invasion, the recent spread 
of alien species has been observed (Sandquist, 2014). In 
Chinese desert areas, the number of new invasive alien 
species is increasing (Eminniyaz et al., 2017) although this 
finding could also be explained by changing recording 
intensities. Prosopis juliflora (mesquite) was introduced 
to many desert regions starting in the 1850s and is now 
a widespread invader in all regions except Europe and 
Central Asia (Patnaik et al., 2017). Cenchrus ciliaris (buffel 
grass) was widely introduced in the early 1900s for forage 
and pasture and now invades large areas in Australia 
and Americas where it increases wildfire frequency and 
intensity (V. M. Marshall et al., 2012). Camelus dromedarius 
(dromedary camel) were introduced in the 1800s in Australia 
to assist transportation across deserts and later escaped 
and spread (Crowley, 2014).

The number and accumulation of emerging alien species 
worldwide is expected to continue to increase for most 
taxonomic groups and continents, though possibly more 
slowly in deserts and xeric shrubland compared to other 
biomes. Other studies predict that deserts will be unsuitable 
for invasive alien species by 2100 (Bellard, Thuiller, et al., 
2013). Trade and transport in the subtropics (a zonobiome 
overlapping much of deserts and xeric shrublands) is 
expected to be the main driver facilitating biological 
invasions (Essl et al., 2020), although these areas have 
comparatively less trade and transport than other more 
populated regions (subtropics cover approximately 25 per 
cent of the terrestrial surface of the planet but only have 8 
per cent of world population).

Status 

Global analyses (Dawson et al., 2017; Turbelin et al., 2017) 
show some tendency for lower richness of established alien 
species in deserts and xeric shrublands than in temperate 
and Mediterranean biomes, but with some variation among 
regions. The Palearctic deserts in Central Asia and north 
Africa and the Sahara and Afrotropic deserts south of the 
Sahara in Africa and the southern fringe of the Arabian 
Peninsula (with some exceptions, e.g., Southern Africa) 
show relatively low numbers of alien and invasive alien 
species. The Australasian deserts, the Nearctic deserts in 
North America, the Neotropical deserts in South America 
and the Indo-Malay deserts south of the Himalayas tend 



THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

172

to harbour higher numbers of established alien species, 
although generally much lower compared to Temperate and 
Mediterranean regions (Dawson et al., 2017; Turbelin et 
al., 2017).

The different taxonomic groups show some differences both 
in numbers of established alien species (many more plants 
than animals) and regionally. The number of established alien 
plants is generally lower in desert areas than in temperate 
and Mediterranean climates (e.g., 119 alien plants in the 
Nama karoo and 75 in the Succulent karoo, both in South 
Africa (B. W. van Wilgen & Wilson, 2018) and 73–83 alien 
plants in several parks of the North American Mojave 
Desert (Abella et al., 2015). In the desert region of Egypt 
only 17 alien species were reported (Shaltout et al., 2016). 
Following European settlement of Australia, numerous 
alien plant species were intentionally introduced for use 
in crops, pastures, gardens, and horticulture, and others 
arrived unintentionally. Many subsequently escaped into 
natural environments and are now considered as “weeds”. 
Of the 54 alien plant species of natural environments of arid 
and semi-arid Australia that are considered here, 27 were 
apparently unintentionally introduced, 20 were intentionally 
introduced, and 7 were probably introduced both 
unintentionally and intentionally. Livestock, including camels 
and their harness, and contaminated seed and hay were 
the most common vectors for unintentional introduction 
(Crowley, 2014; Friedel, 2020).

Established alien birds are absent or present in only low 
number in most desert and xeric habitats of the world, 
with a few exceptions in North American and Southern 
African deserts (B. W. van Wilgen & Wilson, 2018), possibly 
because there were few attempts to intentionally introduce 
alien birds in arid regions (E. E. Dyer, Cassey, et al., 2017). 
The number of established alien freshwater fishes is similar 
in both Australian and African deserts but tends to be 
higher in American and Asian deserts; their occurrences 
are associated with oases, as is the case of at least four 
alien freshwater fish species found in the largest oasis 
in the Mojave Desert (Ash Meadows), in North America 
(Scoppettone et al., 2005). The number of alien reptiles and 
amphibians introduced to deserts and xeric habitats is low 
(mostly below four) compared to other biomes. Regional 
comparisons indicate lower numbers for Palearctic deserts 
in Eurasia north of the Himalayas and in north Africa as well 
as for the Sahara, especially for amphibians (Capinha et 
al., 2017) than other deserts. In Southern African deserts, 
none or only one alien species has been reported (B. W. 
van Wilgen & Wilson, 2018). In a survey of eleven oases in 
the desert regions of Morocco, five alien ant species have 
been recorded spreading across seven oases (A. Taheri 
et al., 2021). Information about alien spiders is missing in 
many regions; in African deserts there are almost no alien 
spider species or they are not studied, but in Australian 
and American deserts, the numbers do not differ much 

from other biomes (Dawson et al., 2017). For other animal 
groups, fungi, and microorganisms, little information was 
available except for the presence of Batrachochytrium 
dendrobatidis (chytrid fungus) associated with declines and 
extinctions of amphibians worldwide, in oasis of the Baja 
California Sur Desert, in Mexico (Luja et al., 2012).

Data and knowledge gaps 

Deserts and xeric shrublands are less well-studied relative 
to other biomes (e.g., Crystal-Ornelas & Lockwood, 2020; 
Florencio et al., 2019). Global studies provide information 
on the status of alien species in the different desert and 
xeric shrubland regions, but information on temporal trends 
is often incomplete or even absent for most deserts. Most 
available studies focus on plants and animals (but not 
arthropods) and there were almost no studies on fungi and 
microorganisms (Pyšek, Hulme, et al., 2020). There is more 
information for the deserts of North America, but for other 
less well-surveyed regions, for example Africa (except South 
Africa) and Asia, information is scarce and limited to few 
species. The lack of information is particularly concerning 
because arid areas and desertification may be expected to 
increase in the future.

2.5.2.8	 Cryosphere 

Trends

The cryosphere has been less affected by alien species 
compared to other regions. The low number of reported 
alien species from the cryosphere have multiple reasons: 
The cryosphere is difficult to access, anthropogenic 
pressures have been low (Bennett et al., 2015; Chan 
et al., 2019; Galera et al., 2018; McGeoch et al., 2015; 
Ruiz & Hewitt, 2009; Vermeij & Roopnarine, 2008) and 
inhospitable environments (e.g., low nutrient soils, freezing 
temperatures, high UV levels) do not favour establishment 
of alien species. Although the Arctic and Antarctica differ, 
climate change and increased human activities (tourism 
and research) are enhancing introductions in both regions 
(Chapter 3, Box 3.4; Bartlett et al., 2020; Bender et al., 
2016; Cárdenas et al., 2020; Chan et al., 2019; Chown et 
al., 2012; Chwedorzewska et al., 2015; Duffy et al., 2017; 
Frenot et al., 2005; K. A. Hughes, Cowan, et al., 2015; K. 
A. Hughes, Pertierra, et al., 2015; Huiskes et al., 2014; 
McCarthy et al., 2019; McGeoch et al., 2015; Miller & Ruiz, 
2014; Ricciardi et al., 2017; Wasowicz et al., 2020). Plants 
(seeds, fragments and other propagules) and invertebrates 
(e.g., springtails) are introduced on clothing and personal 
equipment of tourists, ships, and aircraft personnel, as well 
as associated with packing materials (Chown et al., 2012; 
Huiskes et al., 2014), vehicles (K. A. Hughes et al., 2010), 
and fresh food imports (K. A. Hughes et al., 2011). In ten 
years of surveillance (2007-2017; Glossary) at the Scott 
Base in the Ross Sea region of continental Antarctica, 68 
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invertebrate species (15 alien within the broader Antarctic 
region) were intercepted on food (60 per cent), clothing and 
equipment (11 per cent), aircraft and cargo (11 per cent), 
and packaging material (11 per cent) (Newman et al., 2018). 
During 2007-2008 in Antarctica, over 20 alien lichens and 
fungi were intercepted in packaging, foodstuffs, and timber 
(Osyczka, 2010; Osyczka et al., 2012). Similarly, 1,019 
seeds were found under the footwear of 259 travellers to 
Svalbard during summer 2008 alone (Ware et al., 2012), 
while the seeds of eight alien plant species were reported 
in the topsoil of Fildes Peninsula, King George Island 
(Antarctica), in areas intensively frequented by humans 
(Fuentes-Lillo et al., 2017). 

In the Arctic marine environment, the rate of reported alien 
species rose sharply from the end of 1990 concomitantly 
with increased research efforts in the region. Biofouling on 
commercial ships is not considered an important pathway 
for marine alien species for the cryosphere due to the low 
rate of species survival (but see Chan et al., 2019), while 
biofouling on other vessel types (e.g., leisure crafts, fishing 
vessels, floating platforms) could become relevant in the 
future for the recent increase in tourism, fisheries, and oil 
and gas development in the Arctic (Chan et al., 2019). 
Species were mainly introduced by ballast water followed 
by natural spread from neighbouring areas where the 
species were first introduced, and by aquaculture activities 
(e.g., Paralithodes camtschaticus (red king crab); Chan et 
al., 2019; Orlov & Ivanov, 1978). Similarly, in the Antarctic 
marine environment, species were likely introduced by 
vessels (three by hull fouling, one by ballast water), with 
the first recorded alien species (a bryozoan) dating back to 
1960, followed in 1986 by a crab, and in 1996 by a tunicate 
and a hydroid; the most recent introduction (a mollusc) 
was recorded in 2019, although it is likely that this species 
has subsequently gone extinct (Cárdenas et al., 2020; 
McCarthy et al., 2019). It is important to note that there 
is no evidence that any of these species (bryozoan, crab, 
tunicate, hydroid) are established in the Antarctic (McCarthy 
et al., 2019). Terrestrial alien plants in the cryosphere consist 
of predominantly herbaceous species, mostly introduced 
inadvertently in association with soils or imported fodder 
for domestic animals (Chwedorzewska et al., 2015; Frenot 
et al., 2005; Wasowicz et al., 2020). In the Arctic, there are 
some records of alien neophyte plants reported at the end 
of the nineteenth century, but their number increased in the 
1950s and 1970s with species mostly introduced by seed 
contamination and transport on vehicles (Wasowicz et al., 
2020). In continental Antarctica, few alien plants have been 
introduced since the 1950s (e.g., Poa pratensis (smooth 
meadow-grass) was introduced unintentionally during 
tree transplantation experiments in the 1950s and was 
eradicated in 2015 (Pertierra et al., 2017). 

A comprehensive review on alien invertebrates is missing for 
the Arctic, but detailed data are reported for the Svalbard 

archipelago (e.g., Wieczorek & Chłond, 2019), with 32 alien 
invertebrates recorded since 1928 with an increase after 
1980s, mostly due to soil importation (Coulson, 2015). 
In continental Antarctica, alien invertebrates, such as the 
springtail Hypogastrura viatica (springtail), were reported 
from the 1940s onwards (Hack, 1949; K. A. Hughes, 
Pertierra, et al., 2015). In terms of alien vertebrates in 
the Arctic, four fishes (salmonids) were translocated from 
North America to Scandinavia and Russia for fisheries and 
aquaculture since the end of 1800 (Lento et al., 2019), some 
mammals were intentionally farmed (e.g., Mustela vison 
(American mink) from the 1920s), while others unintentionally 
arrived in the 1960s (e.g., Microtus levis (sibling vole) in 
Svalbard; Sandvik, Dolmen, et al., 2019). In the Antarctic 
region, alien vertebrates have been reported only for sub-
Antarctic islands where they can survive (conditions in the 
Antarctica itself are probably too extreme unless the species 
can live synanthropically): some mammals (i.e., rats and 
mice) were unintentionally introduced since the eighteenth 
century, others (such as ungulates, cats, rabbits, salmonids) 
were intentionally introduced beginning in the 1950s (Frenot 
et al., 2005; Lecomte et al., 2013). 

The number of alien species in the cryosphere is expected 
to increase in the future due to climate change and human 
pressure (Chapter 3, sections 3.2.2 and 3.3.4), but 
reported numbers are also expected to be higher due 
to the greater research effort, as noted by the growing 
number of publications on this area (Chan et al., 2019; 
Chwedorzewska et al., 2020; Duffy et al., 2017; K. A. 
Hughes & Pertierra, 2016; Ricciardi et al., 2017). A recent 
exercise of horizon scanning for future potentially invasive 
alien species in the Antarctic Peninsula underlined the 
main threat posed by marine invertebrates that can be 
unintentionally transported in ballast waters and on ship 
hulls (K. A. Hughes et al., 2020; McCarthy et al., 2019). The 
threat could be even greater considering the cruise ship 
volume from the Northern Hemisphere to Antarctica that 
may increase the probability of introducing species able to 
survive cold environments (Chwedorzewska et al., 2020). 

Status

In the Arctic, 34 marine alien species have been reported, 
mostly crustaceans, seaweed, fish, and molluscs (Chan et 
al., 2019). Many more alien species are expected to arrive 
in the future, with Hudson Bay, Northern Grand Banks, 
Labrador, Chukchi, Eastern Bering Seas, and Barents and 
White Seas considered to be the most vulnerable areas 
(Goldsmit et al., 2020). 341 alien plants (188 established 
and 11 invasive) are reported, and their numbers are 
expected to increase due to a warmer climate (Wasowicz 
et al., 2020). The Svalbard archipelago is one of the most 
studied Arctic areas for biodiversity and alien species: 98 
alien and 5 established alien species are reported (Sandvik, 
Dolmen, et al., 2019), mostly coming from mainland Norway. 
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Most alien species cannot survive in Antarctic continental 
conditions, but several have been able to adapt to new 
territories by remaining in the vicinity of human settlements 
(i.e., research stations), where they can reproduce in more 
favourable conditions (K. A. Hughes et al., 2010; McGeoch 
et al., 2015). Up to now, only five marine alien invertebrate 
species have been found (plus one cryptogenic seaweed 
species) with free-living specimens but not established 
populations (Cárdenas et al., 2020; McCarthy et al., 
2019). This low number of recorded marine alien species 
in Antarctica could be due to very harsh environmental 
conditions (harsher than the Arctic), incomplete assessment 
of local biodiversity, and limited sampling efforts (McCarthy 
et al., 2019). For terrestrial species in the continental 
Antarctic (sub-Antarctic islands excluded), there are 15 
known alien species – Poa annua (smooth meadow-
grass) and 14 invertebrates (7 Collembola, 4 Arachnida, 
2 Insecta Diptera, 1 Annelida), most of which are found in 
the Antarctic Peninsula region (Baird et al., 2019; Enríquez 
et al., 2019; K. A. Hughes et al., 2020; K. A. Hughes, 
Pertierra, et al., 2015). This could be due to several factors. 
This Antarctic Peninsula is the area closest to another 
continent (South America), it is the least climatically extreme 
region of Antarctica (and has also experienced a rapid rise 
in temperatures since the 1950s due to climate change), 
and it has the largest concentration of human activity (due 
to research teams and tourism) resulting in a relatively high 
propagule pressure (K. A. Hughes et al., 2020). On the 
sub-Antarctic islands, which circle the continent, at least 
108 alien plants, 72 terrestrial invertebrates, 16 vertebrates 
are reported (Frenot et al., 2005).

Data and knowledge gaps

Overall, the trends and status of alien species in the 
cryosphere could be better documented, even if the 
number of studies on this biome rapidly increased in 
the last years (Chwedorzewska et al., 2020). However, 
baseline biodiversity knowledge is poor and suitable 
taxonomic expertise is often lacking, making it difficult to 
identify alien species, particularly invertebrates and aquatic 

species (K. A. Hughes & Convey, 2012). For example, 
freshwater biodiversity is low in continental Antarctica, 
generally dominated by cyanobacteria, cyanophytes, 
bacteria, yeasts, rotifers, nematodes and diatoms; as 
yet, there are no reports of established alien species, but 
taxonomic specialists of freshwater and terrestrial Antarctic 
biota are rare (K. A. Hughes et al., 2020; K. A. Hughes & 
Convey, 2012).

2.5.3	 Trends and status of alien 
and invasive alien species in 
freshwater units of analysis 

2.5.3.1	 Wetlands – peatlands, mires, 
bogs 

Trends

Contrary to other freshwater wetlands, peatlands, mires, 
and bogs have generally been considered more resistant 
and resilient to biological invasions due to their extreme 
environments (such as low nutrients and oxygen, harsh 
climate in high mountains or salinity) and absence of 
anthropogenic pressure for many years (Chytrý et al., 
2008; Parish et al., 2008; Zefferman et al., 2015). However, 
landscape transformation, due to peatland drainage for 
agriculture, peat extraction, deforestation, road construction, 
and increased international trade since the nineteenth 
century, is facilitating an increase of alien species in these 
ecosystems (Miletti et al., 2005; Parish et al., 2008; Rebelo 
et al., 2018; Catford et al., 2017; Pellerin & Lavoie, 2000; 
Tousignant et al., 2010). Indeed, many peatlands have been 
drained for agriculture or mined for peat, which has greatly 
altered their plant communities. For example, 98 per cent 
of the fens of the state of Ohio, United States, have been 
destroyed, and invasion by alien species is an ongoing 
concern in many remaining fens (Andreas, 1989). In Asia, 
increased numbers of aquatic invasive alien plants are low 
(0-5 species) in five countries in the region during a period of 
7-18 years (Banerjee et al., 2021; Government of Myanmar, 

Box 2  8  	 Rapid rise of alien fishes in the Amazon, the world’s most biodiverse freshwater 
region.

The Amazon region contains the world’s richest native diversity 
of fishes (Toussaint et al., 2016). The extent to which this global 
centre of endemism has been invaded by alien species has 
been largely overlooked. A recent study involving 35 regional 
experts has documented 41 species and 17 families of alien 
fishes in the region, based on records that extend as far back 
as 1939 (Doria et al., 2021). Most (75 per cent) of these records 
were observed since the year 2000, during which time there 

has been a distinct increase in the accumulated number of 
alien species with no sign of saturation. This is in contrast 
to the classical view that biodiverse regions are resistant to 
invasion. More than half of these alien species are omnivores 
or carnivores, and are distributed for use in aquaculture or the 
aquarium trade. Intensive fish farming, in particular, is deemed 
to be a major burgeoning contributor to species introductions in 
the region (e.g., Doria et al., 2020).
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2005; Islam et al., 2003; Khuroo et al., 2012; Mukul et al., 
2020; Pallewatta et al., 2003; Shrestha & Shrestha, 2021; 
D. T. Tan et al., 2012; Tiwari et al., 2005; Wijesundara, 
2010). A lack of baseline data from most countries impedes 
comprehensive analysis. Increasing anthropogenic threats 
posed to non-permanent wetlands, including climate 
change, will likely accelerate the establishment of new alien 
species (Catford et al., 2013).

Status 

Some studies confirm the lower vulnerability of peatlands 
to biological invasions, with few or even no alien species 
reported for these areas (Chytrý et al., 2008; Lambdon et 
al., 2008; Rejmánek et al., 2013; Zedler & Kercher, 2004). 
For example, in Europe almost 10 per cent of all alien plants 
occur in peatlands (Lambdon et al., 2008) with frequency of 
plants introduced after 1500 spanning from 0 in Catalonia 
and Czech Republic to 0.2 per cent in the United Kingdom 
(Chytrý et al., 2008). An assessment of Natura 2000 areas in 
Poland (Perzanowska et al., 2019) showed that the majority 
of bogs, mires, and fens host a low number of alien species 
(maximum 10 species), occurring at low frequency. Other 
studies underline the increasing effect of the anthropogenic 
pressures on peatlands and the subsequent higher 
occurrence of alien species (e.g., Jukonienė et al., 2015). 

In contrast to peatlands and bogs, riparian habitats are 
among the most invaded habitats (Catford & Kyle, 2016; 
Vilà et al., 2007). A study comparing numbers of established 
species in European habitats (Pyšek, Bacher, et al., 2010) 
showed that riparian and aquatic habitats are most heavily 
colonized by alien mammals and herptiles; the latter group 
is also reaching high species densities in mires. The highest 
densities of alien bird species are found in aquatic and 
cultivated habitats. Overall, riparian habitats appear highly 
invaded by all groups of animal taxa except insects. For 
plants, alien species numbers from riparian habitats were 
almost as high as for urban habitats (Pyšek, Bacher, et 
al., 2010). 

Across Asia, the number of invasive alien plants in non-
permanent freshwater ecosystems range from 5-13 
species in 13 countries (Banerjee et al., 2021; Kurniawan 
& Paramita, 2020; Mukul et al., 2020; Qureshi et al., 2014; 
Shrestha & Shrestha, 2021; Sujanapal & Sankaran, 2016; 
Weber et al., 2008; Wijesundara, 2010; H. Xu et al., 2012). 
The most dominant species in the region are Pontederia 
crassipes (water hyacinth, recorded in 17 countries of 
the 19 countries for which data are available), Pistia 
stratiotes (water lettuce, 17), Salvinia × molesta (kariba 
weed, 12), Mimosa pigra (giant sensitive plant, 11), and 
Alternanthera philoxeroides (alligator weed, 10).5 Some 

5.	 Data extracted from the GISDP (http://www.iucngisd.org/gisd/), GRIIS 
(https://doi.org/10.5281/zenodo.6348164) and ASEAN (https://asean.org/)

of the new additions to the region include Cabomba 
caroliniana (Carolina fanwort) and Typha angustifolia (lesser 
bulrush). In Kolkheti Lowland (Georgia), 423 alien plants are 
reported, 308 of which are present in peatland areas: the 
introduction of these species was favoured by the increased 
transformation and anthropization of the areas in the 
nineteenth century (Parish et al., 2008). Wagner et al. (2017) 
found that, among the 83,396 plots of woodland habitats in 
Europe, broadleaved bog woodlands on acid peat have the 
second highest mean relative alien species richness per plot 
(2.2 per cent), probably due to a higher degree of human 
disturbance (e.g., peat extraction) and the invasiveness 
(Chapter 1, section 1.4.3) of some alien species like 
Prunus serotina (black cherry). 

Drainage can favour the accessibility of these areas for 
tourists, facilitating the unintentional introductions of alien 
species (Parish et al., 2008): in 2018 Drosera rotundifolia 
(common sundew) was found in a peat bog in Nahuel Huapi 
National Park (Argentina) and its introduction seems related 
to tourists visiting the area (Vidal-Russell et al., 2019). Other 
disturbances can promote alien species introduction and 
spread: in the montane bogs of Haleakala National Park, 
Hawaii, undisturbed bogs were less invaded, while bogs 
with feral alien pigs showed an increase in invasive alien 
plants (Loope et al., 1992). A similar result was found in 
other areas: in a Sphagnum-dominated peatland in the 
Central Andes of Colombia, increased nutrient additions 
and physical disturbance due to agricultural activities led 
to the widespread occurrence of Cenchrus clandestinus 
(Kikuyu grass; Urbina & Benavides, 2015); in a New Zealand 
bog modified by the surrounding agricultural activities, a 
higher occurrence of alien invertebrates has been reported 
compared to undisturbed bogs (Watts et al., 2020). Finally, 
in some cases, natural and prescribed fires can favour 
biological invasions in these ecosystems. At Kaituna 
Wetland, Bay of Plenty (New Zealand), fire disturbance 
promoted more alien species (Christensen et al., 2019): after 
four years, the authors found 14 alien vascular species and 
10 native species in burnt plots vs 10 alien species and 18 
native species in unburnt plots. A similar situation is reported 
for the United Kingdom where in burnt plots the invasive 
alien moss Campylopus introflexus (heath star moss) was 
more abundant and present than the native cotton grass 
Eriophorum vaginatum (hare-tail cotton-grass; Noble et 
al., 2017).

Data and knowledge gaps

There is a lack of comprehensive and in-depth studies on 
alien species in peatlands across different continents and 
involving all taxa. The literature mostly presents scattered 
specific studies, focused on Europe and North America, 
which are biased towards plants. Information about the 
temporal trends of alien species in peatlands, bogs and 
mires, and their status are also mostly missing.

http://www.iucngisd.org/gisd/
https://doi.org/10.5281/zenodo.6348164
https://asean.org/
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2.5.3.2	 Inland surface waters and water 
bodies/freshwater 

Trends

The number of alien species in freshwater has been 
reported to increase all over the world (Cowie, 1998; 
Hussner et al., 2010; O’Flynn et al., 2014; Ricciardi, 2001; 
Roll et al., 2009). The trends in rising alien species numbers 
are very consistent across all taxonomic groups such as 
aquatic invertebrates (Mangiante et al., 2018; Muñoz-Mas 
& García-Berthou, 2020; Rabitsch & Nehring, 2017; Roll 
et al., 2009), vertebrates (A. B. Kumar, 2000; Muñoz-
Mas & García-Berthou, 2020) and plants (Hussner et al., 
2010; Mangiante et al., 2018; Rabitsch & Nehring, 2017), 
across habitats such as lakes (Ricciardi, 2001) and rivers 
(M. C. Jackson & Grey, 2013; Rabitsch & Nehring, 2017) 
and across continents such as Europe (M. C. Jackson & 
Grey, 2013; Rabitsch & Nehring, 2017), North America 
(Mangiante et al., 2018; Ricciardi, 2001), and Asia (Roll et 
al., 2009). Comprehensive studies for Africa, Australasia, 
and South America (Boxes 2.8 and 2.9) are mostly lacking, 
but global studies and studies of individual taxonomic 
groups suggest similar increasing trends (Madzivanzira 
et al., 2021). In many cases, increases in freshwater alien 
species numbers accelerated after 1950 (Chambers et al., 
1999; Hussner et al., 2010; Mangiante et al., 2018; Mills et 
al., 1993; Muñoz-Mas & García-Berthou, 2020; Roll et al., 
2009), while other studies show consistent increases since 
1900 (Rabitsch & Nehring, 2017) or even 1800 (Ricciardi, 
2001). The observed acceleration may, however, also result 
from increased sampling intensity and greater awareness in 
more recent years (Belmaker et al., 2009; C. J. Costello & 
Solow, 2003). 

Numbers of alien freshwater vertebrates seem to have been 
increasing for longer compared to invertebrates, although 
this may also be a consequence of varying sampling 
intensity and better taxonomic and ecological knowledge 
(Muñoz-Mas & García-Berthou, 2020). The number of alien 
insects in freshwaters is comparatively low even though 
aquatic insects are frequent in native faunas (Fenoglio et 
al., 2016; Guareschi et al., 2013; Muñoz-Mas & García-
Berthou, 2020). This has been attributed to a combination 
of factors including low economic impact and low probability 
of transport and survival of alien aquatic insects (Fenoglio 
et al., 2016). Furthermore, not only has the number of 
freshwater alien species consistently increased, but the 
rates of new records over time also rose continuously (M. 
C. Jackson & Grey, 2013; Leuven et al., 2009; Muñoz-
Mas & García-Berthou, 2020; Ricciardi, 2001). Declines in 
new records of alien species have been observed in a few 
studies recently (i.e., after 2005), but these declines are likely 
due to lags in detection and reporting of new alien species 
(Mangiante et al., 2018; Muñoz-Mas & García-Berthou, 
2020; Seebens, Blackburn, et al., 2017). Increases in 
either species numbers or rates of new records have been 

associated with increasing import volumes (Cowie, 1998; 
M. C. Jackson & Grey, 2013; Ricciardi, 2001; Seebens, 
Essl, et al., 2017), human population size (M. C. Jackson & 
Grey, 2013), and tourism (Cowie, 1998). Similar increases 
are reported for alien plants as shown by the Joint Nature 
Conservation Committee River Macrophytes Database that 
contains records from standardized vegetation surveys 
of rivers from across the United Kingdom. Surveys focus 
on rivers with existing or potential conservation value, and 
almost 4500 surveys have been undertaken since 1977. 
River sites were surveyed both pre- and post-1990. Results 
showed a 31 per cent increase in the presence of invasive 
alien plant species across two survey periods in the United 
Kingdom (Pattison et al., 2017).

Status

Although probably due in large part to a knowledge bias, 
biological invasions in aquatic systems represent only a 
small fraction of all invasions; for example, of the 2,033 alien 
species recorded in South Africa, only 191 are aquatic; of 
these, most are freshwater invasive alien species (Skowno 
et al., 2019). Global maps of the distribution of alien species 
exist for fishes (Dawson et al., 2017; Leprieur et al., 2008) 
and amphibians (Capinha et al., 2017). In both cases, 
consistently high numbers of alien freshwater species have 
been reported for Europe and North America, including 
Hawaii, while hotspots of alien freshwater fishes have 
also been found in South-East Asia, Central Asia and 
mesoamerica (e.g., Dawson et al., 2017; Leprieur et al., 
2008; Boxes 2.8 and 2.9). Leprieur et al. (2008) reported 
occurrences of 9,968 alien fish species in 1,055 river basins 
worldwide, with up to 95 per cent of present fish species 
being alien. The global distribution of alien freshwater fishes 
has been attributed to high per capita gross domestic 
product and high human population density (Chapter 
3, sections 3.2.2 and 3.2.3.6; Dawson et al., 2017; 
Leprieur et al., 2008), but also high per centages of urban 
areas and basin areas (Leprieur et al., 2008). Many alien 
freshwater species have been intentionally released (A. B. 
Kumar, 2000; Muñoz-Mas & García-Berthou, 2020; Strayer, 
2010) through, for instance, recreational fishing (Davis & 
Darling, 2017). Introduced fish species often represent 
large-bodied species (predators and herbivores) (Blanchet 
et al., 2010), which may alter food web structures with 
consequences for the whole food web (Cucherousset et 
al., 2012). Capinha et al. (2017) report alien populations 
for 78 amphibian species, but not all might be classified 
as freshwater species. Significantly more alien freshwater 
amphibians have been found in islands compared to 
mainlands (Capinha et al., 2017). An important pathway for 
introduction is the construction of inland canals which are 
responsible for a large number of freshwater alien species 
such as invertebrates and fish (Faulkner et al., 2020; Galil et 
al., 2007; Katsanevakis et al., 2013; Schöll, 2007). Among 
alien freshwater invertebrates, most studies are available 
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for freshwater crustaceans and molluscs (Cianfanelli et al., 
2016; Cuthbert et al., 2020; Lodge et al., 2012), but no 
single study exists that shows the global distribution of alien 
freshwater invertebrates. Compared to aquatic alien animals, 
aquatic alien plants and algae have been under-investigated. 
Comprehensive reports on large-scale distributions of 

aquatic plants are lacking, but global assessments are 
available for well-investigated individual species such as 
Pontederia crassipes (water hyacinth) (Kriticos & Brunel, 
2016), Azolla filiculoides (water fern) (Rodríguez-Merino et 
al., 2019) or Lemna minuta (least duckweed) (Ceschin et 
al., 2018).

Box 2  9  	 North American Great Lakes: An assessment of trends of alien species.

The biological invasion history of a region can reveal the 
changing influence of transport vectors and management 
actions over time. The North American Great Lakes basin is 
the world’s most invaded freshwater ecosystem (Pagnucco 
et al., 2015; Ricciardi, 2006). Numbers and taxonomic 
composition of established alien species discovered in the 
basin during different time periods are correlated to changes 
in vector and pathway activities, such as fish stocking, 
canal development, and transoceanic shipping (Ricciardi, 
2006). Thus, the biological invasion history of the basin is 
punctuated by major phases distinguished by a predominance 
of particular taxonomic and functional groups as well as 
taxa from particular donor regions. During periods of fish 
stocking, for example, fishes and fish pathogens comprised 
many of the alien species discovered. Similarly, following the 
transition from solid ballast to ballast water in ships during 
the early twentieth century, alien species of phytoplankton 
and zooplankton were discovered more frequently (Mills et 

al., 1993). The opening of the St. Lawrence Seaway in 1959 
marked a period in which ballast water discharge became 

the dominant vector of invasion. A more recent phase in 
the history of the basin is distinguished by a mass invasion 
of Ponto-Caspian species (including Dreissena polymorpha 
(zebra mussel), Dreissena rostriformis bugensis (quagga 
mussel), Neogobius melanostomus (round goby), Cercopagis 

pengoi (fishhook waterflea), and several others) and euryhaline 
invertebrate taxa with resting eggs that can survive transport 
in ballast tank sediments (Pagnucco et al., 2015; Ricciardi, 
2006; Ricciardi & MacIsaac, 2000). Between 1959 and 2006, 
inclusive, the average rate of discovery of newly established 
alien species in the basin was 1.69 per year, or one new 
alien species every 7 months (Figure 2.35). The majority 
(65 per cent) of these introductions are attributable to ballast 
water shipping, primarily from European donor regions. 
However, since 2006, the overall rate of invasion has been 
reduced, declining by 85 per cent to its lowest level in two 
centuries (Ricciardi & MacIsaac, 2022) with very few invasions 
attributable to shipping. This abrupt shift in invasion risk 
follows the implementation of ballast water regulations by 
Canada and the United States in 2006 and 2008, respectively.
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Figure 2  35  	 Cumulative numbers of alien species in the North American Great Lakes 
basin. 

The total number of alien species is shown in the top most line. Other trend lines show accumulations of species whose 
introductions are attributable to various vectors, including shipping (ballast water, solid ballast, and hull fouling), canals, 
deliberate release (e.g., intentional stocking of fishes), and other vectors (e.g., bait, aquarium, and unintentional releases). Data 
sources: Mills et al., 1993; NOAA, 2021; Ricciardi, 2006.
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Data and knowledge gaps

Inland waters, riparian networks, and channels are very 
effective corridors for propagules that can easily be 
dispersed over long distances (Brundu, 2015a; Willby, 
2007), but aquatic environments are difficult to monitor and 
an early detection of a submerged species introduction 
is seldom possible. No analysis reporting gaps in trends 
and status of alien species in freshwater systems currently 
exists, but a comparison of available literature reveals 
that freshwater systems have been far less investigated 
than terrestrial and (most likely) marine systems (Seebens, 
Blackburn, et al., 2017). Among these, the vast majority of 
studies have been conducted in Europe and North America, 
while information about the temporal trends in freshwater 
alien species and their status across continental ranges 
are largely absent. The only exceptions seem to be fishes 
and amphibians, for which comprehensive large-scale 
analyses are available (Capinha et al., 2017; Dawson et al., 
2017; Kraus, 2009; Leprieur et al., 2008). However, large 
information gaps on species occurrences exist among these 
taxonomic groups, particularly in Asia and Africa (Dawson 
et al., 2017). Large-scale information is missing for most 
freshwater invertebrates, including macrophytes and algae. 
Riparian habitats have been extensively studied for plant 
invasions (Maskell et al., 2006; D. M. Richardson et al., 
2007), but many studies focus on a handful of invasive alien 
taxa (e.g., Elderd, 2003; Hood & Naiman, 2000; Pyšek & 
Prach, 1993). 

2.5.4	 Trends and status of alien 
and invasive alien species in 
marine units of analysis

2.5.4.1	 Shelf ecosystems (neritic and 
intertidal/littoral zone) 

Trends

The number of marine alien species has been consistently 
and continuously increasing globally (Bailey et al., 2020) and 
in individual regions such as in the waters of North America 
(Cohen & Carlton, 1998; Ruiz, Fofonoff, et al., 2000), Europe 
(Gollasch, 2006; Katsanevakis et al., 2013; Reise et al., 
1998; Zenetos & Galanidi, 2020), Australia (Hewitt et al., 
2004), South America (Schwindt et al., 2020; Teixeira & 
Creed, 2020; Toral-Granda et al., 2017), Africa (Mead et al., 
2011; T. B. Robinson et al., 2020) and the Pacific (Carlton 
& Eldredge, 2009; Coles et al., 1999). Time series of newly 
reported marine alien species often date back to the early 
nineteenth century (Carlton et al., 2019; Carlton & Eldredge, 
2009; Cohen & Carlton, 1998; Coles et al., 1999; Gollasch, 
2006; Hewitt et al., 2004; Mead et al., 2011; Reise et al., 
1998; Ruiz, Fofonoff, et al., 2000; Schwindt et al., 2020; 
Teixeira & Creed, 2020; S. L. Williams & Smith, 2007; Wolff, 
2005). Likewise, increases in rates of new alien species 

records were frequently observed especially in the early 
twentieth century (Carlton & Eldredge, 2009) or after 1950 
(Bailey et al., 2020; Coles et al., 1999; Gollasch, 2006; 
Hewitt et al., 2004; Mead et al., 2011; Ruiz, Fofonoff, et al., 
2000; Schwindt et al., 2020; Teixeira & Creed, 2020; S. L. 
Williams & Smith, 2007). Wolff (2005) reported an increase 
in long-distance introduction events after 1950. Increases 
in marine alien species numbers are not only related to 
the intensifications of global shipping consistently across 
studies (i.e., hull fouling and ballast water), aquaculture 
and cultivation (including stocking and aquarium releases) 
(Bailey et al., 2020; Coles et al., 1999; Gollasch, 2006; 
Hewitt et al., 2004; Katsanevakis et al., 2013; Reise et 
al., 1998), but also increased tourism (Toral-Granda et 
al., 2017), and natural dispersal from neighbouring alien 
populations (Gollasch, 2006; Wolff, 2005). Rising shipping 
activity during both world wars is associated with new 
marine alien species introductions at naval bases (Coles 
et al., 1999). Another major pathway was the opening of 
new shipping canals such as the Panama Canal, the Suez 
Canal, and the St. Lawrence River (Galil et al., 2007; Mills et 
al., 1993), which resulted in large numbers of marine alien 
species introductions, particularly in the Mediterranean Sea 
(Galil et al., 2014). The extensions of these shipping canals 
(Galil, Boero, Fraschetti, et al., 2015; Muirhead et al., 2015), 
as well as the opening of new transport routes such as 
the Northern Sea routes through the Arctic Ocean due to 
climate change or the intensification of existing routes, have 
led to more introductions of marine alien species (Ascensão 
et al., 2018; Miller & Ruiz, 2014). Sudden declines in newly 
recorded marine alien species towards the end of the 
reported time series have been frequently noted (Gollasch, 
2006; Wolff, 2005), which are associated with lags in 
detection and reporting (Wolff, 2005).

Status

One of the few global studies of marine alien species 
revealed hotspots in coastal areas of the North-East 
Atlantic, Northern European Seas, the Mediterranean Sea, 
Hawaiian Islands, and New Zealand (Bailey et al., 2020; 
Box 2.10 for more details). Many of the reported established 
alien species belong to arthropods, fishes, molluscs, and 
algae (Bailey et al., 2020; Gollasch, 2006). The recently 
launched database WRiMS (M. J. Costello et al., 2021) 
revealed similar hotspots, although a direct comparison is 
difficult due to varying spatial resolutions. That said, many 
regions that appear to have low numbers of reported alien 
species (i.e., not “hotspots”), may in fact reflect more on 
the history and intensity of investigation rather than the 
intensity of invasion. Until 2019, the Galapagos Islands were 
reported to be invaded by only five marine species, but a re-
investigation revealed a minimum of 53 marine alien species 
present in that Archipelago (Carlton et al., 2019). Chile is 
reported to have low numbers of marine alien species, with 
various hypotheses offered to explain the low alien species 
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richness (Neill et al., 2020), one being low research intensity. 
Comparing studies of similar sampling areas such as marine 
bays or port regions revealed alien species numbers of 
similar ranges with most species found in San Francisco 
Bay, United States (234 species) (Cohen & Carlton, 
1998) followed by the Chesapeake Bay, United States 
(116 species) (Ruiz et al., 1997), Port Philip Bay, Australia 
(99 species) (Hewitt et al., 2004), Pearl Harbor, Hawaii 
(69 species) (Coles et al., 1999) and Coos Bay, Oregon, 
United States (60) (Ruiz et al., 1997). Most of these numbers 
are, however, based on data that are more than 20 years old 
and higher alien species numbers can be expected now. For 
example, J. T. Carlton & Eldredge (2009) updated the Pearl 
Harbor number from 69 to more than 175 (many species 
were older invasions or of other taxonomic groups not noted 
in Coles et al. (1999), and thus not post-1999 invasions). 

On the whole Hawaiian Archipelago, 333 marine alien 
species have been reported (Carlton & Eldredge, 2009, 
2015). Among European Seas, by far the largest numbers 
of marine alien species have been recorded for the 
Mediterranean Sea (Galil et al., 2021b; Katsanevakis et 
al., 2020), followed by the North Sea and the Atlantic 
coast (Gollasch, 2006). Shipping (ballast water and hull 
fouling) and aquaculture have been consistently reported to 
represent the most important pathways for the introduction 
of marine alien species (Bailey et al., 2020; Carlton & 

Eldredge, 2009; Coles et al., 1999; Floerl & Inglis, 2005; 
Galil et al., 2014; Gollasch, 2006; Hewitt et al., 2004; Ruiz, 
Fofonoff, et al., 2000; Schwindt et al., 2020; Ulman et 
al., 2019; S. L. Williams & Smith, 2007; Box 2.10). Often, 
large numbers of marine alien species are found at sites 
of intense human activity such as commercial ports (Ruiz 
et al., 1997), marinas (Ulman et al., 2019), or disturbed 
habitats (Coles et al., 1999; S. L. Williams & Smith, 2007). 
Other vectors of introduction are fishing bait or ornamental 
purposes (Coles et al., 1999; Gollasch, 2006). Patterns of 
distribution and trends were very similar across a wide range 
of taxonomic groups such as macroalgae, arthropods, 
cnidarian, polychaeta, molluscs, and fishes (Gollasch, 2006; 
Ruiz, Fofonoff, et al., 2000; Seebens et al., 2016; S. L. 
Williams & Smith, 2007). Microorganisms were frequently 
introduced (Cohen & Carlton, 1998; Ruiz, Rawlings, et 
al., 2000); however, studies about the introduction of 
marine microorganisms and many other small size taxa are 
largely lacking.

Data and knowledge gaps 

Among marine ecosystems, shelf ecosystems are much 
better investigated compared to the open ocean or the deep 
sea. Still, information about marine alien species remains 
one of the major gaps in the field of invasion ecology. Some 
high research interest regions such as North American 

Box 2  10  	 Marine ecoregions: A global assessment of trends and status of alien and 
invasive alien species.

An extensive dataset of first detection records of marine alien 
species from 1965–2015 across 49 marine ecoregions is 
provided by Bailey et al. (2020). This dataset includes three 
major components of alien species records including the year 
of first collection, the invasion status, and potential pathways 
of introduction. Data were analyzed at both regional and global 
scales to examine the patterns of first record rate, species 
numbers, and transport pathways. 

The assembled dataset included 2,209 records of marine alien 
species (1,442 unique species belonged to 17 phyla) where 
ten ecoregions had zero confirmed records during the period 
of study. On a global scale, about 75 per cent of marine alien 
species were reported as established and about 20 per cent 
had unknown invasion status, while the remaining records 
belonged to species with failed establishments (5.4 per cent) 
or extinct (0.5 per cent) populations. Most of the marine alien 
species were likely introduced as stowaways in ships’ ballast 
water or biofouling. Escape of species from aquaculture 
or mariculture followed a similar pattern, while the corridor 
pathway and escape of pet or aquarium species increased 
beginning in the late 1990s. Nearly one-third of marine alien 
species’ records were associated with a single pathway 
(32.7 per cent), while most were associated with at least two 

(52.6 per cent), or three (14.1 per cent) pathways. However, 
the patterns of alien species numbers varied across regions 
as a result of differences in pathway strength, environmental 
conditions, habitat size, survey effort, and taxonomic effort. 
The cumulative number of records from 1965-2015 ranged 
from zero to more than 500 per ecosystem, with various 
levels of succession of the population establishment across 
those regions. Ship fouling, transport stowaway, and ballast 
water were the dominant pathways in most regions, and were 
responsible for at least 40 per cent of introduction events. 
Other pathways became important for individual regions such 
as the corridor pathway (Suez Canal) in the Mediterranean 
Sea and escape of aquaculture/mariculture species in the East 
China Sea, South China Sea, and Yellow Sea (Bailey et al., 
2020). Although their dataset represents an extensive global 
collection of marine alien species records, it only covers about 
73 per cent of the world’s coastal large marine ecosystems, 
and data coverage was low in Africa, Meso- and South 
America, and Asia. As discussed in Bailey et al. (2020), marine 
alien species have undoubtedly occurred and reported in 
these areas, but due to cost of marine alien species surveys, 
limited resources, and lack of expertise across many taxa and 
regions, data of sufficient quality were likely not available for 
their study.
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coastlines and European Seas, including the Mediterranean 
Sea, are comparatively well investigated, but data is far from 
complete and regular monitoring does not occur (Tsiamis 
et al., 2021). Information for most other coastal areas is 
largely lacking. The most comprehensive available study 
on the global distribution of marine alien species shows 
large areas where information or expertise are lacking such 
as regions in Meso- and South America, Africa, and Asia 
(Bailey et al., 2020). Even where information is available, 
lists are highly incomplete for many coastal areas. Based on 
expert knowledge, true numbers of marine established alien 
species might be up to ten times higher in some regions 
than reported in Figure 2.5.

2.5.4.2	 Surface open ocean 

Trends 

Established alien species numbers are increasing in the 
open ocean from the tropics to polar regions due to 
warming oceans and human activity (M. J. Costello et 
al., 2021). Many marine alien species tolerate a broader 
thermal range than native species and are able to show 
rapid physiological adaptation; both characteristics give 
alien species more habitat opportunities than natives 
(Canning-Clode et al., 2011; H. Li et al., 2020). For 
example, “Caribbean Creep” refers to a number of marine 
invertebrates (e.g., Petrolisthes armatus (green porcelain 
crab)) from the Caribbean that have expanded their 
distribution ranges poleward and invaded the southern 
and mid-Atlantic United States coasts (Canning-Clode et 
al., 2011). Similarly, “African Creep” refers to the number 
of marine species moving poleward into the Mediterranean 
from lower latitudes (Canning-Clode & Carlton, 2017). In 
1750, wooden sailing vessels could have carried 120 marine 
fouling and boring fauna and flora (Carlton, 1999b), while in 
the twentieth century, over 10,000 different marine species 
were estimated to be transported daily among different 
global geographic regions via ballast tanks (Carlton, 1999b) 
prior to the beginnings of detailed formulations for ballast 
water management. In this century, a vast global effort is 
underway to implement universal ballast water management 
strategies to prevent the transport and introduction of 
invasive alien species (Chapter 5, section 5.5.1). 

The global rate of marine alien species records was relatively 
stable during 1965–1995 but increased significantly after 
1995 and peaked at about 66 primary detections per year 
during 2005–2010, and then again decreased (Bailey et al., 
2020). Arthropods, molluscs, and fishes, by far the most 
thoroughly studied groups, were also not surprisingly the 
most frequently reported aquatic alien species during this 
time period and were most likely introduced as stowaways 
in ships’ ballast water or biofouling. However, direct vector-
related evidence was often absent. Arctic ship-based 
summertime transportation and tourism also increased over 

the past two decades, co-occurring with sea ice reductions 
(IPCC, 2019). This increase might bring implications for 
global trade and traditional shipping corridors economies, 
alerting the Arctic marine ecosystems and biodiversity, such 
as from invasive alien species and local pollution (IPCC, 
2019). The relatively recent phenomenon of floating plastic 
debris in the open ocean facilitates the transport of coastal 
and oceanic species that might normally not survive the 
open ocean and may result in new and more frequent 
introductions of alien species across the oceans (Chapter 
3, section 3.3.3.3; Haram et al., 2021).

Environmental and anthropogenic changes have triggered 
reorganizations of reef ecology, zonation physiology, and 
dominance (Miranda et al., 2020). One example is the plastic 
pollution in the ocean such as polystyrene foam which can 
be a dispersal vehicle for the invasive coral Tubastraea 
spp. (sun corals) (Faria & Kitahara, 2020). For example, 
in Brazilian reefs Mussismilia harttii (scleractinian coral) is 
threatened by the dominance of invasive sun corals (Faria 
& Kitahara, 2020; Miranda et al., 2020). Sun corals lack 
natural predators and can reproduce rapidly with extensive 
defensive mechanisms which makes them a successful 
invasive alien species over large areas along the Brazilian 
coasts (Faria & Kitahara, 2020; Miranda et al., 2020).

Status 

There are more than 800 established alien species reported 
in the European seas only, some of which are invasive and 
impacting marine ecosystem services and biodiversity 
(Tsiamis et al., 2018, 2020). Analyses revealed that a 
large number of alien species were not reported in initial 
assessments, or were proven to be historical misreporting 
(Tsiamis et al., 2020). Thus, the Marine Strategy Framework 
Directive Descriptor 2 was implemented to provide an 
improved basis for reporting new alien species and to help 
the establishment of monitoring systems of targeted alien 
species (Tsiamis et al., 2020). Major intentional introductions 
for fisheries also occurred with deep-sea species, such as 
Paralithodes camtschaticus (red king crab), native to the 
north Pacific coast and released in the Barents Sea during the 
1960s (ICES, 2005). The species was later captured in the 
Ionian Sea in the Mediterranean (Faccia et al., 2009), possibly 
transported by ballast water, though Faccia et al. (2009) 
raised doubts about whether a larva/post-larve presumably 
arrived in ballast water could withstand summer temperatures 
for so long – the specimen collected weighed about 4 kg 
and the estimated age was 10 years. Among tropical marine 
regions, Hawaii was found to be heavily affected by alien 
species either due to its location, governance (Glossary), or 
research effort undertaken to understand biological invasions 
in this region (Alidoost Salimi et al., 2021). An alternative 
explanation might be also due to lower native biodiversity 
associated with Hawaiian ecosystems providing more vacant 
niches being available to the alien species. 
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The recently launched WRiMS (marinespecies.org/
introduced) is an expert-edited world list of introduced 
marine species and provides information of alien and 
invasive alien marine organisms (M. J. Costello et al., 
2021). An alien marine metazoan species checklist for the 
Mediterranean Sea lists 573 alien species (Galil et al., 2014). 
Most of those alien species are thermophilic, originally 
from the Indo-Pacific or Indian Oceans that invaded the 
Mediterranean through the Suez Canal (Galil et al., 2014). 
Additionally, the Information System on Aquatic Non-
Indigenous and cryptogenic Species (AquaNIS) database 
provides information on 859 aquatic alien and cryptogenic 
species in the North Atlantic region (AquaNIS, 2015).

Data and knowledge gaps 

The open sea represents one of the least investigated 
units of analysis with respect to biological invasions. 
The size and cost of sampling the open sea presents a 
particular challenge. Another challenge is how “alien” is 
defined in the open sea because it is usually defined for 
much smaller geographic units such as countries – a 
challenging concept to transfer to the open ocean. Some 
databases, such as WRiMS (M. J. Costello et al., 2021), 
also cover the open ocean, but the vast majority of records 
have likely been sampled along the coasts. However, 
WRiMS records provide the opportunity to map the actual 
locations of marine alien species using records from the 
Ocean Biodiversity Information System (OBIS) or GBIF. 
Nonetheless, a comprehensive assessment of the trends 
and status of alien and invasive alien species in open 
oceans is still missing and difficult to conduct currently due 
to the lack of records. 

There are other global databases of species occurrences 
such as AlgaeBase (Guiry & Guiry, 2021) or FishBase 
(Froese & Pauly, 2015), but the information about the status 
of invasion is incomplete or totally lacking. There are also 
distributed occurrence records for marine alien species in 
the GRIIS dataset (Pagad et al., 2022) and other national 
checklists, but these usually reflect coastal areas rather than 
occurrences in the open ocean. This lack of information on 
open ocean alien species occurrences represents one of the 
largest knowledge gaps across all units of analysis. 

2.5.4.3	 Deep sea

Trends 

As biota occurring at deep ocean depths have been rarely 
surveyed (Saeedi, Costello, et al., 2019; Saeedi et al., 
2020; Saeedi & Brandt, 2020), there are too few records 
over too short a time period to infer trends. The deep-
sea populations of alien species may follow a “boom-and 
bust” pattern of abundance (Strayer et al., 2017), such as 
documented between 1995-2002 for Philine auriformis 

(New Zealand sea slug) in southern California, United States 
(Cadien & Ranasinghe, 2003), settle for long-term low-
abundance stability, or, following a time lag or environmental 
triggering event, result in greatly increased abundance. 
As depth increases, less measurements are available for 
biological variables (M. J. Costello et al., 2018; Saeedi, 
Bernardino, et al., 2019), making estimations of rates of 
biological invasion challenging in the deep ocean. 

Status 

Records of biological invasions into depths greater than 
200 meters are rare. The intentional introduction of 
the economically important North Pacific Paralithodes 
camtschaticus (red king crab) in the 1960s into the Barents 
Sea demonstrated that the deep ocean is not immune 
to invasions (Dvoretsky & Dvoretsky, 2018; Jørgensen & 
Nilssen, 2011). Immature individuals remain on the shallow 
shelf (20–50 m), adult specimens mostly inhabit deep soft-
bottom areas (100–400 m), migrating into shallow waters 
(less than 50 m) for moulting and mating (Sundet & Hjelset, 
2011). Specimens of Pterois spp. (lionfishes) that invaded 
the Western North Atlantic/Caribbean region were reported 
from Bermuda, Curaçao, and Honduras at depths between 
250 and 300m (Andradi-Brown, 2019). Philine auriformis 
(New Zealand sea slug) was introduced to the West Coast 
of North America (southern California, Untied States of 
America, to British Columbia, Canada) and occurs from the 
intertidal to more than 300 m (Cadien & Ranasinghe, 2003). 
In the south-east Mediterranean Sea, four carnivorous Red 
Sea species, Champsodon nudivittis (crocodile toothfish), 
Etrumeus golanii (Golani’s round herring), Trypauchen 
vagina (burrowing goby), and Charybdis longicollis (lesser 
swimming crab) were recently recorded at depths over 
200 m (Galil et al., 2019; Innocenti et al., 2017). One 
possible pathway of deep-sea species translocations may 
be deep submergence vehicles whose use has increased 
since the 1960s (Voight et al., 2012). It seems realistic to 
suggest that understanding the scale of deep-sea invasions 
by alien species remains one of the most important 
overlooked aspects of marine invasion science.

The deep sea is now also warming, as has been observed in 
shallow waters, and the temperature of water below 2000 m 
has increased since 1992, especially in the Southern 
Ocean (IPCC, 2019). For example, deep Mediterranean 
waters have warmed by 0.12 °C since the mid-twentieth 
century and the deep oceans now store 16–89 per cent 
more heat than before (McClain et al., 2012). Temperature 
changes and the redistribution of total energy will ultimately 
impact deep-sea faunal distributions and invasion rates. 
For example, some deep-sea fish families of Actinopterygii 
were identified with depths over 1000 m and were proposed 
as invasive alien species where most of their constituent 
species live in shallower than 1000 m (Priede & Froese, 
2013). Also, the invasion of Erythrean species of the 
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Levantine basin into the lower continental shelf and upper 
slope suggests biological invasions in the deep sea warrant 
more attention (Galil et al., 2019). The west Antarctic 
Peninsula shelf is rapidly warming and is expected to soon 
be invaded by lithodid crabs from the Ross Sea waters that 
have crossed the Antarctic shelf (C. R. Smith et al., 2012).

Data and knowledge gaps

Estimating the gaps in alien species distributions of the 
deep-sea fauna is challenging because the deep sea is the 
most unexplored place on Earth and there is much yet to be 
learned. However, alien species pose a threat to the unique, 
diverse, and fragile mesophotic “animal forests”. Large data 
and knowledge gaps therefore remain for trends and status 
of invasive alien species in the deep sea as well as a lack of 
information the actual data gaps.

2.5.5	 Trends and status of alien 
and invasive alien species in 
anthropized areas

2.5.5.1	 Urban/semi-urban

Urban habitats include constructed, industrial, and other 
artificial land, human settlements, buildings, industrial 
developments, transport networks and waste dump sites, 
but also a diversity of semi-natural and constructed green 
spaces. Cities contain high densities of people and are 
hubs of human-mediated movement of commodities. 
Transport linkages (e.g., airports and harbours) facilitate 
the introduction and dissemination of alien species 
through introduction pathways such as trade, tourism, and 
horticulture (Chapter 3, section 3.2.3; Dehnen-Schmutz 
et al., 2007). The intensive study of alien plants in urban 
areas began in a few cities around the world in the 1980s 
(Esler, 1987; Kowarik, 1990; Stalter et al., 1992), largely out 
of natural history interest. Large-scale comparisons of alien 
plant taxa among cities grew out of a more macroecological 
approach in Europe in the 1990s (Kowarik, 1995a; Pyšek, 
1998), which has since given way to more recent global 
assessments of patterns of alien species in cities (Aronson 
et al., 2014; Gaertner et al., 2017).

Trends 

Evidence suggests that the rate and extent of biological 
invasions are increasing globally (Seebens, Blackburn, et 
al., 2017) and cities often play important roles as hubs for 
the spread of alien species (Chytrý et al., 2012; McLean et 
al., 2017). Studies on long-term dynamics of urban floras 
revealed a steep increase in established alien species 
numbers along with accelerating urbanization during the last 
century (Chocholoušková & Pyšek, 2003; S. Knapp et al., 
2010; Tretyakova et al., 2018), with alien species occupying 

a median of 28 per cent (ranging from 25-50 per cent) of 
their respective urban floras (Aronson et al., 2014; Esler, 
1987; Ricotta et al., 2009, 2012; G.-L. Zhu et al., 2019). 
Several studies from around the world show that more 
urbanized areas tend to harbour a higher relative abundance 
and diversity of alien species than rural and peri-urban areas 
(Aronson et al., 2015; Blair & Johnson, 2008; Cadotte et 
al., 2017; X. Chen et al., 2014; Lowry et al., 2020), and as 
urbanization expands, the numbers of alien taxa in urban 
areas will consequently increase as well. 

Projected trends in plant invasions in Europe under different 
scenarios of future land-use change showed the second 
highest level for urban areas (Chytrý et al., 2012). Most alien 
species in cities and urban areas are intentionally introduced 
ornamental plants that escaped from cultivation (Čeplová 
et al., 2017; Dehnen-Schmutz et al., 2007; McLean et 
al., 2017; Padayachee et al., 2017). Studies in the Czech 
Republic, for example, reveal that 47 per cent of alien 
species now found in cities and beyond were introduced 
intentionally, mostly as ornamentals (Pyšek et al., 2002), and 
work from South Africa showed that twice as many of the 
most abundant alien species in urban areas were originally 
introduced for ornamental purposes compared to non-
ornamental alien species (McLean et al., 2017). Much like 
agriculture, plantings of alien plants in urban settings provide 
suitable habitats for the establishment of alien insects; 
consequently, urban settings and especially street trees tend 
to be hotspots for insect invasions (Branco et al., 2019; Dale 
& Frank, 2017; Paap et al., 2017). 

It is likely that a warmer climate together with urban 
sprawl will increase the invasion risk for cities, especially 
as species from different climatic regions are transported 
elsewhere, and especially from warm regions to temperate 
ones (e.g., Géron et al., 2021; Lososová et al., 2018). For 
Europe, Lososová et al (2018) suggest that alien species 
from regions with warm climates, such as those currently 
limited to southern Europe, are likely to increase their rate 
of spread and colonize the cities of Central and Western 
Europe. Alien insects appear to be especially benefiting from 
increased urban temperatures, for example, alien mosquitos 
in montane cities in South America (Pedrosa et al., 2020) 
and alien scale insects in the United States (Meineke et 
al., 2013).

Status 

The most comprehensive global data set on urban 
floras and bird faunas, based on 110 and 54 cities on 
all continents, respectively, revealed that the numbers of 
alien species differ broadly among cities with a median of 
3.5 alien bird (range: 0–23) and 213 plant species (range: 
38–1058), of the total species richness 112.5 (range: 
24–368) for birds and 766 (range: 269–2528) for plants. 
Among plants, Poa annua (annual meadowgrass), Capsella 
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bursa-pastoris (shepherd’s purse), Stellaria media (common 
chickweed), Plantago lanceolata (ribwort plantain), and 
Phragmites australis (common reed) have established in 
the greatest numbers of cities, while among birds such 
species are Columba livia (pigeons), Passer domesticus 
(house sparrow), Sturnus vulgaris (common starling), and 
Hirundo rustica (barn swallow) (Aronson et al., 2014). 
Further, it appears that intensive land-use change, and 
biotic interchange have increased the similarity of urban 
plant assemblages globally. Cities in disparate regions of 
the globe thus retain regionally distinct native and alien 
plant assemblages (Palma et al., 2017), while invasive alien 
species are associated with lower beta diversity among 
cities (La Sorte et al., 2014). 

The numbers of established alien species of plants, insects, 
herptiles, birds, and mammals, introduced to Europe after 
1500 and occurring in habitats defined according to the 
European Nature Information System were analysed for 115 
regional data sets (Pyšek, Bacher, et al., 2010). Cities in 
Europe on average harbour 70 per cent of established alien 
plants (ranging from 41–100 per cent in individual regions), 
54 per cent (11–76 per cent) of alien insects, 38 per cent 
(0–100 per cent) of alien herptiles, 14 per cent (0–33 per 
cent) of alien birds, and 26 per cent (0–100 per cent) of 
alien mammals. The numbers of established alien plant and 
insect species found in human-made, urban, or cultivated 
habitats were the highest of all habitats, if controlled for 
habitat area in the region (Pyšek, Bacher, et al., 2010). The 
patterns of urban alien diversity have not been summarized 
beyond Central and Western Europe, but studies from 
elsewhere, for example, China, Russia, and Canada, also 
confirm that urban areas tend to contain very high numbers 
of alien species (Cadotte, 2021; Tretyakova et al., 2018;  
Z.-X. Zhu et al., 2019). 

Data and knowledge gaps 

Although urban ecosystems are hotspots for biological 
invasions, the field of invasion science has given scant 
attention to invasion dynamics in towns and cities (Gaertner 
et al., 2017) with the exception of Europe where this topic 
has been subject of research for decades (e.g., Kowarik, 
1995b; Pyšek, 1998; Sukopp, 2002). Many facets of 
biological invasions require elaboration in an urban context 
(Cilliers et al., 2008; Padayachee et al., 2017). The role of 
cities as launching sites for alien species introduction and 
spread into natural areas and as recipients of a range of 
socioecological impacts highlights the need for research 
to address key limitations that hinder the understanding of 
invasion dynamics in urban settings. There have been very 
few urban-rural gradient studies in developing countries 
(Pauchard et al., 2006), or in tropical environments in 
general (Cusack & McCleery, 2014). So far, the relationship 
between levels of urbanization and abundance of alien 
invasive plants in tropical developing countries appears to 

resemble that of temperate developed countries (Lowry 
et al., 2020). Limitations include the dearth of metrics for 
defining urban–wildland/rural gradients and a shortage 
of insights on many aspects of urban invasions in less 
affluent regions (Gaertner et al., 2017). Thus, data on 
alien taxonomic groups other than plants within cities and 
ecoregions surrounding each city is needed. 

2.5.5.2	 Cultivated areas (including 
cropping, intensive livestock farming, 
etc.) 
Many introductions and secondary spread of alien 
species occur in cultivated areas. Alien plant species that 
occur as weeds in agricultural areas can be introduced 
as contaminants of seeds, or spread by machinery and 
grazing animals, water channels, etc. In addition, the use 
of plant protection products may promote the development 
of herbicide resistant alien weeds, as in the case of 
Amaranthus, Solanum, etc. In addition, agricultural areas are 
often first sites of new introduction of novel crops, genetically 
modified organisms, biofuel crops, and novel genotypes of 
cultigens. In some parts of the world, ornamental plants are 
also intensively cultivated in agricultural areas (e.g., Booth 
et al., 2003). Cultivated plants also suffer from introduced 
pathogens (e.g., fungal, viral, bacterial).

Various pathways are known to facilitate the accidental 
introduction of insects, pathogens, and other pests (e.g., 
nematodes) into cultivated areas around the world. Many 
groups of insects colonize stored grains and international 
trade in grain has facilitated the global spread of these 
insects such that several important species are established 
in virtually every world region (Morimoto et al., 2019). Other 
important pathways by which insect pests have globally 
spread include international trade in fruits and vegetables 
and global transport of live plants, including soil and planting 
substrates (Kiritani & Yamamura, 2003; Liebhold et al., 
2012). Prior to 1910, there was little recognition of the 
dangers that such international trade posed for introduction 
of agricultural pests, but in the early 1900s many countries 
began to implement regulations aimed at limiting the 
accidental spread of plant pests with plants and plant parts. 
A variety of phytosanitary measures have been developed 
to limit pest movement in international trade, though some 
pathways remain more difficult to control and many species 
continue to be unintentionally introduced (E. Allen et al., 
2017; Hulme, 2014; Chapter 5, section 5.2.2).

Trends

Reports on occurrences of alien species on cultivated 
land are usually restricted to plant pathogens, while more 
general comprehensive analyses of trends of alien species 
on cultivated areas are largely lacking. For alien species 
considered as plant pathogens, which mostly consist of 
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arthropods, fungi and oocmycetes, the number of species 
has increased continuously since 1800 with a rise also in 
the rate of annual records until the present (Aukema et al., 
2010; Kiritani & Morimoto, 2004; Nealis et al., 2016; R. M. 
Smith et al., 2018; F.-H. Wan & Yang, 2016). This is very 
likely a result of increased trade activity, particularly of plant 
materials, both in terms of increased volumes and increased 
geographic distances between donor and recipient regions. 
While the number of studies is geographically restricted to 
a few well-sampled regions, global analyses are missing; 
however, it is likely that alien species numbers have been 
increasing as observed in other world regions. 

Status

Agricultural areas in Eastern Europe are the most invaded 
by alien plants of all European regions (Chytrý et al., 2009). 
On arable land there were on average 7.3±9.8 per cent of 
plant species introduced after 1500 in Catalonia (n=506), 
5.6±5.2 per cent in the Czech Republic (n=1441) and 
14.3±25.6 per cent in the United Kingdom (n=989); these 
values represent per centages of all plants recorded in 
vegetation plots 15–200 m2 in size (Chytrý et al., 2008). For 
plants introduced from the beginning of Neolithic agriculture 
until 1500 (Pyšek & Jarošík, 2005), 55.5±13.5 per cent and 
16.2±16.0 were reported for the Czech Republic and the 
United Kingdom, respectively (Chytrý et al., 2008). 

Data from cultivated habitats in Europe comparing alien 
species of plants, insects, herptiles, birds and mammals 
introduced after 1500 showed that as a per cent of the total 
alien species in a region, cultivated habitats on average 
harbour 34 per cent of plants (based on 115 regional 
datasets: median, with range 5–95 per cent), 46 per cent 
(26–66 per cent) of insects, 63 per cent (0–100 per cent) of 
herptiles, 65 per cent (51–85 per cent) of birds, and 30 per 
cent (0–100 per cent) of mammals (Pyšek, Bacher, et al., 
2010). By this measure, cultivated habitats are among those 
with the highest levels of established alien species (Pyšek, 
Bacher, et al., 2010). 

The domestication of plants and their widespread planting 
in agriculture has created unique resources that facilitate the 
establishment of new insect species (Liebhold et al., 2018). 
Across most continents, the historical expansion of plantings 
for agriculture and forestry has been followed by the invasion 
of insects that utilize these crop species as hosts (e.g., 
Hurley et al., 2016; Margaritopoulos et al., 2009).

Data and knowledge gaps 

Information on biological invasions of insects and plants 
in cultivated areas has been systematically collected in 
Europe and North America, likely because they act as pests 
and weeds and negatively impact agricultural production. 
However, information from other parts of the world is scarce.

2.5.5.3	 Aquaculture areas 
Inland, coastal, and marine farming is largely based on 
introduced species and a large share of the industry occurs 
in South-East Asia and South America. In addition to being 
an important pathway of introduction for alien species, 
aquaculture facilities can also contain many pathogens, 
parasites, and fouling species unintentionally introduced as 
contaminants with the farmed species and the materials 
used for their production (e.g., K. E. Costello et al., 2021; 
Peeler et al., 2011). Molluscs can carry many non-target 
species with them: for example, several introduced 
marine algal alien species worldwide were transported in 
association with mariculture, mainly of molluscs (Mckindsey 
et al., 2007). In Europe, the production of native oyster 
Ostrea edulis (European oyster) has been greatly impacted 
by the parasite protozoan Bonamia ostreae, one of the 
diseases notifiable to the World Organisation for Animal 
Health (WOAH, founded as OIE; Carnegie & Cochennec-
Laureau, 2004), and also by the parasitic copepod 
Myicola ostreae, both introduced together with Magallana 
gigas (Pacific oyster) (K. E. Costello et al., 2021). Two 
bivalves (Magallana gigas, and Ruditapes philippinarum 
(Japanese carpet shell)) were responsible for the majority 
of introductions of contaminants in Europe (60 species), 
mainly shell foulants or macroalgae used for packaging live 
oysters and clams (Savini et al., 2010). The aquaculture of 
Magallana gigas is likely responsible of the introduction of 
Styela clava (Asian tunicate) in New Zealand, which poses 
a threat to the shellfish aquaculture industry (Forrest et al., 
2011). Many alien species introduced for aquaculture have 
escaped from confined systems, established, and become 
invasive (Ju et al., 2020): for example, the analysis of both 
marine and estuarine species in California showed that 106 
of 126 (84 per cent) introductions were due to aquaculture 
and led to established populations of alien bivalves (K. E. 
Costello et al., 2021).

Trends

Worldwide, the introduction of alien species in aquaculture 
is well-known, but the numbers have significantly increased 
since the 1950s with technological improvements (i.e., 
development of artificial propagation, (Shelton & Rothbard, 
2006)). Other notable increases were reported in the 1960s 
and 1970s with the movement of Tilapia spp. (tilapia) and 
Oreochromis spp. (tilapia). In the 1990s Asian carp (e.g., 
Ctenopharyngodon idella (grass carp), Hypophthalmichthys 
nobilis (bighead carp), Hypophthalmichthys molitrix (silver 
carp)) was used to meet the growing demand of food to 
reduce the harvesting of wild species and to diversify the 
production (De Silva, 2012; De Silva et al., 2006; Naylor et 
al., 2001; Shelton & Rothbard, 2006). This increasing trend 
is consistent across the continents (FAO, 2020), particularly 
in Asia. China, for example, has experienced a notable 
increase of alien species farmed in aquaculture mostly in the 
1990s, even though the introductions started in the 1920s 
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(Casal, 2006; Cook et al., 2008; Y. Lin et al., 2015; J. Liu & 
Li, 2010; Q. Wang et al., 2015; Xiong et al., 2015, 2017). 
A similar increase was reported for Europe beginning in the 
1970s (Olenin et al., 2008; Savini et al., 2010; Turchini & De 
Silva, 2008), and in the Americas (Gozlan, 2008), especially 
in Latin America and the Caribbean since the 1970s-1980s 
with the introduction of salmonids, tilapia, Asian carps and 
shrimps (Shelton & Rothbard, 2006). In the United States, 
many native species are cultured for food, and tilapia and 
Asian carp introduction for food production began in the 
1950-60s (Shelton & Rothbard, 2006). In Africa, aquaculture 
production increased since the 1980s (Shelton & Rothbard, 
2006), relying mainly on introduced Asian carp and African 
tilapia moved within the African continent (Bartley & Marttin, 
2004). In Africa, three waves of fish introductions (a total of 
139 species, 40 per cent for aquaculture) occurred: before 
1949, between 1950-1989, and after 1990 (Satia & Bartley, 
1998). In Oceania, even though few alien species were 
introduced for aquaculture since 1900, this region began 
having an important position in aquaculture production 
during the 1970s (Gozlan, 2008), with alien species making 
up 38 per cent of the production on average (Cook et al., 
2008). Overall, aquaculture is mainly for food production. 
However, the market for ornamental and angling species is 
increasing, especially in Asia, Europe, and North America, 
thus increasing aquaculture-based introductions for this 
purpose (reviewed in Gozlan, 2008). Indeed, in the United 
States, more than half of the 91 fish species introduced 
through aquaculture are ornamental (J. E. Hill, 2008). 

Fish, molluscs, and crustaceans are the most introduced 
taxonomic groups in aquaculture. Aquaculture is 
responsible for the majority of fish introductions globally 
(De Silva et al., 2009; Teletchea, 2019), as confirmed 
by the positive correlation shown between aquaculture 
production and the number of fish species introduced 
to a region (Gozlan, 2008). Overall, the introductions of 
fish started before the other groups, with a first “wave” 
before 1900, followed by other waves in the early 1900, 
after 1950 and after 1960s-70s (Shelton & Rothbard, 
2006): Casal (2006), extracting the data of FishBase, 
reported 3072 fish introductions involving 568 species, with 
aquaculture being the main reason of introduction (40 per 
cent), while in 2008, Gozlan (2008) mentioned 624 fish 
species introduced worldwide, 51 per cent of them for 
aquaculture. Freshwater fish, particularly Cyprinus carpio 
(common carp), tilapia (specifically Oreochromis niloticus 
(Nile tilapia) is the main farmed tilapia), Salmo trutta (brown 
trout), and Oncorhynchus mykiss (rainbow trout) are the 
most introduced for aquaculture production (De Silva, 
2012; Teletchea, 2019). Only 15 marine fish have been 
introduced for aquaculture (Atalah & Sanchez-Jerez, 2020). 
In contrast, all molluscs introduced for aquaculture are 
marine (19 species reported in (De Silva, 2012; X. Guo, 
2009), with Magallana gigas (Pacific oyster) being one of 
the most successfully introduced aquatic alien species 

throughout the world since the end of nineteenth century 
in United States, Canada, Europe, Australia, New Zealand, 
Mexico, Peru, Chile, Argentina, and South Africa (De Silva, 
2012; X. Guo, 2009). The other alien mollusc species were 
mostly introduced in the 1960s and from the 1980s (X. Guo, 
2009). In the last twenty years, the most widely introduced 
alien species were reported from the eastern Pacific, 
such as Penaeus vannamei (whiteleg shrimp) reported by 
Fernández de Alaiza García Madrigal et al. (2018); in 2013, 
its production of 4.3 million tons represented 64 per cent 
of the global farmed shrimp production. Finally, since the 
1970s, many alien seaweeds have been unintentionally 
introduced through aquaculture, while very few species were 
intentionally introduced for production (FAO, 2020; Pickering 
et al., 2007).

Status

Asia is considered the “backbone of global aquaculture 
production” (De Silva, 2012) with its contribution to over 
90 per cent to the sector (De Silva et al., 2009); aquaculture 
heavily relies on alien species (De Silva et al., 2006, 2009; 
Ju et al., 2020), particularly, in China, the leading global 
aquaculture producer (more than 60 per cent of the global 
production, Cao et al., 2015; Q. Wang et al., 2015). In 
China, alien species (a total of 179 species, Y. Lin et 
al., 2015) are involved for over 25 per cent of the total 
production (Xiong et al., 2017), compared to the 17 per cent 
of global production of alien species (Shelton & Rothbard, 
2006). Asia also stands out for the widely cultured species 
of Penaeus vannamei (whiteleg shrimp), introduced in 1978 
in Asia, with contributions from China, Thailand, Indonesia, 
and Vietnam to most of the world’s shrimp production 
(Liao & Chien, 2011). In Europe, at least 703 alien species 
introduced to aquatic ecosystems for aquaculture and 
stocking activities have been reported: fish, crustaceans 
and molluscs are the most introduced taxonomic groups 
(Olenin et al., 2008; Savini et al., 2010; Teletchea, 2019; 
Turchini & De Silva, 2008). In Europe, alien species (mostly 
Oncorhynchus mykiss (rainbow trout), Hypophthalmichthys 
molitri (silver carp) and Cyprinus carpio (common carp)) 
contributed 67 per cent of freshwater aquaculture 
production, mainly in Western areas with a range of 
88-98 per cent (Turchini & De Silva, 2008). The highest 
production of introduced marine fish is concentrated in the 
Magellanic province of southern Chile that is considered 
at risk of environmental impacts caused by escapees from 
the confined environment (Atalah & Sanchez-Jerez, 2020). 
Recent planning for diversification in aquaculture reports 
advised for a shift towards producing more native than alien 
species (Harvey et al., 2017).

The worst impacts on aquaculture production have 
been caused by the oomycete Aphanomyces astaci, the 
causative agent of the crayfish plague. Vectored by North 
American crayfish introduced to Europe for aquaculture, 
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this plague dramatically reduced native populations and 
the production of native European crayfish (De Silva et al., 
2009). Many pathogens can also be carried by alien finfish, 
especially cyprinids: at least 226 parasite species (34 of 
which causing important diseases worldwide) have been 
found in Cyprinus carpio (common carp), one of the most 
introduced alien species (Jeney & Jeney, 1995). In Europe, 
the seven most farmed cyprinids led to the introduction of 
31parasites⁄disease agents (Savini et al., 2010). Similarly, in 
South Africa many parasites have been introduced with fish 
and crayfish used for fisheries and aquaculture (Weyl et al., 
2020). Despite the high number of pathogens transferred 
by alien farmed fish, a large-scale mass mortality of farmed 
fish due to introduction of associated pathogens has not 
yet been recorded (De Silva et al., 2009). Still, alien farmed 
shrimps can carry several diseases that lead to important 
outbreaks in the facilities and relevant economic losses, 
especially in Asia (Briggs et al., 2004). 

Data and knowledge gaps 

The Food and Agriculture Organization (FAO) Database on 
Introductions of Aquatic Species (DIAS) (FAO, 2021) reports 
the introduction of alien species per country, providing also 
global maps of species introduced for aquaculture and 
a focus on some alien species, such as Cyprinus carpio 
(common carp) and Oreochromis niloticus (Nile tilapia). In 
general, there is considerable information available for Asia, 
the leading continent for aquaculture production, and for 
Europe and Latin America while for other regions information 
is often lacking. Recent reviews addressed fish, molluscs 
and shrimp situations. Studies on temporal trends are 
limited and mainly available for the three main taxonomic 
groups fish, molluscs, and crustaceans.

2.5.5.4	 Coastal areas intensively used 
for multiple purposes by humans 

Trends 

Accumulation rates of established alien species in coastal 
marine waters frequently show a pattern of exponential 
accumulation through time, with the number of new 
reports increasing dramatically during the last 30 years 
with increased awareness and research effort (Bailey et 
al., 2020; Leppäkoski et al., 2002; Ruiz et al., 2015). The 
earliest substantiated reports of established alien marine 
species date to at least the 1200s (Ojaveer et al., 2018). 
The type of transported taxa has changed over time as 
shipping pathways have modernized. For example, historical 
use of solid ballast, such as rocks, sand, and dirt, was 
associated with the transportation of seeds and insects 
while the modern use of seawater ballast correlates with 
introductions of aquatic taxa ranging from microbes and 
protists to macroinvertebrates and fishes (Bailey, 2015). 
There are also now fewer intentional introductions of fishes 

and macroinvertebrates into the natural environment, likely 
because the potential negative impacts of such releases are 
now better understood (Bailey et al., 2020). 

While the rate of new alien species records has levelled off 
and even declined since 2010, possibly due to regulations 
for ships’ ballast water and improved practices by the 
aquaculture industry (Bailey et al., 2020; Chapter 5, 
section 5.51), expectations of continued global shipping 
growth suggest the risks of biological invasions could 
increase significantly by 2050 without management of 
shipping-mediated vectors (Sardain et al., 2019) thus 
underscoring the importance of existing instruments to 
prevent introductions via ballast water and biofouling. 
The construction and successive enlargement of canals 
connecting previously unconnected waterbodies has been 
responsible for a growing number of established alien 
species in the Mediterranean (Galil et al., 2017). Similarly, it 
has been projected that the recent expansion of the Panama 
Canal could triple the number of established alien species 
arriving in the Gulf of Mexico and the North American East 
Coast (Muirhead et al., 2015). In regions such as the Arctic, 
the changing environmental conditions and the dramatic 
increase in shipping activity are likely to favour the transport 
and introduction of new alien species. This increase in 
alien species is likely to reconfigure the global dynamics of 
invasive alien species, potentially reshaping marine habitats 
and ecosystem functions, especially in coastal regions 
(Goldsmit et al., 2020; Miller & Ruiz, 2014). 

Status

There has been extensive research and surveillance of 
coastal marine alien species in Central and Western Europe, 
with more than 4,350 detection records for at least 1,370 
introduced species of alien or unknown (cryptogenic) origin 
(AquaNIS, 2015). More than 450 marine alien species have 
been recorded off the Israeli Mediterranean coast – which 
serves as a gateway for introductions from the western 
Indian Ocean and Red Sea, through the Suez Canal, to the 
Mediterranean Sea (Galil et al., 2021a).

Coastal areas are generally prone to biological invasions. 
In a global study of established alien species richness of a 
number of taxonomic groups, Dawson et al. (2017) found 
that hotspots are, other than islands, predominantly coastal 
mainland regions.

In the Americas, at least 450 alien species are reported 
from continental North America (Ruiz et al., 2015), and 
approximately 300 other species from Hawaii (Carlton & 
Eldredge, 2009). Reported numbers are lower in South 
America, with 129, 138, and 53 species reported from the 
south-west Atlantic, Brazil, and the Galápagos Islands, 
respectively (Carlton et al., 2019; Schwindt et al., 2020; 
Teixeira & Creed, 2020). Despite the low number of 



CHAPTER 2. TRENDS AND STATUS OF ALIEN AND INVASIVE ALIEN SPECIES

187

reported alien species, the coastal environments of the 
south-west Atlantic were affected by one of the largest 
continental-scale bioinvasion events ever recorded, and 
which has reshaped vast coastal-marine ecosystems, 
modifying their coastal geomorphology, biodiversity, 
primary and secondary productivity in the Americas and 
Asia (Bortolus et al., 2015, 2019; Qiu, 2013). Researchers 
have shown that what are now extensive Sporobolus 
alterniflorus (smooth cordgrass) marshes in this region, 
were probably bare mudflats centuries ago, and that the 
Sporobolus alterniflorus introduction might have led to vast 
unrecorded shifts in bird, fish, and invertebrate biodiversity, 
and immense shifts in algal vs. detritus production, with the 
concomitant trophic cascades that these changes imply 
(Bortolus et al., 2015, 2019). Reports of mudflat conversion 
by Sporobolus alterniflorus with distinct ecological 
consequences have also been reported from China (B. Li et 
al., 2009). Similarly, the coastal systems of North America 
have been transformed by an introduced genotype of the 
macrophyte Phragmites australis (common reed) causing 
whole ecosystem and habitat transformations (Bowen 
et al., 2017; Chambers et al., 1999; Cronin et al., 2015; 
Dibble & Meyerson, 2014). 

In the Asia-Pacific region, at least 650 marine alien and 
cryptogenic species are reported from New Zealand 
(Seaward & Inglis, 2018), with another 343 introduced and 
cryptogenic species reported from Australia (Sliwa et al., 
2008), and 213 alien species reported from China (Xiong et 
al., 2017). At least 95 alien and 39 cryptogenic species are 
reported from South Africa (T. B. Robinson et al., 2016), with 
most of the African continent being understudied. 

From1965-2015, at least 1,400 unique alien species have 
been reported as being introduced in coastal ecosystems – 
approximately one new species detected every 8 days for 
the last fifty years (Bailey et al., 2020). 

Data and knowledge gaps 

Records of alien species in coastal environments are more 
reliable in recent decades as the awareness of alien species 
introductions and their potential negative impacts began to 
increase. However, data are still limited for many taxonomic 
groups and regions of the world (especially Africa, Meso- 
and South America and Asia) (Bailey et al., 2020). Aquatic 
alien species are frequently under-reported due to limited 
research intensity and insufficient taxonomic expertise 
(especially for smaller-bodied organisms) (Carlton & Fowler, 
2018; Ojaveer et al., 2017). Reliable records of alien species 
introductions exist mainly for plants and animals, with fungi, 
protists, and microbes generally being understudied.

An accurate number of alien species introduced across 
global coastal waters is difficult to estimate since organisms 
were being transported around the world by ships for 

centuries before inventories of species in the marine 
environment, resulting in an inability to determine the 
true origin of a large proportion of species within coastal 
communities (Bortolus et al., 2015; Carlton, 1996; Hewitt 
et al., 2004; Schwindt et al., 2020). There can also be long 
time lags after the initial introduction and establishment 
of a new population until its discovery (C. J. Costello & 
Solow, 2003; C. M. Taylor & Hastings, 2005), unless regular 
and targeted monitoring is taking place (Hayes et al., 
2019). In many regions of the world, regular surveillance is 
hampered by inadequate resources and limited access to 
taxonomic expertise (Ojaveer et al., 2014). The number of 
alien introductions is therefore certainly much higher than 
published literature suggests. 

The study of invasive alien vascular plant species introduced 
in the marine-coastal environments of South America is 
currently one of the largest gaps to cope with. Besides a 
few classic examples including genera such as Tamarix 
(tamarisk), Carpobrotus, Ammophila, Sporobolus, or Salsola 
(Schwindt et al., 2018), there is little research effort in this 
area and no updated review or synthesis revising the list of 
plant invasive alien species for this region. Large regions 
like South America have invested little effort (e.g., relative 
to Europe or North America) to recording and monitoring 
the introduction of alien species. This lack of data has often 
been misunderstood as an actual lack of invasive alien 
species. This knowledge gap seriously hampers the ability 
to recognize pre-existing native ecosystems (i.e., Ecological 
Mirage Hypothesis; Bortolus et al., 2015; Bortolus & 
Schwindt, 2007). On the other hand, there is currently an 
increase in the number of researchers investigating invasive 
alien species in this region (Schwindt & Bortolus, 2017), 
which will likely increase the number of reports of introduced 
species for the region. Nevertheless, this increase is not 
necessarily, or strictly, due to new introductions, but could 
also include introductions long overlooked and ignored. For 
instance, in 2017 scientists found that what was until then 
considered a native alga, Melanothamnus harveyi (Harvey’s 
siphon weed), was in fact the earliest record of an alien 
coastal marine species for the region, being first reported in 
1872 under the name of Polysiphonia argentinica (Schwindt 
et al., 2020). Similarly, Sporobolus alterniflorus (smooth 
cordgrass) was recognized as alien to the southern Atlantic 
coastal environments by 2015, nearly two centuries after its 
introduction (Bortolus et al., 2015).

Finally, the lack of research on emerging or understudied 
transportation pathways, such as the aquarium and bait 
trades, internet commerce and anthropogenic marine litter 
(e.g., M. L. Campbell et al., 2017; J. T. Carlton et al., 2017; 
Fowler et al., 2016; Lenda et al., 2014), likely results in gaps 
of knowledge. This knowledge gap refers to the relative 
importance of different introduction mechanisms and the 
corresponding management priorities for reduction of future 
introductions of aquatic alien species. 
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Box 2  11  	 Good Quality of Life: A global assessment of trends and status of invasive alien 
species.

Invasive alien species are a significant and growing threat 
worldwide to the good quality of life (i.e., the achievement 
of a fulfilled human life, see IPBES glossary6 for a complete 
definition) for many communities (Costanza et al., 2006). 
A literature review conducted by the authors of Chapter 4 
identified about 1050 invasive alien species that impact good 
quality of life (Chapter 4, Figure 4.2). In most cases (841 
cases), the reported impacts negatively affected good quality 
of life, while in 212 cases, benefits of invasive alien species 
were reported. However, it is critical to note that a benefit 
from an invasive alien species in one sector does not mitigate 

6.	 IPBES glossary: https://ipbes.net/glossary

the harm caused elsewhere, and that the same invasive 
alien species may both cause harm and produce a benefit. 
Integrating this invasive alien species list and the distributional 
data provided in this chapter (section 2.1.4 for data details) 
reveals that the United States, Australia, New Zealand, 
multiple European countries, China, Japan, Canada, Mexico, 
and South Africa were the countries with highest numbers 
of invasive alien species with impacts (negative or positive) 
on the good quality of life (Figure 2.36). This pattern largely 
reflects the distribution of all identified alien species (Figure 
2.5) suggesting that in general, more impacts on good 
quality of life have been reported where more alien species 
were found.

Figure 2  36  	 Map of invasive alien species numbers with reported impacts on good 
quality of life. 

Species were identified through the literature review conducted by Chapter 4 of this assessment (data management report 
available at: https:/doi.org/10.5281/zenodo.5766069) and the distributions of these species were extracted from the database 
used in Chapter 2 (section 2.1.4 for further details about data sources and data processing). Note numbers presented may 
deviate from those reported in the text due to variation among data sources. A data management report for the data underlying 
this figure is available at https://doi.org/10.5281/zenodo.7615582
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The total number of invasive alien species with impacts on 
good quality of life has risen continuously at a nearly linear 
rate since around 1830 (Figure 2.37). During this time, the 
rate of increase remained relatively constant at around 15 new 
invasive alien species with impacts on good quality of life per 
five years (or three new species annually).

Most invasive alien species with impacts on good quality of 
life were insects (38 per cent), followed by vascular plants 
(29 per cent), fishes (7 per cent), molluscs (5 per cent), and 
mammals (5 per cent). Numerous widespread, well-known 
invasive alien species often negatively affect various aspects 
of good quality of life including culture, human health, and the 
local economy. High profile examples include fish species of 
the genus Oncorhynchus (trout and salmon) that have been 

introduced in many parts of the world (Crawford & Muir, 2008) 
and have changed local economies and livelihoods in areas. 
Such impacts include hybridization with native species and 
predation of native fishes (Kitano, 2004; Soto et al., 2001; 
Woodford & Impson, 2004). The introduction of Lates niloticus 
(Nile perch) has changed the local socio-economic dynamics 
such as a decline in multi-fisheries subsistence and livelihood 
(Njiru et al., 2018). In particular, women from marginalized 
communities have been disadvantaged by the effects of Lates 
niloticus on subsistence cichlid-based fisheries, and have had 
to adopt new livelihood practices, with prostitution being a 
primary one. This has, in turn, spurred inequality, social conflict, 
health issues (spread of human immunodeficiency virus (HIV) 
in particular), the loss of cultural practices, and reduced food 

https://ipbes.net/glossary
https://zenodo.org/records/5766070
https://doi.org/10.5281/zenodo.7615582
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Figure 2  37  	 Trends in numbers of invasive alien species with reported impacts on good 
quality of life.

Trends are shown as cumulative numbers (left panel) and as rate of increase (i.e., numbers of species per five years) (right 
panel). The smoothed trend (line) is calculated as running median (section 2.1.4 for further details about data sources and 
data processing). Species were identified through the literature review conducted by Chapter 4 of this assessment (data 
management report available at: https:/doi.org/10.5281/zenodo.5766069) and the trends for these species were extracted from 
the database used in Chapter 2 (section 2.1.4 for further details about data sources and data processing). Note numbers 
presented may deviate from those reported in the text due to variation among data sources. A data management report for the 
data underlying this figure is available at https://doi.org/10.5281/zenodo.7615582

security for local communities, thus affecting human well-being 
(R. T. Shackleton et al., 2018). 

Another prominent example for an invasive alien species 
with impacts on good quality of life is Spodoptera frugiperda 
(fall armyworm). This alien insect pest has been spreading 
for decades and has wide-ranging impacts in many parts 
of the world including economic losses from reduced maize 
crop yields (Dassou et al., 2021; De Groote et al., 2020) and 
reduced local livelihood potential (Kassie et al., 2020). The 
species is likely to spread further due to suitable climatic 
conditions (Day et al., 2017; Early et al., 2018). As another 
example, Prosopis spp. (mesquite) is one of the most widely 
distributed invasive tree species globally. These species have 
invaded many arid and semi-arid parts of the world, thereby 
reducing water available for humans and animals (Bekele et 

al., 2018; Shiferaw et al., 2021), impacting human health via 

allergies, asthma, and physical injuries (Al-Frayh et al., 1999; 
Mwangi & Swallow, 2008), increasing malaria prevalence due 
to habitat provision (Muller et al., 2017), reducing grazing 
capacity (S. Kumar & Mathur, 2014; Mwangi & Swallow, 
2008; Ndhlovu et al., 2011), and impacting local economies 
through increased management costs and loss of grazing (R. T. 
Shackleton et al., 2014).

Focusing more specifically on Indigenous Peoples and local 
communities (i.e., typically ethnic groups who are descended 
from and identify with the original inhabitants of a given region; 
IPBES glossary7) and good quality of life, the assessment 

7.	 IPBES glossary: https://ipbes.net/glossary

identified and assessed 131 regional case studies worldwide of 
the impacts of invasive alien species on the good quality of life 
and their effects for Indigenous Peoples and local communities. 
The most frequently reported species in the case studies 
were first identified, then species and their impacts on good 
quality of life concerning taxonomic groups, units of analyses, 
and IPBES regions. The findings suggested that the biggest 
impacts were from plant species (85 species, 65 per cent), of 
which most (79 species) were woody vascular plants.

The three most frequently reported invasive alien plants 
(38 cases) included either alone or in combination with other 
species were: Lantana camara (lantana), Prosopis spp., and 
Chromolaena odorata (Siam weed). Aquatic invasive alien 
plant species were reported in only six case studies. These 
included Pontederia crassipes (water hyacinth), Phragmites 

australis (common reed), Hydrilla verticillate (hydrilla), and 
Cryptostegia grandiflora (rubber vine), amongst others. Overall, 
fewer case studies (46 case studies) reported invasive alien 
species’ impact on good quality of life for other taxonomic 
groups. These taxa included fish species (10 species) such 
as Cyprinus carpio (common carp), Tilapia rendalli (redbreast 
tilapia), Oreochromis mossambicus (Mozambique tilapia), 
and Lates niloticus, Oncorhynchus mykiss (rainbow trout). 
Insects (12 studies), were also reported including Spodoptera 

frugiperda, and Agrilus planipennis (emerald ash borer). Other 
taxa were not reported in any case studies.

The majority of case studies (60 per cent; 79 case studies) 
reported negative impacts of invasive alien species, while 
others reported both negative and positive impacts. Examples 

https://zenodo.org/records/5766070
https://doi.org/10.5281/zenodo.7615582
https://ipbes.net/glossary
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include Opuntia ficus-indica (prickly pear), which is used 
for fodder and fence lines but has thorns that cause injury 
to humans and animals (S. E. Shackleton & Shackleton, 
2018). Positive impacts of invasive alien species include feral 
pigs that provide meat (C. J. Robinson & Wallington, 2012), 
woody plants (e.g., Acacia, Prosopis, Eucalyptus) that provide 
biomass for compost, timber and wood charcoal production 
(Rogers et al., 2017; Tassin et al., 2012; B. W. van Wilgen, 
2012), shade (S. E. Shackleton & Shackleton, 2018), products 
to sell (Tilahun et al., 2017), and medicinal benefits (Witt et al., 
2019). Despite the benefits provided, the positive impacts of 
invasive alien species on good quality of life do not counteract 
their negative impacts.

Knowledge and data gaps

There were large differences in the number of studies from the 
different IPBES regions potentially representing knowledge 
and data gaps on the effects of invasive alien species on 
good quality of life. Asia and the Pacific had the most studies 
(54), followed by Africa (44), the Americas (28), and Europe 
and Central Asia (3). There appears to be a bias in case 
studies towards reporting the effects of invasive alien woody 
vascular plants (65 per cent) on good quality of life since 
there were many fewer case studies on other widespread 
alien species groups, particularly invertebrates, microbes, and 
mammals (5 per cent).

2.6	 FUTURE DYNAMICS OF 
BIOLOGICAL INVASIONS

This section reports on the projected future dynamics of 
the trends and distribution of alien and invasive alien animal 
species in general (section 2.6.1), for animals (section 
2.6.2), plants (section 2.6.3), and microorganisms (section 
2.6.4), and addresses limitations for assessing future 
dynamics of biological invasions (section 2.6.5). 

2.6.1	 Overview of future dynamics 
of biological invasions

Recent increases in data availability and accessibility provide 
an improved baseline understanding of historic and current 
alien species richness and distributions that help to make 
new and improved projections (E. E. Dyer, Cassey, et al., 
2017; Pagad et al., 2022; Seebens, Blackburn, et al., 2017; 
van Kleunen et al., 2019). However, many gaps still exist 
at the regional and taxonomic scales (Pyšek et al., 2008). 
Approaches to forecast dynamics of biological invasions vary, 
including expert-based systems (e.g., based on individual 
experts in their field, Indigenous and local knowledge 
systems (Glossary), horizon scanning approaches), various 
modelling approaches (e.g., expert-based models, correlative 
models, process-based models, hybrid models; Chapter 
1, section 1.6.7.3) or scenario approaches (exploratory 
scenarios, target-seeking scenarios, policy-screening 
scenarios; Chapter 1, section 1.6.7.3).

Generally, prediction and projection studies have been 
conducted from regional, continental to global scales 
(Bellard, Thuiller, et al., 2013; Dullinger et al., 2017) 
illustrating the potential current and future numbers and 
distribution of alien species. Studies cover one to multiple 
species within (e.g., cacti: Masocha & Dube, 2018; termites: 

Buczkowski & Bertelsmeier, 2017; ants: Bertelsmeier et al., 
2015, 2016; Fournier et al., 2019) and across taxonomic 
groups (e.g., the 100 worst invaders globally as assessed 
by the IUCN ISSG: Bellard, Thuiller, et al., 2013; Gallardo et 
al., 2017).

On the global scale, quantitative projections of established 
alien species numbers under a business-as-usual scenario 
do exist for the period from 2005–2050 (Seebens, Bacher, 
et al., 2021). For seven major taxonomic groups established 
alien species numbers are projected to increase across 
eight continental regions (Figure 2.38). At the continental 
scale, the strongest relative increase in established alien 
species numbers of 64 per cent (2,543 ± 237 species) is 
expected for Europe, followed by temperate Asia (50 per 
cent; 1597 ± 197) and South America (49 per cent; 1,391 
± 258). Globally, an average relative increase of 36 per 
cent, equivalent to 1,195 ± 131 new established alien 
species is projected (Seebens, Bacher, et al., 2021). A list 
of relative and absolute projected increases of established 
alien species numbers until 2050 is given in Table 2.28. 
However, given the projected acceleration of the majority 
of direct and indirect drivers of change in nature, it is likely 
that the numbers of established alien species will be higher 
than those predicted in the business-as-usual scenario 
(Table 2.28). Comparing past and future trends, the rate of 
increase of established alien species numbers is expected 
to increase even further (i.e., acceleration) for arthropods 
and – to a lower degree – birds worldwide. In contrast, rates 
are projected to decline for mammals globally and partly for 
fishes, although rates are still positive, resulting in more alien 
species, but at a lower rate than observed before (Seebens, 
Bacher, et al., 2021). However, the number of alien and 
invasive alien species is expected to rise even without 
the introduction of any new species by humans, because 
the majority of already established alien species are still 
spreading (Seebens, Blackburn, et al., 2021). Thus, already 
established alien species are likely to spread further also to 
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Figure 2  38 	 Projected trends of established alien species numbers until 2050.

Projections are shown for seven major taxonomic groups across eight global regions and based on a business-as-usual scenario 
that assumes that drivers facilitating biological invasions will develop in the future as has been observed during recent decades. For 
vascular plants, birds, and fishes a spatial bias correction was applied to account for spatial heterogeneity in data availability. This was 
not possible for the other taxonomic groups due to data deficiency. Trend lines show averaged trends out of repeated simulations, 
while variation around the means is indicated by shaded areas. From Seebens et al. (2021), https://doi.org/10.1111/gcb.15333, 
under license CC BY 4.0.

Table 2  28  	 Projected relative (per cent) increases of established alien species numbers 
until 2050. 

Projections are representative for a business-as-usual scenario, assuming similar developments in drivers facilitating biological 
invasions as observed in the past. Values are mean estimates over 100 model runs with the upper and lower 2.5 per cent confidence 
interval given in square brackets. The absolute established alien species numbers increase averaged more than 100 model runs are 
provided in round brackets together with the standard deviation estimates. Data are from Seebens, Bacher, et al. (2021).

Africa Australasia Europe
Northern 
America

Pacific 
Islands

South 
America

Temperate 
Asia

Tropical 
Asia

Mammals 14 [2, 29] 
(12±3)

13 [0, 167] 
(8±9)

16 [1, 46]
(10±9)

0 [0, 10] 
(0±1)

Birds 42 [0, 75] 
(59±26)

5 [1, 9] (9±4) 88 [44, 139] 
(299±53)

42 [32, 46] 
(138±11)

9 [1, 29] 
(24±22)

60 [10, 70] 
(115±20)

67 [36, 91] 
(78±15)

Fishes 49 [1, 75] 
(96±39)

59 [37, 104] 
(175±32)

20 [2, 70] 
(54±57)

0 [0, 1] (0±0) 16 [1, 96] 
(25±39)

42 [7, 62] 
(165±48)

10 [0, 76] 
(31±34)

Arthropods 51 [0, 73] 
(109±51)

15 [13, 18] 
(212±14)

69 [48, 85] 
(1072±92)

30 [24, 34] 
(927±31)

26 [1, 35] 
(70±17)

99 [0, 130] 
(582±249)

117 [57, 145] 
(445±87)

35 [0, 58] 
(24±13)

Molluscs 93 [59, 135] 
(170±31)

32 [2, 47] 
(21±7)

53 [3, 73] 
(116±40)

Crustaceans 100 [51, 117] 
(273±34)

56 [10, 90] 
(36±8)

47 [0, 76] 
(66±18)

Vascular plants 14 [4, 19] 
(503±113)

28 [22, 29] 
(1065±41)

24 [16, 39] 
(997±209)

6 [1, 7] 
(365±33)

1 [0, 2] 
(38±9)

21 [18, 25] 
(669±52)

41 [28, 54] 
(987±170)

10 [0, 17] 
(227±67)

https://doi.org/10.1111/gcb.15333
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neighbouring regions, which will result in further increases in 
alien species numbers regionally.

A literature review8 on studies including models and 
scenarios of biological invasions shows that the current 
literature is dominated by correlative model approaches 
(57 per cent) and correlative scenarios (87 per cent) and that 
these studies mainly explore either long-term (2050-2100) or 
short-term (until 2030) trends (42 per cent and 30 per cent 
respectively) (Chapter 1, section 1.6.7.3). 

The remainder of this section provides an overview of the 
general trends of predicted and projected alien species 
richness and distributions for different taxonomic groups 
and across scales.

2.6.2	 Animals

For some bird species, such as Corvus splendens (house 
crow) and Acridotheres tristis (common myna), the current 
distributions indicate a large potential to spread to new 
areas (Magory Cohen et al., 2019; Nyári et al., 2006). 
Similarly, mammals such as Sus scrofa (feral pig), Herpestes 
javanicus auropunctatus (small Indian mongoose), and 
Procyon lotor (raccoon) often have a large potential of future 
invasions worldwide (Lewis et al., 2017; Louppe et al., 2019, 
2020). In the marine realm, a study of 19 ascidian species 
finds a large invasion potential especially at higher latitudes 
(Lins et al., 2018). For insects, several studies investigated 
the invasion potential of agricultural pest species (e.g., 
Phthorimaea operculella (potato tuber moth) (Kroschel 
et al., 2013), Bactrocera carambolae (carambola fruit fly) 
(Marchioro, 2016), Diabrotica spp. (e.g., cucumber beetles) 
(Marchioro & Krechemer, 2018), Bemisia tabaci (tocacco 
whitefly) (Ramos et al., 2018), Spodoptera frugiperda (fall 
armyworm) (Early et al., 2018), Halyomorpha halys (brown 
marmorated stink bug) (Kriticos et al., 2017), Drosophila 
suzukii (spotted wing drosophila) (L. A. dos Santos et al., 
2017)), and all studies found a high risk of invasion beyond 
the current realized distribution. Although less investigated, 
high invasion potentials have also been identified for other 
insect species (e.g., Fournier et al., 2019; He et al., 2012; 
H. Li et al., 2006; Peacock & Worner, 2006). A study on 
the potential biological invasion risk of protected areas 
worldwide found that 95 per cent of the protected areas 
have high habitat suitability for alien mammal species across 
11 taxonomic groups (X. Liu et al., 2020).

An analysis of the 100 worst invaders of the world (as 
assessed by the IUCN ISSG) found a decreased potential for 
future global distribution of mammals, birds, fishes, reptiles, 
and amphibians, but an increase in distributions of aquatic 

8.	 Data management report available at: https://doi.org/10.5281/
zenodo.5706520

and terrestrial invertebrates due to region specific projected 
changes in climate and land-use, using an ensemble 
species distribution models approach (Bellard, Leclerc, et 
al., 2013). Other global and regional studies have focused 
on the future invasion potential for species from different 
taxonomic groups such as ants and termites (projected 
increases for 12 out of 13 species; e.g., Bertelsmeier et 
al., 2013b, 2015; Buczkowski & Bertelsmeier, 2017; Y. 
Chen, 2008), beetles (projected increase; e.g., Berzitis et 
al., 2014; Kistner-Thomas, 2019; C. Wang et al., 2017), 
flies (northward shift and decrease in global suitability; e.g., 
Capinha et al., 2014; M. P. Hill et al., 2016; Qin, 2019; S. F. 
Ryan et al., 2019), other insects (projected increase; e.g., 
M. P. Hill et al., 2017; Lu et al., 2020), amphibians (projected 
stable distribution or increase; e.g., Ficetola et al., 2010; 
Forti et al., 2017; Ihlow et al., 2016), fish (projected increase; 
e.g., Dong et al., 2020; Kramer et al., 2017) and mammals 
(projected increase; e.g., Louppe et al., 2019, 2020). 

Under different scenarios of change of the global shipping 
network, which constitutes a major driver responsible for 
biological invasions (Chapter 3, section 3.2.3.1), and 
across taxonomic groups, high invasion risks have been 
identified for Asia and Europe (especially the Mediterranean) 
with a projected significant increase in the global invasion 
risk without management of shipping-mediated vectors 
(Sardain et al., 2019). A risk assessment in the 19 Arctic 
ecoregions identified hotspots of future invasion for 
23 invasive planktonic and benthic species in Hudson 
Bay, Northern Grand Banks/Labrador, Chukchi/Eastern 
Bering Seas and Barents/White Seas (Goldsmit et al., 
2020). Contrary to the projected Arctic expansion of the 
species their global projected range contracted, indicating 
a northward shift of future invasions (Goldsmit et al., 
2020). Mammal species, such as Procyon lotor (raccoon) 
and Herpestes javanicus auropunctatus (small Indian 
mongoose), are expected to shift to higher latitudes (Louppe 
et al., 2019, 2020). Studies of individual fish species project 
potential future invasion risk across continents and at the 
regional scale (Dong et al., 2020; Kramer et al., 2017). 
For amphibians, two frog species (Xenopus laevis (African 
clawed frog) and Lithobates catesbeianus (American 
bullfrog)) are projected to have stable to decreasing future 
distributions under climate change (Ficetola et al., 2010; 
Ihlow et al., 2016). For insects, future potential distributions 
under climate change scenarios project poleward shifts 
(Capinha et al., 2014; M. P. Hill et al., 2016; Kistner-Thomas, 
2019; Qin et al., 2019) with many species increasing 
their potential distributions (Bellard, Thuiller, et al., 2013; 
Bertelsmeier et al., 2015; Buczkowski & Bertelsmeier, 2017; 
Y. Chen, 2008; Lu et al., 2020; Qin et al., 2019). At the 
same time, some insect species’ distributions (e.g., Aedes 
aegypti (yellow fever mosquito), Pheidole megacephala 
(big-headed ant)) are projected to decrease as well, with the 
declines mainly located in tropical regions (Bertelsmeier et 
al., 2013b; Capinha et al., 2014; S. J. Ryan et al., 2019).

https://doi.org/10.5281/zenodo.5706520
https://doi.org/10.5281/zenodo.5706520
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In summary, the suite of studies available for projections 
of future dynamics of alien species suggests that overall 
ranges of alien species are expected to increase in most 
cases although with large variation due to a continuous 
introduction of new individuals and an expansion of ranges 
to other suitable habitats. In addition, ranges are expected 
to shift poleward because of global warming (Walther et 
al., 2009). The total number of alien species is expected to 
increase until 2050 for most investigated taxonomic groups 
such as birds, fishes, mammals, arthropods, molluscs, and 
crustaceans (Seebens, Bacher, et al., 2021). These trends 
are consistent across all continents except alien birds in 
Europe, alien mammals in tropical Asia, and alien fish on 
Pacific Islands, which are projected to reach a plateau. 
Relative increases between 2005 and 2050 range between 
117 per cent (arthropods in temperate Asia) and 5 per cent 
(birds in Australasia) (Seebens, Bacher, et al., 2021). 

2.6.3	 Plants

Potential hotspots of alien plants have been identified by 
modelling the distribution of individual plant species and 
projecting the distribution under future environmental 
conditions. For the 100 worst invaders (as defined by the 
IUCN), Europe, northern North America, and Oceania 
emerge as potential hotspots for invasion (Bellard et al., 
2016), while potential hotspots for cacti emerge in the 
Mediterranean, tropical savanna regions, and xeric shrubland 
biomes (Masocha & Dube, 2018). Other global studies on 
large sets of alien plant species identify high invasion risk in 
Europe, South America, North America, southwest China 
and New Zealand as well as the coast of West Africa and the 
southern coast of Asia (J.-Z. Wan et al., 2016; Y. Wang & Xu, 
2016). Regions of high invasion risk change depending on 
the taxa under investigation. For 10 parasitic Orobanchaceae 
species tropical and subtropical regions are most suitable 
for potential future invasions (Mohamed et al., 2006). Higher 
potential future suitability has also been projected along 
roadsides (Azan et al., 2015) and at the margins and buffer 
zones of protected areas (Gallardo et al., 2017; Paclibar & 
Tadiosa, 2019), while potential future biological invasion risk 
is lower inside protected areas (Gallardo et al., 2017; Paclibar 
& Tadiosa, 2019).

On the global scale, future distributions of some alien plant 
species are projected to expand (e.g., J.-Z. Wan et al., 
2016), while others will contract in parts of their current 
range (e.g., range contractions mainly at lower latitudes; 
Bellard, Leclerc, et al., 2013) under different climate change 
scenarios. A recent study predicted the global distribution 
of 336 terrestrial invasive alien plants under future climate 
change scenarios (J.-Z. Wan et al., 2016). It identifies the 
main future invasion hotspots for plant invasions to be in 
South America, Europe, New Zealand, and northern and 
Southern Africa (J.-Z. Wan et al., 2016). Other studies 

focus either on single alien plant species (R. Ahmad et al., 
2019; Bourdôt et al., 2012; Heshmati et al., 2019) or sets of 
species within specific regions (e.g., Adams et al., 2015; R. 
Ahmad et al., 2019; J. M. Allen & Bradley, 2016; Dullinger 
et al., 2017; Paclibar & Tadiosa, 2019). Most studies for 
Northern America and Europe report strong increases in 
overall potential future range sizes (e.g., Adhikari et al., 
2015; J. M. Allen & Bradley, 2016; Dullinger et al., 2017) 
under global change, with the magnitude of change within 
these regions varying according to the species investigated 
and increases in suitable ranges are mainly directed towards 
higher latitudes (J. M. Allen & Bradley, 2016). Studies for the 
United States and Europe project that most current invasion 
hotspots will remain stable spatially, but potential invasion 
alien species richness will increase between 64 to 102 per 
cent (J. M. Allen & Bradley, 2016; Dullinger et al., 2017).

For Europe, a prediction of future development of plant 
invasions until 2080 under three socioeconomic scenarios 
differing in focus on economic growth vs. sustainability has 
been made based on data from vegetation plots (Chytrý 
et al., 2012). Under all scenarios an increase in the level 
of invasion was projected for north-western and northern 
Europe, and under two of the scenarios a decrease 
for some agricultural areas of Eastern Europe where 
abandonment of agricultural land is expected. However, 
the implementation of sustainability policies would not 
automatically restrict the spread of alien plants (Chytrý et 
al., 2012).

Following a business-as-usual scenario, thereby assuming 
that drivers will develop in the future as observed in the 
past, alien vascular plants species numbers are expected 
to increase steadily across all continents with only North 
America showing a weak sign of saturation by 2050 
(Seebens, Bacher, et al., 2021; Figure 2.38). The range of 
the projected increase of alien vascular plants lies between 
1 per cent (Pacific Islands) and 41 per cent (Temperate Asia) 
from 2005-2050 (Table 2.28). Likewise, relative increases in 
species numbers are projected to increase more strongly in 
aquatic than non-aquatic environments (Seebens, Bacher, et 
al., 2021). In the marine realm, future increases in alien algae 
species introductions are projected for Asia and Europe 
(Seebens, Bacher, et al., 2021) and mainly along the major 
shipping routes (Sardain et al., 2019).

2.6.4	 Microorganisms

A recent review of species distribution models used for 
fungi has identified 75 studies predicting the potential 
distribution of fungi under current climates (Hao et al., 2020). 
The majority of studies deal with one species only or with 
multiple species from the same genus (e.g., Phytophthora; 
Scott et al., 2019) and generally invasion risk is predicted to 
be higher as currently observed, both in terms of numbers 
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of alien fungi present (Barwell et al., 2021; Bebber et al., 
2019; Scott et al., 2019) and of occupied range (e.g., 
Feldmeier et al., 2016; Kriticos et al., 2013; Yonow et al., 
2013). For crop pests including herbivorous arthropods, 
pathogenic microbes, and virus species numbers within 
regions are predicted to be higher than observed levels 
(Bebber et al., 2019) and hotspots of pest invasion are 
located in Mesoamerica, Europe, North-East Asia and 
Australia (Bebber, 2015).

Global plant pathogen studies project an increase in 
potentially suitable areas, especially towards higher latitudes 
(Avila et al., 2019; Burgess et al., 2017). While for some 
pathogens (e.g., Phytophthora cinnamomi (Phytophthora 
dieback); Burgess et al., 2017) the entire potential future 
environmental range is modelled, other approaches couple 
both the pathogens and hosts when modelling future 
ranges (e.g., Diuraphis noxia (Russian wheat aphid), Avila 
et al., 2019). Additionally, there are approaches that extend 
distributional invasion risk measures by impact assessments 
that assess the overlap of the potential future distribution 
and cropland area (e.g., Raoiella indica (red palm mite); 
Amaro & de Morais, 2013). Pathogen distribution in many 
cases is linked to introduced invasive alien species that act 
as host species and projected invasions thus are inferred 
from host species presence and distribution change (e.g., 
chytridiomycosis; O’Hanlon et al., 2018). Crop pests are 
projected to shift poleward under climate change and 
increased human activities (Bebber et al., 2013; Fisher et 
al., 2012, 2020) and under current observed trends the 
main crop producing countries will be saturated with crop 
pathogens by 2050 (Bebber et al., 2014). In the marine 
realm, projections of planktonic and benthic species, as well 
as algae, identify a future potential poleward shift of alien 
species under climate change scenarios (Goldsmit et al., 
2020; Seebens et al., 2016).

2.6.5	 Limitations for assessing 
future dynamics

Projections of future dynamics of alien and invasive alien 
species are severely limited by 1) data availability of past 
and current distributions of species, 2) knowledge gaps of 
the past and current distribution of species, 3) knowledge 
gaps of the understanding of causal relationships between 
species occurrences, environmental changes, drivers of 
change in nature, biological invasions, and impacts caused 
by invasive alien species, 4) lack of models to robustly 
predict future dynamics of biological invasions, and 5) the 
lack of scenarios covering a range of plausible future 
dynamics of drivers of change, which would allow exploring 
future trends under different scenarios. While models and 
scenarios can still be further developed, closing data gaps, 
particularly of historic distributions, is very difficult and even 
impossible in many cases.

Most global studies focus on either individual species or 
different subsets of species based on specific characteristics 
(e.g., the 100 of the worst global invaders as assessed by 
the IUCN ISSG; Bellard, Thuiller, et al., 2013; Gallardo et 
al., 2017) or on technical criteria such as data availability. 
Consequently, it is difficult to discern a comprehensive pattern 
of potential future alien species richness and distribution for 
individual taxonomic groups (but see Seebens, Bacher, et al., 
2021). Additionally, information on alien species distributions 
is not spatially and taxonomically homogeneous and is 
biased towards specific regions of the world, like Europe and 
Northern America (A. C. Hughes et al., 2021; C. Meyer et al., 
2016). Although online portals for storing biodiversity data 
such as GBIF provide billions of occurrence records, the data 
still covers just a fraction of known species. This limitation in 
accessibility to species occurrence data severely hampers 
modelling approaches for predicting and projecting future 
alien species richness and distribution patterns (Chapter 1, 
section 1.6.7.3). 

A major challenge for most groups of microorganisms and 
fungi is the delineation of their native range resulting from 
a lack of data for these groups in general, as well as from 
high taxonomic uncertainty due to frequent historic changes 
and adaptations of the taxonomic concepts (e.g., due to 
new technological advancements; De Clerck et al., 2013; 
Essl et al., 2018; Hao et al., 2020; Sharma et al., 2015). In 
the absence of the ability to distinguish between the native 
and alien range of a species, robust risk assessments and 
predictions on the potential future spread and distribution 
are not possible.

In addition, alien pathogen research largely focusses 
on human pathogens, livestock, and cultivated plants, 
neglecting other facets of biodiversity and ecosystem 
services (Fischer et al., 2012; Peeler et al., 2011; Roy et al., 
2017; Usher, 1986). Further, most invasive alien pathogens 
are only described once their impacts are recognized in the 
invaded range (Roy et al., 2017) hampering the identification 
of potential future alien species risk assessments. Finally, 
many pathogens undergo host shifts in the invaded range 
(McTaggart et al., 2016; Peeler et al., 2011; Roy et al., 
2017), which can strongly affect disease-induced host 
mortality in the invaded range, which increases with the 
evolutionary distance between the native and alien host 
species (Farrell & Davies, 2019). Such information of host-
pathogen associations and interaction however are skewed 
to few well-studied alien pathogens (Farrell & Davies, 2019).

The systematic literature review of the models and 
scenarios9 revealed distinct trends and research gaps. 
Research is mainly focused on the Americas, followed 
by Europe and Central Asia, and Asia and the Pacific, 

9.	 Data management report available at: https://doi.org/10.5281/
zenodo.5706520

https://doi.org/10.5281/zenodo.5706520
https://doi.org/10.5281/zenodo.5706520
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indicating a large knowledge gap in models and scenario 
studies for Africa. The number of studies is accelerating at 
an equal pace across IPBES regions (Figure 2.39). Plants 
and animal studies are the most studied taxonomic groups; 
however, when further separating animals into finer classes, 
it is clear that animal studies are dominated by research 
on invertebrates and overall plants are the predominantly 
studied group, which is consistent over time. Studies for 
fungi and microorganisms are lacking (Chapter 1, section 
1.6.7.3). Studies projecting alien species distributions 
into the future are largely lacking for the marine realm and 
also not very numerous for freshwater regions compared 
to the terrestrial realm. While the number of studies has 
accelerated over time, it is more prominent in the terrestrial 
realm and especially in the Americas (Figure 2.40). Finally, 
most scenario projections explore long-term (2050-2100) 
and short-term (until 2030) trends. Very few studies follow a 
backcasting approach that involves setting a desirable future 
end-point and determining possible pathways including 
policy measures to reach that end-point (Dreborg, 1996). 

To summarize, there is a distinct lack of model and scenario 
studies for Africa and Asia and the Pacific, the marine 

and freshwater realms. Finally, the scientific literature is 
dominated by correlative models whose application has 
increased more rapidly than for other modelling approaches. 
Also, process-based models have accelerated in their 
application; however, the application of hybrid models that 
combine both correlative and process-based approaches 
is not very common. Expert-based systems are not utilized 
for model and scenario studies implying a major gap in the 
utilization of these knowledge systems. A comprehensive 
overview of the review can be found in Chapter 1, section 
1.6.7.3 and on identified gaps in Chapter 6, Table 6.10 
and section 6.6.1.1 and all information and data are 
available in the data management report.10 

Finally, in addition to data and knowledge gaps, the 
prediction of future dynamics of biological invasions is 
severely impeded by a lack of models to predict those 
dynamics and by scenarios to explore variations among 
plausible futures. Although several modelling approaches 
exist for individual species, regions, or drivers as presented 

10.	Data management report available at: https://doi.org/10.5281/
zenodo.5706520
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above, no models are available to simulate biological 
invasions at large spatial and temporal scales, including a 
range of different species, drivers and impacts. In addition, 
quantitative scenarios of biological invasions are missing, 
which hampers the prediction of biological invasions under 
different plausible futures of driver developments. Qualitative 
scenario description recently became available (Roura-
Pascual et al., 2021), but the quantification and applications 
in modelling exercises remain to be tested. The field of 
biological invasions is distinctly lagging behind the progress 
of other drivers of change in nature, such as climate 
change and land-use changes, where much more attention 
has been paid over recent decades to develop models 
and scenarios.

2.7	 CONCLUSIONS
The main objective of this chapter was to provide a global 
overview of the current understanding of the temporal trends 
and the spatial distribution (i.e., status) of alien and invasive 
alien species. By conducting extensive literature reviews 
and consulting experts from all over the world, assessment 
experts have gathered information on the trends and status 
of alien and invasive alien species across a wide range of 
taxonomic groups, geographic regions, and ecosystems. 
This assessment strove to provide an overview, which is as 
balanced as possible in terms of geographic and taxonomic 

coverage of species. However, complete coverage across 
all taxa, habitats, and regions is not possible due to many 
data and knowledge gaps. In some cases, the widespread 
gaps make a truly global and extensive assessment of the 
trends and status difficult. In addition, even well-sampled 
taxa and regions likely have incomplete information. 
Although this assessment considered a huge number of 
publications, including scientific publications, reports, and 
books in various languages, and consulted many experts, 
many sources of information could not be considered in 
this chapter, particularly non-English publications and grey 
literature, which are difficult to access if experts from that 
field or region are not directly involved. 

Although this chapter provides the most comprehensive 
assessment of the trends and status of the distribution of 
known alien and invasive alien species, it is nonetheless 
based on incomplete data, the extent of which varies by 
taxa, region, and habitat. However, the existence of such 
gaps does not imply that any robust conclusions cannot 
be drawn. In fact, there is a good understanding of the 
trends and status of alien species for many taxonomic 
groups and regions, which are presented in this chapter, 
and the most robust and general conclusions are shown 
in the executive summary at the beginning of this chapter. 
However, with incomplete data it is necessary to verify 
available information by assessing trends and status 
based on scientific expertise and taking underlying biases 
into account.
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Biological invasions are complex and intertwined with 
human transportation and goods, as well as other 
components of global change such as land use change, 
climate change, and human disturbances. This ecological 
complexity, the diversity and abundance of alien species, 
and the difficulty of identifying invaders in new environments, 
make their prevention and management challenging. The 
data presented in this chapter demonstrate that there is 
almost no place on Earth that has not experienced alien 
species introductions. It also shows that alien species 
introductions to new ranges are increasing across all taxa, 
all IPBES regions, and all units of analysis and that there 
are large data and knowledge gaps across these three 
sectors. The immediate result is that biological invasions 
are underestimated, with many species not yet identified as 
invasive and many ecosystems not yet recorded as invaded, 
or invaded by all the alien species that are present. 

Decision makers often interpret research and develop 
policies to address biological invasions based on incomplete 
and biased data. Identifying and closing these data and 
knowledge gaps is essential to assess and address 
biological invasions more accurately and comprehensively. 
While gathering the information underlying this chapter, 
experts have identified the following major limitations which 
hindered the assessment:

1.	 Lack of regional alien species lists: For many 
taxonomic groups, particularly among invertebrates 
and microorganisms, lists of reported alien species are 
lacking for many countries. Even for ecologically and 
economically important groups such as insects, such 
lists are often lacking.

2.	 Incomplete data: Available lists of alien species 
occurrences are often incomplete or outdated. While 
difficult to identify, a comparison of alien species 
numbers across countries often revealed strong 
differences among neighbouring countries, differences 
that are likely influenced by degree of survey intensity 
rather than actual occurrences. In addition, the spread 
of alien species is highly dynamic and thus maintaining 
an up-to-date list of alien species occurrences requires 
regular monitoring which is rare. Even more rare are 
data on the abundances of individual populations. They 
are so scarce that experts were unable to consider alien 
species population abundances in this chapter.

3.	 Lack of standardization: Available lists of alien species 
were often generated using different terms that vary 
in their definitions, concepts (including taxonomies), 
and data collection and sampling practices, making 
comparisons of available information across regions 
and taxa difficult. This is particularly problematic for 
distinguishing a species’ invasion status such as 
introduced, established, and invasive; these distinctions 

are often not specified, and if they are, the applied 
definitions are often not provided. Ideally, data is reported 
using standard concepts and terminologies, which are 
also explicitly detailed in the description of the data.

4.	 Coarse spatial resolution: The information on alien 
species occurrences is usually provided only at a coarse 
spatial resolution, such as the country level. However, 
the distribution of alien species within a country is often 
aggregated towards certain geographic areas within 
national borders. For a thorough assessment of biological 
invasions across spatial scales, it is essential to obtain 
information at finer resolutions that are ideally associated 
with coordinates of alien species occurrences.

Closing these gaps poses huge challenges to the scientific 
community. Below is a list of a few key challenges to 
improving assessments of the trends and status of alien and 
invasive alien species.

Improving collaboration

To fill data gaps and make invasion science truly global, 
greater, and more equitable, international collaboration is 
needed to build more global networks for monitoring, data 
sharing, and technology transfer (Kuebbing et al., 2022; 
Meyerson et al., 2022; Nuñez et al., 2021; Packer et al., 
2017). The trend towards open-source software, such as 
QGIS and statistical environments such as R, is helping to 
reduce disparities between rich and poorer regions, but 
costs associated with training scientists and executing 
research as well as prohibitive journal publication costs 
present serious obstacles (Chapter 6, section 6.6.2.4). 
Many invasive alien species-focused research networks, 
database repositories, intergovernmental and international 
organizations, and international agreements are already in 
place (reviewed in Meyerson et al., 2022). Despite these 
efforts, additional coordination and collaboration are 
needed, particularly because individual countries often do 
not have the capacities to respond to the issues of biological 
invasions sufficiently (Chapter 6, section 6.3.1.1; Early et 
al., 2016; Pyšek, Hulme, et al., 2020). In addition, it would 
be beneficial to engage in a two- or multi-way discussion 
with public and stakeholders through a new “dialogue 
communication model” or “public engagement model” 
(Chapter 5, section 5.2.1; Chapter 6, section 6.4), based 
on a genuine interchange with the public that recognizes 
and incorporates differences in knowledge, values, 
perspectives, and interests (Courchamp et al., 2017). This 
will allow better understanding of biological invasions and 
supporting data acquisition, research and management. 

Closing knowledge gaps

Thoroughly assessing the trends and status of biodiversity 
requires deep knowledge about nature and the 
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ecosystems supporting biodiversity. Without knowing the 
species and their life histories, their interactions, and the 
mechanisms shaping environments worldwide, the state 
of biodiversity cannot be fully assessed. While information 
about nature is accumulating at an unprecedented pace, 
there are still major knowledge gaps, particularly for 
relatively inconspicuous organisms such as invertebrates, 
fungi, and microorganisms, and less accessible systems 
such as in marine habitats, but also inland waters, and 
in geographic areas such as Central Africa, Central Asia, 
and remote islands. In addition, there is a lack of an 
adequate understanding of biotic and abiotic species 
interactions, without which experts cannot fully grasp 
how species respond to environmental changes nor 
build models predicting future biodiversity change under 
different scenarios of human development. Closing these 
knowledge gaps is therefore essential to fully inform 
policies that can safeguard nature and move societies 
towards sustainability.

Efficient and standardized sampling and data 
processing

Comprehensive and thorough assessments of biological 
invasions and biodiversity in general need global and 
comprehensive monitoring and databases (Latombe et al., 
2017; Meyerson et al., 2022; Packer et al., 2017), which 
can only be obtained by implementing the following: 

	 Collection of records of alien species occurrences, and 
regular and repeated deposition into publicly accessible 
databases, particularly in regions and for taxonomic 
groups with the most severe gaps. 

	 Mobilization of existing data by making it accessible 
to the wider community in electronic formats and by 
providing these data under the Findable, Accessible, 
Interoperable, Reusable (FAIR) principles of open 
science (Wilkinson et al., 2016). 

	 Standardization of available and accessible data to allow 
comparison, which could be accomplished by adopting 
a standard terminology for biodiversity information 
as Darwin Core has done, and by using open and 
widely used data formats such as csv or txt (Groom et 
al., 2019).

	 Documentation of data transformation steps, ensuring 
that they are repeatable and associated with the data 
(Seebens et al., 2020). 

	 Finally, integration of standardized data into open 
databases or data portals such as GBIF or the Ocean 
Biodiversity Information System (OBIS) to enable 
researchers and stakeholders to conduct tailored 
biodiversity assessments. 

Ideally, all steps from recording to storing data would 
follow standard and published protocols to make science, 
decision-making, and the assessment of biodiversity 
comprehensive, transparent, interoperable and reproducible, 
which ultimately increases trust in results and decisions 
(e.g., De Pooter et al., 2017; Groom et al., 2017; Haider et 
al., 2022; Roy et al., 2018).

Technological advances

Similar to the increase in information, technologies are 
developing rapidly including those designed to monitor 
biodiversity. Advances range from new satellite products 
to environmental DNA to fully automated biodiversity 
measurement stations. For example, satellites now provide 
opportunities to measure not only vegetation patterns at 
high resolution but also to track the movement of species 
or to distinguish individual plant species and measure plant 
traits which can provide early detection of new alien species 
introductions. Likewise, environmental DNA can help to 
populate lists of species occurring in certain areas, including 
rare species and emerging new alien species. Cameras and 
pattern recognition through artificial intelligence can identify 
species at comparatively low cost but on large geographic 
scales. Drones can now monitor biodiversity and fully 
automated biodiversity stations similar to weather stations 
are currently developed to obtain high resolution recordings 
of biodiversity. However, although these developments 
are promising, the technologies often still require major 
advancements to get ready for measuring biodiversity at 
the species level. In addition, many technological solutions 
are still used in isolation and large-scale solutions to obtain 
comprehensive coverage of biodiversity monitoring have not 
yet been achieved.

Engagement with policy makers

Progress towards addressing data gaps for biological 
invasions can benefit from engagement by policy makers, 
funding, trained (citizen) scientists, and technicians, 
adequate infrastructure to achieve standardized tools for 
long-term monitoring, modular regulatory frameworks 
that integrate incentives and compliance mechanisms 
with respect for diverse transcultural needs, biosecurity 
awareness and measures and synergies with other 
conservation strategies (Meyerson et al., 2022; Chapter 5, 
section 5.4.3.2(a); Chapter 6, section 6.6.2.1). 

Inclusive biodiversity monitoring (citizen 
science, Indigenous Peoples and local 
communities)

Global comprehensive taxonomic monitoring of alien and 
native biota could be improved through engagement with 
people outside of academia, agencies, and institutions. 
People interested in nature and willing to contribute to 
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recording of species occurrences could be encouraged 
to provide their knowledge and findings to other people 
and databases through, for example, community science 
projects, participatory research programmes and online 
platforms such as iNaturalist, CoralWatch, Project Noah, 
or e-Bird (Aristeidou et al., 2021; Ballard, Dixon, et al., 
2017; Ballard, Robinson, et al., 2017; McKinley et al., 
2017; Chapter 1, Box 1.15; Chapter 6, section 6.6.2.1). 
Such a large scale, ideally global, data reporting and 
sharing programme requires, however, concerted efforts 
of the international community and thus would benefit 
from greater efforts and incentives by governments and 
institutions to encourage people to contribute. Obtaining 
data through community science of sufficient quality for 
use in biodiversity assessments can be achieved through 
concerted coordination and organization, training, guidance, 
and funding. Standards for sampling and reporting have 
to be defined and adhered to, and needs and goals must 
consider the requirements of individual communities. In 
this way, inclusive biodiversity monitoring would include 
Indigenous Peoples and local communities who have 
a deep understanding about those areas that are least 
represented in global biodiversity assessments. Such 
an approach to fill data gaps for alien and invasive alien 
species is inclusive, adaptive, and flexible. As integrated and 
collaborative networks develop, effective global strategies to 
address invasive alien species will finally be met.

Accounting for incomplete knowledge

Several data gaps could be filled by increasing efforts and 
investments into biodiversity research and monitoring. 
However, it seems unlikely that obtaining complete and 
regular data at large geographic scales is achievable. 
Thus, it is also necessary to not only acknowledge the 
lack of information, but to also quantify uncertainty and 
incompleteness of data and to explicitly account for those 
biases in biodiversity assessments and analyses. This 
requires the development and adoption of standardized 
methods to quantify uncertainty. Having a standardized 
approach to measure and account for incomplete data 
would increase robustness of the results, and increase 
confidence in individual reports of biological invasions and 
biodiversity research more generally (Franz & Sterner, 2018).
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Chapter 3

DRIVERS AFFECTING  
BIOLOGICAL INVASIONS 

EXECUTIVE SUMMARY 

 1 The IPBES conceptual framework, which classes 
drivers as either indirect or direct with respect to their 
impact on nature, can be adapted to address 
biological invasions (well established) {3.1.3}. The 
IPBES conceptual framework distinguishes between direct 
drivers of change in natureand indirect drivers, which are 
societal factors that act on biodiversity and ecosystems 
through influencing one or more direct drivers {3.1.3}. 
Biological invasions are facilitated by a broad range of direct 
drivers {3.3}. As invasive alien species are both intentionally 
and unintentionally moved by people, some indirect drivers 
of change in nature, such as trade or travel, can facilitate the 
transport and introduction of invasive alien species to new 
regions (well established) {3.2.3.1, 3.2.3.2, 3.2.3.3, 3.2.3.4}. 
Since invasive alien species are part of and interact with 
nature, changes in the biosphere can also facilitate biological 
invasions, for example, biodiversity loss can lead to reduced 
biotic resistance of ecosystems to invasive alien species, 
and invasive alien species can facilitate the establishment 
and spread of other alien species (well established) {3.3.5, 
3.4.2}. Natural drivers, such as tsunamis or hurricanes, are 
known to facilitate the establishment and further spread of 
invasive alien species (well established) {3.4.1}. By 
incorporating aspects specific to invasive alien species 
within the IPBES conceptual framework, this chapter allows 
a comprehensive assessment of all factors influencing 
biological invasions (Figure 3.3). 

 2 Indirect and direct drivers of change in nature 
play significant but varying roles across all stages of 
the invasion process (well established) {3.1.4, 3.2, 3.3, 
3.6.2}. Indirect drivers such as sociocultural norms 
(particularly human values), demography (human population 
and migration), economic aspects (especially trade and 
travel), science and technology (including research) and 
governance (including unintended consequences of policies 
that inadvertently facilitate biological invasions) tend to play a 
stronger role in the transport and introduction stages of the 
invasion process (well established) {3.2, 3.6.2}. In contrast, 
the five broad classes of direct drivers examined, land- and 
sea-use changes (resulting from agriculture, forestry and 
aquaculture), direct exploitation of natural resources (mining 
and species harvest), pollution (eutrophication and marine 
plastics), climate change and invasive alien species are all 
more influential in the establishment and spread of invasive 
alien species (established but incomplete) {3.3, 3.6.2}. 

 3 The magnitude of most drivers of change in 
nature have increased significantly since 1950, 
contributing to the increase of invasive alien species 
globally (well established) {3.1.1}. Recent decades have 
been characterized by increases in global trade and travel, 
human population size and urbanization, land- and sea-use 
change, habitat and biodiversity loss and degradation, direct 
exploitation of natural resources and pollution, and global 
temperatures along with shifts in precipitation patterns (well 
established) {3.1.1} (Figure 3.1). This sustained growth in 
many of the key drivers affecting the transport, introduction, 
establishment and spread of invasive alien species underlies 
recent increases in the rates of introduction, establishment 
and spread of invasive alien species globally (well 
established) {3.2.1, 3.6.2}.

 4 International trade is the most significant driver 
responsible for the transport and introduction of 
invasive alien species across the globe (well 
established) {3.2.3.1, 3.6.2}. International trade, primarily 
maritime transport of commodities, has been responsible for 
the transport and introduction of numerous invasive alien 
species in both terrestrial and aquatic biomes (well 
established) {3.2.3.1}. Invasive alien species can be the 
commodity traded, such as ornamental plants, contaminants 
of commodities, such as weed seeds in grain shipments, or 
stowaways on shipping containers or vessels, such as 
biofoulants (well established) {3.2.3}. Historically, intentional 
as well as unintentional introductions through the release or 
escape of plants, animals and microbial organisms from 
agriculture, aquaculture, forestry, fisheries and non-
commercial uses, have resulted in the establishment and 
spread of alien species in terrestrial, aquatic and marine 
ecosystems worldwide (well established) {3.3.1.1}. Biofouling 
and ballast water discharges have had a major influence on 
biological invasions in coastal marine ecosystems (well 
established) {3.2.3.1}. International trade also influences other 
drivers of change in nature that facilitate biological invasions, 
for example by promoting urbanization around major trade 
ports, driving land- and sea-use changes and direct 
exploitation of natural resources to meet international market 
demands, and increasing atmospheric and aquatic pollution 
(well established) {3.2.3.1, 3.2.2.3, 3.3.1, 3.3.2, 3.3.3}. 

 5 Land-use changes are the most significant 
drivers accelerating the establishment and spread of 
invasive alien species (well established) {3.3.1, 3.6.2}. 
Land-use changes are major drivers facilitating invasive alien 
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species by providing opportunities for colonization, 
establishment and spread of alien species in both terrestrial 
and coastal environments worldwide (well established) 
{3.3.1}. Land-use changes related to food, fodder and 
biomass production facilitate the biological invasion process 
through the replacement of native ecosystems by 
monocultures of introduced crops and livestock and through 
intensification and changes in disturbance regimes (well 
established) {3.3.1.1, 3.3.1.2, 3.3.1.5, 3.3.1.6}. Land-use 
changes related to industry, infrastructure and urban 
development facilitate biological invasions through creation 
of corridors and artificial surfaces in terrestrial and coastal 
environments and more generally through landscape 
degradation (well established) {3.3.1.3, 3.3.1.4, 3.3.1.6}. 
Fragmented and degraded ecosystems are often vulnerable 
to colonization and spread by generalist invasive alien 
species (well established) {3.3.1.2, 3.3.1.3}.

 6 Many of the drivers known to negatively impact 
nature and nature’s contributions to people also 
facilitate the introduction and spread of invasive alien 
species, potentially causing positive feedback loops 
(established but incomplete) {3.5}. Increasing and 
expanding trade and rapid population and economic growth 
are global phenomena that facilitate the transport and 
introduction of invasive alien species worldwide, while 
increasing urbanization, land- and sea-use changes, 
pollution, ecosystem degradation and biodiversity loss are 
changes which again facilitate the establishment and spread 
of invasive alien species (established but incomplete) {3.2.2, 
3.2.3, 3.3.1, 3.3.3, 3.4.1, 3.4.2, 3.5.3}. Such positive 
feedback loops between drivers remain poorly understood 
but are critical to understanding and addressing complex 
spatial patterns and temporal dynamics in biological 
invasions (established but incomplete) {3.1.5, 3.2.1, 3.2.3.1, 
3.2.3.2, 3.3.4, 3.5, 3.6.1}. 

 7 Historically important drivers of change in nature 
such as trade, land-use change and direct exploitation 
of natural resources remain major causes of invasive 
alien species introduction and spread but the role of 
climate change and biodiversity loss will increasingly 
shape future global trends in invasive alien species, 
potentially with a significant temporal lag (established 
but incomplete) {3.2.3, 3.3.1, 3.3.2, 3.3.4, 3.4.2}. While 
some countries are moving away from intentional 
introductions of alien species for uses in agriculture, 
aquaculture, forestry, horticulture, fishing, hunting and 
ornamental purposes, other countries do not effectively 
regulate and manage the use of invasive alien species for 
these purposes, resulting in sustained or increased rates of 
introduction and spread in affected regions (established but 
incomplete) {3.2.5, 3.2.3.2, 3.3.1.1}. The increasing role of 
climate change and biodiversity loss in facilitating the 
establishment and spread of invasive alien species is 
indicative that past patterns of biological invasions may not 

be a good guide to future patterns (well established) {3.3.4, 
3.4.2}. Furthermore, there will be a vast legacy of future 
invasions (invasion debt) caused by significant time lags in 
the response of invasive alien species to drivers of change in 
nature, and the ongoing intensification of many drivers are 
responsible for increases in this legacy (established but 
incomplete) {3.1.1, 3.1.5}. 

 8 Despite major inequalities in wealth worldwide, 
economic growth facilitates biological invasions in 
both developed and developing countries (established 
but incomplete) {3.2.3}. Countries with high levels of 
consumption tend to expedite the introduction and 
establishment of alien species, and the cumulative build-up 
of assets, which support greater consumption, may lead to 
more immediate increases in numbers of alien species 
(established but incomplete) {3.2.3.6}. Poverty and 
marginalization created by economic inequality within and 
among countries may indirectly drive the introduction, 
establishment and spread of invasive alien species (well 
established) {3.2.3.6}. For those countries with a lower level 
of wealth, trends suggest that as economies grow and larger 
asset bases are built, so the risk of invasive alien species 
introductions might increase (established but incomplete) 
{3.2.3.6}. Risks may also be exacerbated where the route to 
economic growth and poverty reduction encourages the 
development of economic sectors based around invasive 
alien species (established but incomplete) {3.2.3.6}. This 
appears to be a major issue for Indigenous Peoples and local 
communities who in some cases may have few options but 
to use invasive alien species for food, fibre and also 
medicines (established but incomplete) {3.2.3.6}.

 9 Many Indigenous Peoples and local communities 
have a good and holistic understanding of the drivers 
facilitating invasive alien species on their lands (well 
established) {3.2, 3.3, 3.5} (Box 3.6, Box 3.15). 
Indigenous Peoples and local communities point to how 
policies, governance and institutions aimed at improving 
livelihoods and the environment may inadvertently cause the 
introduction of invasive alien species (established but 
incomplete) {3.2.5, 3.2.3.6, 3.3.1.13} (Box 3.6, Box 3.15). 
For example, they report that promotion of alien species for 
food, fibre, income generation, or medicinal purposes may 
act as a driver facilitating biological invasions (well 
established), and such invasions can be especially facilitated 
in situations where native biodiversity, including species they 
traditionally depended on for these benefits, have declined 
(established but incomplete) {3.2.3.6, 3.2.5}. In some cases, 
Indigenous Peoples and local communities observe that 
urban areas or anthropogenic corridors act as sources of 
further spread of invasive species into their lands 
(established but incomplete) {3.2.2, 3.3.1.7}, and they also 
recognize land-abandonment, sometimes coupled with 
natural drivers or climate extremes, as responsible for the 
spread of alien species (established but incomplete) 
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{3.3.1.5.1}. Indigenous Peoples and local communities are 
well aware that drivers interact in complex ways to drive 
biological invasions (well established) {3.5}. Indigenous 
Peoples and local communities also identify challenges of 
land tenure and access rights as significant factors limiting 
the extent to which they can address invasive alien species 
on their lands (established but incomplete) {3.2.5}. Overall, 
Indigenous Peoples and local communities broadly align in 
understanding of the relative importance of drivers and 
trends in invasive alien species with reports from the 
scientific literature (established but incomplete) (Box 3.15). 

 10 Few drivers act in isolation, and interactive effects 
appear to be crucially important, but few studies have 
examined the interactive effects of several co-
occurring drivers in facilitating invasive alien species 
(established but incomplete) {3.1.5, 3.5, 3.6.1, 3.6.3}. 
There are potentially many multiplicative interactions among 
drivers that are likely to lead to unprecedented invasion 
scenarios (established but incomplete) {3.1.6, 3.5, 3.6.3}. 
Yet fewer than 5 per cent of studies examining drivers of 
biological invasions addressed more than one driver (well 
established) {3.1.6, 3.6.1}. Stakeholders, including decision 
makers, are currently inadequately prepared to address and 
react to unexpected consequences arising from additive or 
multiplicative effects of several drivers on the transport, 
introduction, establishment and spread of invasive alien 
species (established but incomplete) {3.5, 3.6.3}.

 11 Knowledge is biased towards only a subset of 
drivers, and less is understood regarding how indirect 
drivers of change in nature influence biological 
invasions compared to direct drivers (well established) 
{3.6.1}. While this chapter summarizes the available 
evidence of the role of each direct and indirect driver on 
biological invasions, the underlying knowledge base is 
biased (well established) {3.6.1}. Most of the recent research 
addressing the role of drivers in facilitating biological 
invasions has focused on a subset of drivers, especially 
economic drivers such as trade and transport, climate 
change and land-use change (well established) {3.6.1}. The 
importance of sociocultural values and unintended 
consequences of governance, policy and insitutions in 
shaping biological invasion remains understudied (well 
established) {3.6.1, 3.6.3}.

 12 Biases in the availability of data on how drivers 
of change in nature influence biological invasions 
highlight that causal factors are most poorly 
understood for regions potentially most exposed to 
increasing risks from invasive alien species (well 
established) {3.6.1}. This chapter examines a variety of 
sources, including Indigenous and local knowledge, and 
explicitly includes evidence of biological invasions across 
multiple geographic regions, taxonomic groups and biomes 
{3.1.2, 3.6.1}. Nevertheless, the evidence base for how 

drivers influence biological invasions is largely drawn from 
developed countries, particularly in Europe, North America 
and Oceania, terrestrial temperate ecosystems and plants, 
and there is a lack of information for polar regions and 
developing countries, especially sub-Saharan Africa, tropical 
Asia and South America, marine systems and other 
taxonomic groups (well established) {3.6.1, 3.6.3}. 

3.1	 INTRODUCTION
The concept of direct and indirect drivers of change in nature 
has been a cornerstone in all the assessments led by the 
Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services (IPBES) to date (Díaz et al., 2015; 
IPBES, 2016a, 2018f, 2018e, 2018c, 2018d, 2019; Nelson 
et al., 2006), and the intention in this chapter is not to repeat 
past material pertaining to the status and trends in the 
drivers, but to synthesize information on the role of drivers of 
change in nature in affecting the biological invasion process. 
Chapter 3 therefore focuses on identifying how different 
drivers of change in nature affect the transport, introduction 
and establishment of invasive alien species (Glossary; 
Box 3.1). Chapter 3 builds on the status and trends of 
alien species, and the subset of these termed invasive alien 
species, documented in Chapter 2, with a more in-depth 
focus on establishing the drivers behind these patterns. 
The information provided in Chapter 3 contributes to the 
understanding of the underlying causes of the increase in 
invasive alien species globally (Chapter 2), the impacts of 
invasive alien species on nature, nature’s contributions to 
people and good quality of life (Glossary; Chapter 4) and 
underpins management actions (Glossary; Chapter 5) and 
policy options for the prevention and control of invasive alien 
species and their impacts (Glossary; Chapter 6). 

3.1.1	 Setting the scene: increasing 
global trends in drivers of change 
in nature 

The size and environmental footprint of the world’s human 
population has grown dramatically over the past two 
centuries, with rates of change accelerating over the past 
few decades (Steffen et al., 2015). This “great acceleration” 
(Steffen et al., 2015) can be discerned across a majority of 
direct and indirect drivers of change in nature, which are 
of relevance to the increasing trends in the number and 
abundance of invasive alien species globally (Chapter 2). 
The number of people in the world has grown from 
3.7 billion in 1970 to an estimated 7.7 billion in 2019 
(Figure 3.1), and while population growth is slowing, a 
global population of 10 billion may be reached by 2050 
(UNEP, 2019; United Nations et al., 2019). An increasing 
proportion of the global population is living in urban 
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Box 3  1  	 Rationale of the chapter.

Chapter 3 provides an analysis and synthesis of how direct 
and indirect anthropogenic drivers of change in nature, along 
with natural drivers and biodiversity loss itself, are responsible 
for the transport, introduction, establishment and spread of 
invasive alien species. The chapter first outlines the conceptual 
and analytical framework and approaches, then synthesizes 
the evidence for the role each driver plays across the biological 
invasion process (Glossary), before synthesizing the knowledge 
and identifying data gaps. Invasive alien species are one of five 
major classes of direct drivers of change in nature identified by 
the Global Assessment of Biodiversity and Ecosystem Services 
(IPBES, 2019), and are the theme of this assessment. Unlike 
other drivers, invasive alien species are both a direct driver of 
change in nature and they are integral parts of nature. As a 
consequence, invasive alien species can be directly affected by 
drivers that are classified as indirect drivers of change in nature, 
and invasive alien species along with biodiversity loss can 
facilitate invasion by other alien species.

Guiding questions:
•	 What are the main direct and indirect drivers responsible 

for the introduction, spread, abundance and dynamics of 
invasive alien species for each invasion stage and taxon?

•	 How rapidly are potential drivers changing compared 
to the last 30 years and which drivers are changing 
most rapidly?

Keywords:
Indirect drivers of change in nature, direct drivers of change in 
nature, invasive alien species, demographic drivers, economic 
drivers, science and technological drivers, policies, governance 
and institutions as drivers, land- and sea-use change, natural 
resource extraction, pollution, climate change, natural drivers, 
biodiversity loss, ecosystem resilience, interacting drivers, 
Indigenous Peoples and local communities.
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Figure 3  1  	 Trends in a selection of drivers and correlates of biological invasions. 

Panels show temporal trends for some of the main drivers and correlates of biological invasions averaged globally. A data 
management report for this figure is available at https://doi.org/10.5281/zenodo.7615582

https://doi.org/10.5281/zenodo.7615582
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areas – the total area of urban settlements has grown by 
approximately 2.5 times since 1970, accounting for 7.6 per 
cent of the global land area and housing 3.5 billion people 
in 2015 (Shukla et al., 2019; UNEP, 2019). Human migration 
and travel are also increasing (Figure 3.1). Meanwhile, 
the global economy has grown nearly fivefold over the 
last 50 years (Figure 3.1), a growth that is projected to 
continue. This economic growth has been fuelled by an 
increase in global primary energy production of more than 
270 per cent over the same period, of which fossil fuels still 
contribute more than 80 per cent (IEA, 2020). Consumption 
has tripled and global trade grown nearly tenfold in the last 
50 years (Figure 3.1), with shifting patterns of consumption 
and production across regions, and increases in transport of 
goods and people (Figure 3.1; IPBES, 2019). 

These global population and economic drivers are having 
dramatic impacts on our lands and seas (IPBES, 2022c). 

Close to 75 per cent of ice-free land areas and 60 per 
cent of the oceans are significantly impacted by people, 
and agricultural crop production has increased by about 
300 per cent since 1970, with crops now occupying half 
of the habitable land on Earth (IPBES, 2019). Of the more 
than 50,000 wild species harvested for use as food, energy, 
medicine, materials, income generation, or other uses 
globally, only 34 per cent are used sustainably (IPBES, 
2022c). Water extraction, predominantly for irrigation of 
agricultural crops, grew by nearly 65 per cent from 1970 
to 2010, and over the same period mining of metal ores 
increased by three and a half times and mining for sand, 
gravel and clay increased by nearly five times (IRP, 2019). 
Approximately 60 billion tonnes of renewable and non-
renewable resources are now extracted globally every year, 
having nearly doubled since 1980 (IPBES, 2019). Up to 
400 million tonnes of heavy metals, solvents, toxic sludge 
and other industrial wastes are dumped annually into the 
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Figure 3  2  	 Estimated effects of different factors on established alien species richness 
across eight taxonomic groups: amphibians, ants, birds, freshwater fishes, 
mammals, vascular plants, reptiles and spiders (from top to bottom). 

The results of linear mixed models indicate the effects of different factors (GDP per capita; human population density; mean annual 
precipitation; and mean annual temperature) on alien species (Glossary) richness within eight taxonomic groups across 423 mainland 
regions. Number in parentheses are numbers of regions included per taxonomic group. Overall, taxonomic groups respond differently 
to the effects of climate and gross domestic product (GDP) per capita, but human population density is consistently among the best 
predictors with especially high effects for fish, plants and spiders. Estimates (±1 standard error) – represented by dots and lines – of 
effects were obtained from linear mixed-effects models of ln (species richness + 1), with subcontinental regions nested within continents 
as random effects. Adapted from Dawson et al. (2017) https://doi.org/10.1038/s41559-017-0186, under license CC BY 4.0.
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world’s waters (UNEP, 2019; IPBES 2019). Nitrogen fluxes to 
aquatic ecosystems (Glossary) have increased up to 20-fold 
in the last decade (IPBES, 2019). Marine plastic pollution has 
increased tenfold since 1980, and is found in all oceans at all 
depths, concentrating in ocean currents (UNEP, 2019). 

Accelerating human impacts are changing the Earth’s 
ecosystems and climate at unprecedented rates, to 
the extent that they are now dominating Earth system 
processes (IPBES, 2019). Climate has warmed by 1.1°C 
on average, and is projected to reach at least 1.5°C within 
the next three decades, and climate change is contributing 
to changed precipitation patterns, sea level rise, increasing 
fire risk (Glossary) and a higher frequency of extreme 
events in many regions (IPCC, 2021, 2022). Ecosystems 
are degrading at unprecedented rates, with climate change 
exacerbating other threats (Pörtner et al., 2021; Chapter 4, 
Box 4.5). This degradation of biodiversity and ecosystems 
is impacting ecosystem functioning and harming nature’s 
ability to support human well-being (IPBES, 2019, 2022c; 
IPCC, 2022). A majority of these direct and indirect drivers of 
change in nature are affecting, and often facilitating, invasive 
alien species, which are increasing at accelerating rates 
globally (Chapter 2, Figure 2.2). The aim of Chapter 3 is to 
address how these drivers affect the transport, introduction, 
establishment and spread of invasive alien species.

Drivers do not act in isolation; status and trends in nature 
are the outcome of the often multiplicative effects of many 
co-occurring drivers (IPBES, 2019; Chapter 4, Box 4.5). 
A recent study systematically and quantitatively ranked 
direct drivers of change in nature (section 3.1.2) in terms of 
impacts on biodiversity and found that land-use change was 
generally the most important, but that relative importance 
of drivers varied across realms, IPBES regions and with the 
biodiversity components considered (Jaureguiberry et al., 
2022) and with scales (Bonebrake et al., 2019). Invasive 
alien species are recognized as being a driver of change in 
nature and at the same time a component of biodiversity. 
A global meta-analysis focussing explicitly on identifying 
extrinsic factors related to invasive alien species richness 
found that that human population density of an area, which 
can be a proxy for multiple and often co-occurring drivers 
such as trade, travel and land-use, was highly correlated to 
the number of introduced alien amphibians, fish, plants and 
spiders within that area (section 3.1.2 and Figure 3.2). 

3.1.2	 Scope and organization of 
the chapter with reference to the 
IPBES conceptual framework

The IPBES conceptual framework and Global Assessment 
recognize invasive alien species as one of five anthropogenic 
“direct drivers” of change in nature along with climate 
change, land- and sea-use change, pollution and direct 

exploitation of natural resources (Díaz et al., 2015; IPBES, 
2019). According to this framework, direct drivers have 
direct physical (mechanical, chemical, etc.) and biological 
(physiological, ecological, behavioural) effects on nature 
(biodiversity and ecosystems) which again impact nature’s 
contributions to people (including ecosystem goods and 
services) and more generally good quality of life (Chapter 1, 
Figure 1.11; Díaz et al., 2018). The IPBES invasive alien 
species assessment refers to these drivers as “direct drivers 
of change in nature”. The magnitude of the impact of these 
direct drivers of change on nature, and in some cases on 
nature’s contributions to people and good quality of life, 
is also shaped by five “indirect drivers” of change: human 
demography, economic development, technological change, 
the strength of national and international governance 
(Glossary) as well as sociocultural factors (Figure 3.3). 
These drivers are described as indirect because they do not 
directly impact nature (i.e., biodiversity and ecosystems), 
but act through one or more direct drivers of change in 
nature (Nelson et al., 2006). Indirect drivers impact nature by 
affecting the level (e.g., magnitude), direction (e.g., increase 
or decrease) or rate (e.g., change over time) of the direct 
drivers. For example, the impacts of economic growth 
(an indirect driver of change in nature) affects biodiversity 
or ecosystems through the effects of one or more direct 
drivers, such as land-use change or pollution. 

The classification of drivers outlined through the IPBES 
conceptual framework has proven useful for synthesis 
and cross-assessment referencing (e.g., IPBES, 2019; 
Pörtner et al., 2021) but requires specific consideration 
for this assessment because invasive alien species are 
simultaneously the focus of the IPBES invasive alien species 
assessment and one of the five anthropogenic direct drivers 
of change in nature (Figure 3.3; Chapter 1, section 
1.6.1). This implies that indirect drivers of change in nature 
may directly affect invasive alien species. For example, 
international trade is classified as an indirect driver of change 
in nature, yet an important consequence of trade is that it 
increases the number of invasive alien species introductions 
worldwide (Hulme, 2021b), and it does so by directly 
facilitating the transport and introduction of invasive alien 
species (Figure 3.3). The process of biological invasions 
(including all stages: transport, introduction, establishment 
and spread of invasive alien species; Glossary) is also 
influenced by the five anthropogenic direct drivers of change 
in nature, including interactions amongst invasive alien 
species (e.g., by causing “invasional meltdown”, Glossary; 
section 3.3.5.1; Chapter 1, section 1.3.4). All five primary 
direct anthropogenic drivers are therefore also considered in 
this assessment.

In addition to the main anthropogenic direct and indirect 
drivers recognized by the IPBES framework, biological 
invasions can be further facilitated by natural drivers and 
in particular natural hazards such as tsunamis, floods, fire 
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and hurricanes. While the involvement of human activities 
within the biological invasion process is inherent to the 
definition of alien species (Chapter 1, Figure 1.1), these 
natural drivers can play a major role in both the introduction 
of alien species from one region where they are alien to 
new regions, and also aid their establishment and further 
spread within regions where they are already present as 
alien species. A further driver not directly addressed in 
previous IPBES assessments is biodiversity loss, but in the 
case of invasive alien species it can be seen as a driver 
that facilitates their establishment and spread, as a result 
of reduced resistance of altered natural ecosystems to 
invasive alien species (Chapter 1, section 1.4.3). Thus, the 
transport, introduction, establishment and spread of invasive 
alien species can be facilitated by both direct and indirect 
anthropogenic drivers of change in nature, as well as by 
natural drivers and by biodiversity loss. These drivers do not 
act in isolation but may interact with each other in different 
and complex ways (section 3.1.5). In part as a result of 
these complexities, the knowledge base is both limited and 
fragmented, and attribution of cause-effect relationships can 
be challenging (sections 3.1.5, 3.6.1). To acknowledge and 
cover these complexities and limitations, the assessment is 
organized as follows: 

Section 3.2 assesses the role that five indirect drivers of change 
in nature play in the different stages (transport, introduction, 
establishment and spread) of the biological invasion process 
(Table 3.1). The indirect drivers examined are:

	 sociocultural drivers and social values (including norms, 
traditions, cultural beliefs, desires, perceptions);

	 demographic (including human population density, 
migration, international crises and urbanization); 

	 economic (such as international trade and travel, 
externalities and wealth, inequality and poverty); 

	 science and technology (including research and 
communication and breeding/genomic technology);

	 policies, governance and institutions (note that Chapter 
3 focuses on the unintended facilitation of biological 
invasions by policies, governance and institutions 
targeting other societal objectives (i.e., “perverse 
incentives”, sensu IPBES, 2019). Policies, governance 
and institutions explicitly dealing with biological 
invasions are dealt with in Chapter 6). 

Section 3.3 examines the role of the five direct drivers 
of change in nature in influencing the distribution and 
abundance of invasive alien species (Table 3.1):

	 land- and sea-use changes (including introductions from 
the direct use of alien species in terrestrial, aquatic and 

marine bioproduction systems as well as landscape and 
seascape fragmentation, disturbance and deterioration); 

	 direct exploitation of natural resources (such as species 
harvesting, hydrological resource harvesting and 
mining); 

	 pollution (including eutrophication and nutrients, other 
contaminants, marine debris and solid waste);

	 climate change (including changes in temperature and 
precipitation regimes and extremes, carbon dioxide 
(CO2) enrichments in air and water, fire regimes, sea 
level rise and assisted colonization);

	 invasive alien species (through biotic facilitation and 
biological control; Glossary). 

As explained above, two additional drivers are also 
considered in section 3.4: 

	 natural hazards (such as hurricanes, earthquakes, 
tsunamis). 

	 biodiversity loss and ecosystem resilience (notably 
reduced biotic resistance to invasion; Glossary).

Section 3.5 then examines multiple, additive or interacting 
effects among drivers, especially among anthropogenic 
direct drivers. Due to knowledge gaps (section 3.6.1) 
this section does not provide an exhaustive assessment 
but focuses on four illustrative examples of two- or three-
way multi-driver impacts and their consequences for 
biological invasions.

Each subsection within sections 3.2 to 3.5 first briefly 
describes the trends (Glossary) and status of the driver(s) 
considered, then assesses the overall effects of this driver 
on the transport, introduction, establishment and spread 
of invasive alien species and, where there is information, 
notes specific effects on particular biomes, taxa and units 
of analysis. Due to the complexities of relationships among 
drivers and biological invasions coupled with the limited 
knowledge available (sections 3.1.3 to 3.1.5, Figure 3.3), 
a systematic literature search across all topics relevant to 
the chapter was not feasible, and targeted but coordinated 
literature searches were conducted instead (section 3.6.2 
for details).2 In these searches, knowledge was extracted 
from a broad range of sources, including published scientific 
literature and reports, and the searches were augmented 
with literature from the cross-chapter literature review3 on 
Indigenous Peoples and local communities and invasive 

2.	 Data management report available at: https://doi.org/10.5281/
zenodo.5529309

3.	 Data management report available at: https://doi.org/10.5281/
zenodo.5760266

https://doi.org/10.5281/zenodo.5529309
https://doi.org/10.5281/zenodo.5529309
https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266
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alien species. Finally, the authors identify knowledge gaps 
(section 3.6.1) before drawing conclusions and integrating 
the chapter’s findings on the role of drivers of change in 
nature in facilitating invasive alien species across biomes 
and realms and across the biological invasion process 
(sections 3.6.2, 3.6.3). 

3.1.3	 Identifying drivers of change 
in nature of relevance for invasive 
alien species

Chapter 3 adapts the IPBES conceptual framework, 
recognizing that invasive alien species are, simultaneously, 
one of the five main direct drivers identified by IPBES (Díaz 
et al., 2015, 2018; IPBES, 2019), and at the same time 
the focus of this assessment (Figure 3.3; Table 3.1). 
Specifically, this chapter acknowledges that some indirect 
drivers of change in nature, and notably those related to 
trade, transport and travel, may in fact be directly facilitating 
the transport, introduction, establishment and spread of 
invasive alien species. Further, natural drivers, while included 
in the IPBES conceptual framework as a direct driver, are 
generally not considered in IPBES assessments (Pereira 
et al., 2010; Díaz et al., 2015, 2018; IPBES, 2019) but are 

known to be important factors facilitating biological invasions 
and are, therefore, included in this chapter (Figure 3.3, 
section 3.4.1). Similarly, biodiversity loss can reduce the 
resilience of ecosystems to invasive alien species and 
while not considered in the IPBES conceptual framework 
as a driver, the role of biodiversity loss and changes to 
ecosystem resilience in facilitating biological invasions is 
included in Chapter 3 (section 3.4.2). Interactions between 
indirect and direct drivers of change in nature, along with 
natural drivers and biodiversity loss, create different chains 
of relationships, attribution, and influences on the biological 
invasion process. These relationships may vary according 
to type, intensity, duration and distance. These relationships 
are captured by cross-referencing between subsections 
throughout the assessment, and by explicitly considering 
selected interactive effects (section 3.5). 

3.1.3.1	 Indirect drivers of change in 
nature affecting invasive alien species

Following previous IPBES assessments (IPBES, 2016a, 
2018f, 2018e, 2018c, 2018d, 2019, 2022a), Chapter 3 
considers a number of drivers under all five classes 
of indirect drivers of change in nature: sociocultural, 
demographic, economic, science and technological 

Direct drivers

Anthropogenic 
drivers 

Natural drivers

 Invasive alien
species

Nature
Biodiversity and ecosystems, 

Earth - Systems of life

Intrinsic values

Indirect drivers 

Institutions, governance 
and other indirect drivers

 Invasive alien
species

Figure 3  3  	 Schematic illustration of how invasive alien species can be influenced by 
indirect drivers of change in nature, anthropogenic and natural direct drivers 
of change in nature and by changes to nature (i.e., loss of biodiversity or 
ecological resilience).

The assessment builds on the IPBES conceptual framework (Díaz et al., 2015) under license CC BY-NC-SA 3.0, adding focus and 
detail around how changes to drivers and to nature may influence invasive alien species (lighter arrows). Invasive alien species are 
classified as one of five direct anthropogenic drivers of change in nature; therefore, they can be influenced both directly and indirectly 
(via other direct drivers) by indirect drivers of change in nature. Biological invasions may also be influenced by all direct drivers 
of change in nature, including invasive alien species, and by natural drivers (especially natural hazards). Finally, there can also be 
feedbacks from nature (biodiversity and ecosystems) to invasive alien species, for example, biodiversity loss or invasive alien species 
can make ecosystems less resistant to further invasive alien species. Invasive alien species are therefore both a driver of change in 
nature and part of nature (dotted lines). Lighter arrows indicate the focal causal relationships of this chapter, within the context of the 
IPBES conceptual framework, darker arrows denote additional causal links among drivers and between drivers and nature covered in 
the IPBES Global Assessment (IPBES, 2019).
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and institutional (Table 3.1). It is important to note that 
indirect drivers of change in nature may both directly and 
indirectly influence the biological invasion process and the 
introduction, establishment and spread of invasive alien 
species (Box 3.1). Sociocultural context, particularly values, 
beliefs and social norms, can exert significant pressure on 
decision-making regarding biological invasions (Shackleton 
et al., 2019; Chapter 1, section 1.5.2) and is materially 

manifested in lifestyles and consumption patterns that can 
act directly in facilitating the introduction and spread of 
invasive alien species. Demographic drivers, including human 
population growth and migration, underpin all anthropogenic 
direct drivers of change in nature that also facilitate biological 
invasions through increasing urbanization. A significant 
economic driver that often correlates strongly with the 
number of alien species found in a country is economic 

Table 3  1  	 The indirect and direct anthropogenic drivers of change in nature and other 
factors affecting invasive alien species, as assessed in Chapter 3.

The IPBES conceptual framework considers indirect and direct drivers of change in nature (Díaz et al., 2015; Nelson et al., 2006). 
Following the IPBES Global Assessment, this assessment considers five classes of indirect and five classes of direct anthropogenic 
drivers. In addition, the assessment considers two other classes of drivers: natural drivers and biodiversity loss. For each of these 
classes of drivers, the assessment considers the influence of a number of specific drivers on the transport, introduction, establishment 
and spread of invasive alien species. This table shows all the drivers considered in this chapter, with classes of drivers in bold, and 
drivers under each class in normal font (see section 3.1.2 for more details).

INDIRECT DRIVERS
Anthropogenic factors that affect nature 
indirectly by altering one or more direct 

drivers, but which may act both indirectly 
and directly on invasive alien species.

ANTHROPOGENIC  
DIRECT DRIVERS

Factors that describe direct human 
influence on nature. These may affect 
invasive alien species directly, or via 
interactions and feedbacks involving 

other drivers.

NATURAL DRIVERS AND 
BIODIVERSITY LOSS

Factors that describe natural drivers and 
aspects of biodiversity loss which may 

directly and in interaction with other drivers 
facilitate invasive alien species. 

Sociocultural drivers and social values 
(3.2.1)

Demographic drivers (3.2.2)

•	 Regional and national changes in human 
population density 

•	 Human migration
•	 International crises: armed conflict and 

emergency aid
•	 Urbanization

Economic drivers (3.2.3)

•	 International trade and global commerce
•	 Human international travel for commerce 

and tourism
•	 Externalities of negative impacts and 

cost
•	 Wealth, inequality and poverty

Science and Technology (3.2.4)

•	 Research
•	 Development of communication 

technology
•	 Breeding and genomic technologies

Policies, governance and institutions 
(3.2.5)

Land- and sea-use change (3.3.1)

•	 Introductions from the use of alien 
species in terrestrial, aquatic and 
marine bioproduction

•	 Fragmentation of ecosystems
•	 Creation of anthropogenic corridors
•	 Deployment of marine infrastructure
•	 Changes in landscape – seascape 

disturbance regimes
•	 Landscape – seascape degradation

Direct exploitation of natural resources 
(3.3.2)

•	 Species harvesting
•	 Hydrological resources
•	 Fossil fuels and mining 

Pollution (3.3.3)

•	 Eutrophication and nutrient deposition
•	 Other contaminants in water and soil
•	 Marine debris 
•	 Dispersal of solid waste

Climate Change (3.3.4)

•	 Temperature change
•	 Precipitation change
•	 Climate extremes
•	 CO

2 enrichment in air, water
•	 Fire regime changes
•	 Sea level rise
•	 Assisted colonization

Invasive alien species (3.3.5)

•	 Biotic facilitation
•	 Biological control

Natural drivers (3.4.1)

Natural hazards such as tsunamis, hurricanes, 
earthquakes, wildfire, floods and volcanic 
activity
	
Biodiversity loss and ecosystem resilience 
(3.4.2)
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growth, often expressed as per capita gross domestic 
product (GDP; Dawson et al., 2017; Essl et al., 2011, 2015; 
Hulme, 2011b), reflecting the intensity of international trade 
which is a major conduit for the introduction of alien species 
(Hulme, 2009, 2021b; Seebens et al., 2015; Westphal et 
al., 2008). While technology is a major factor in economic 
growth, its effect on biological invasions depends on how it 
is used. The use of new technologies to limit the transport, 
introduction, establishment and spread of invasive alien 
species, along with technological approaches to aid 
eradication and containment (Glossary) of invasive alien 
species are discussed in Chapters 5 (sections 5.5.3, 5.5.4) 
and 6 (sections 6.3.3.4, 6.7.2). Chapter 3 focuses on the 
role of technology as a driver, for example, how internet 
commerce (Walters et al., 2006) is facilitating the introduction 
and spread of invasive alien species, and on how new 
technologies such as gene editing can potentially be used to 
breed species with traits that might make them more likely to 
be invasive (e.g., cold tolerance, pest resistance). Economic 
drivers are strongly linked to institutional drivers, which 
govern production through regulations, taxes and subsidies. 
The role of policies and institutions in managing biological 
invasions is addressed in Chapter 6 whereas the synthesis 
in Chapter 3 is restricted to how regulations, taxes and 
subsidies result in unintended consequences that facilitate 
the transport, introduction, establishment and spread of 
invasive alien species (section 3.2.5). 

3.1.3.2	 Anthropogenic direct drivers 
of change in nature affecting invasive 
alien species
In line with previous IPBES assessments (IPBES, 
2016a, 2018f, 2018e, 2018c, 2018d, 2019, 2022a), this 
assessment considers the five main anthropogenic direct 
drivers of change in nature: land-use (including sea-use) 
change, direct exploitation of natural resources, pollution, 
invasive alien species and climate change. Land- or sea-use 
changes can lead to the increased introduction of alien 
species, either intentionally through the specific use of alien 
crops and livestock or unintentionally as contaminants of 
agricultural or aquacultural commodities. Land-use change 
that leads to habitat (Glossary) fragmentation, establishes 
infrastructure corridors (e.g., roads, canals) through 
which alien species can spread, alters the baseline rates 
of disturbance, or more generally degraded habitats can 
increase the vulnerability of native ecosystems to invasive 
alien species (Vilà & Ibáñez, 2011). Direct exploitation of 
natural resources includes both the direct exploitation of 
biotic resources through species harvesting as well as of 
abiotic resources such as water and minerals. Harvesting 
of top predators can lead to trophic cascades that facilitate 
the establishment of alien species, such as the case of 
overfishing in the Black Sea resulting in an outbreak of 
Mnemiopsis leidyi (sea walnut; Daskalov et al., 2007). 
Exploitation of abiotic (e.g., mining) and biotic (e.g., 

deforestation) resources can drive biological invasions by 
altering the baseline disturbance regime, which can facilitate 
the invasion of alien species that are better adapted to 
the altered conditions (Catford et al., 2012). Pollution, 
particularly eutrophication, can favour alien species in both 
aquatic (Vermonden et al., 2010) and terrestrial ecosystems 
(Brooks, 2003). Climate change, particularly through the 
effects of higher temperatures and frequency of extreme 
events, has long been widely expected to increase the rate 
at which alien species are introduced, establish and spread 
(Walther et al., 2009). Less well understood is the risk that 
deliberate translocation of species by humans from one 
region to another in order to ensure survival in the face of 
climate change might result in the introduction of invasive 
alien species (Ricciardi & Simberloff, 2009). Although 
including invasive alien species as a direct driver affecting 
biological invasions might sound like circular reasoning, 
there is increasing evidence of the role that invasive alien 
species play in facilitating other alien species at different 
stages of the biological invasion process, aiding dispersal 
and transportation or as mutualists (e.g., alien mycorrhiza, 
pollinators and seed dispersers), allowing their reproduction 
and spread. This process, by which a group of alien species 
facilitate one another, increasing the likelihood of survival 
and/or of ecological impact (Braga, Gómez Aparicio, 
et al., 2018) and potentially causing “an accelerating 
accumulation of introduced species”, has garnered its own 
term “invasional meltdown” (Simberloff, 2006, Chapter 1, 
section 1.3.4; Chapter 4, section 4.7.2). 

3.1.3.3	 Natural drivers and biodiversity 
loss as direct drivers affecting 
biological invasions
Changes in biodiversity and ecosystems due to natural 
drivers (including natural hazards) are viewed as innate 
and integral processes and components of nature itself, 
and have thus not been extensively considered in prior 
IPBES assessments (e.g., IPBES, 2019). However, natural 
drivers can play a significant direct role in the transport, 
introduction, establishment and spread of invasive alien 
species both within and beyond their prior invaded range 
(Glossary). Natural large-scale disturbances, such as 
hurricanes, earthquakes and tsunamis can facilitate the 
further introduction of alien species from an existing invaded 
range to new regions, consequently expanding the invaded 
range (Carlton et al., 2017) as well as facilitating their wider 
spread in regions where they are already present as alien 
species (Bellingham et al., 2005). For example, hurricanes 
appear responsible for the spread of Cactoblastis cactorum 
(cactus moth) between Caribbean islands (Andraca-
Gómez et al., 2015), the expansion of Phragmites australis 
(common reed) in the Gulf of Mexico (Bhattarai & Cronin, 
2014), and increased rates of recruitment and persistence of 
invasive alien trees in the subtropical forests of Puerto Rico 
(Thompson et al., 2007). While native biodiversity is a major 
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component of nature and nature’s contributions to people, 
and thus has been considered as a key response variable 
in previous IPBES assessments (IPBES, 2019), for invasive 
alien species biodiversity loss can also be seen as a driver 
that facilitates biological invasions since loss of biodiversity, 
and especially reduced functional complexity and/or integrity 
of ecosystems, can reduce biotic resistance to invasive 
alien species (Levine et al., 2004). Chapter 3 thus considers 
the consequences of native biodiversity loss and changes 
to ecosystem resilience for biological invasions, since this 
is known as an important feedback mechanism directly 
influencing the introduction, spread and establishment of 
invasive alien species (Figure 3.3; Table 3.1; section 
3.4.2). This additional complexity is explicitly captured by 
assessing focal relationships (lighter arrows) from natural 
drivers and from nature to invasive alien species, in the 
context of the IPBES conceptual framework (Figure 3.3). 

3.1.4	 Differential role of drivers 
along the stages of the biological 
invasion process 

Biological invasions are widely viewed as processes 
comprising a series of sequential stages (Blackburn et al., 
2011; Colautti & MacIsaac, 2004; Theoharides & Dukes, 

2007; Chapter 1, section 1.4). These stages capture 
the transport of a species to a region beyond its native 
range, the introduction of the species (intentionally or/
and unintentionally) into habitats in that region, and its 
subsequent establishment as a self-sustaining population, 
followed by its wider geographic spread in the invaded 
range (Figure 3.4; Chapter 1, section 1.4). Pathways of 
introduction are referred to by the Convention on Biological 
Diversity as the means by which species are moved to new 
regions beyond their native range (CBD, 2014; Hulme et al., 
2008). Pathway assessment usually focuses on movements 
until a species reaches the border of an administrative unit, 
such as a country, although is not restricted to this definition. 
Pathways are categorized into six major classes (release, 
escape, contaminant, stowaway, corridor, and unaided) with 
several sub-classes (CBD, 2014; Chapter 2, Table 2.1; 
Chapter 1, Box 1.6). In the transport stage, drivers can act 
by facilitating pathways, such as when economic growth 
increases trade and transport volumes, thereby facilitating 
transport of alien species as stowaways (section 3.2.3). In 
later stages of the biological invasion process, drivers can 
act both intentionally and unintentionally to facilitate the 
establishment and spread of invasive alien species, such 
as when alien species are used for or spread as pests or 
contaminants of goods used for bioeconomic purposes 
(agriculture, aquaculture, forestry, or as pets or ornamentals) 

Transport

Economic Driver 
e.g. international trade 

and travel

Natural Driver 
e.g. tsunami and typhoons 

redistributing alien species from one 
region to another

Establishment

Sociocultural Driver 
e.g. hunters moving alien 

game and fish to new areas
 for sport

Pollution Driver 
e.g. thermal pollution in harbours 

enabling alien marine species 
to settle

Introduction

Governance/Policy Driver 
e.g. absence of  strong

border biosecurity legislation

Resource Exploitation Driver 
e.g. rehabilitation of degraded mining 

lands using invasive alien species

Spread

Economic Driver 
e.g. tourism and tourism

 infrastructure helping spread 
aliens in a region

Land /Sea Use Change Driver 
e.g. deforestation and habitat 

fragmentation creating corridors 
for alien spread

INDIRECT DRIVERS DIRECT DRIVERS

INVASION STAGE

Figure 3  4  	 Schematic using selected examples of how both indirect and direct drivers of 
change in nature may facilitate invasive alien species along four stages in the 
biological invasion process: transport, introduction, establishment and spread.

The examples are meant to be illustrative and not an exhaustive set of scenarios with several drivers mentioned also influencing other 
stages. See section 3.6.2 for a synthesis of the influence of different drivers on invasive alien species across stages of the biological 
invasion process, biomes and realms.
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or when land-use change or biodiversity loss causes natural 
ecosystems to be less resistant to biological invasions 
(sections 3.3.1, 3.4.2). 

The biological invasion process is central to the quantitative 
risk assessment of invasive alien species (Leung et al., 
2012; Chapter 5, Figure 5.1). Nevertheless, while 
considerable amounts of data are being captured on the 
dynamics of invasive alien species across some of these 
biological invasion stages (Abellan et al., 2016; Essl et al., 
2015; Gravuer et al., 2008; Moodley et al., 2013; Renault et 
al., 2018; F. Ribeiro et al., 2008), a full understanding of the 
causal factors responsible for successful introductions of 
invasive species remains more limited (Puth & Post, 2005). 
Species’ traits that facilitate the introduction, establishment 
and spread of particular taxa (McGregor et al., 2012; 
Moodley et al., 2013; Ribeiro et al., 2008) or direct drivers, 
such as climate change (Hulme, 2017), have been the 
focus of the current understanding of the transitions among 
different biological invasion stages. 

Therefore, Chapter 3 aims to systematically4 examine how 
different direct and indirect drivers of change in nature, as 

4.	 Data management report available at https://doi.org/10.5281/
zenodo.5529309

well as natural drivers and biodiversity loss, may influence 
each of the four biological invasion stages: transport, 
introduction, establishment and spread (Figure 3.4). 
Specifically, each section examines the evidence for each 
driver within the context of the different biological invasion 
stages across terrestrial and aquatic biomes and for the 
major realms or taxonomic groups (plants, invertebrates, 
vertebrates and microbes; see sections 3.1.3 and 3.6.1 
for details on the search strategy and the knowledge base 
extracted, respectively).

3.1.5	 Attributing causality and 
understanding interactions among 
drivers

A number of studies suggest recent increases in numbers 
of alien species (Chapter 2; Seebens et al., 2017) are 
likely augmented by increases in the rates of movement of 
goods and people (Essl et al., 2019; Murphy & Cheesman, 
2006). Due to lagged responses (time lags; or lag phase 
in the Glossary), especially towards the later stages of 
the biological invasion process, consequences of recent 
increases in transport and travel are unlikely to be fully 
realized at present, resulting in potentially quite substantial 

Figure 3  5  	 Network diagram illustrating the extent of knowledge on indirect (blue circles), 
direct (green circles) anthropogenic drivers of change in nature and natural 
drivers (grey circle), and their interactions (lines).

The thickness of the lines between drivers is indicative of the number of papers that jointly addressed the two linked drivers. The size 
of the line surrounding each circle reflects the number of papers listed by Web of Science between 2000 and 2019 generated by a 
topic search on a particular driver in relation to invasive alien species. Note the greater emphasis on direct drivers both individually and 
jointly. Note that effects of biodiversity loss on biological invasions are not included in this figure. A data management report for this 
figure is available at https://doi.org/10.5281/zenodo.7861123
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“invasion debts” (Glossary; Essl et al., 2011; Rouget et 
al., 2016; Chapter 1, section 1.4.4; Chapter 2, section 
2.2.1). As a consequence of increasing rates of introduction, 
possibly aggravated by climate change, many historical and 
contemporary invasive alien species are now increasingly 
emerging as threats to modern agriculture and food security 
(Subbarao et al., 2015; Chapter 4, sections 4.4, 4.5, 
4.6.2 and 4.6.3). However, attributing such global patterns 
of increasing rates and impacts of invasive alien species 
to specific drivers, such as travel, trade, or migration, 
is difficult.

The drivers that directly or indirectly facilitate biological 
invasions are correlated and causally linked through a series 
of co-occurring global change trends (section 3.1.1). 
The different stages of the biological invasion process can 
be affected by different sets of drivers (section 3.1.4), 
and drivers can interact in complex ways to facilitate the 
biological invasion process (section 3.5). While indirect 
drivers of change in nature may act directly on biological 
invasions, both natural direct drivers and anthropogenic 
direct drivers of change in nature can also have indirect 
effects on biological invasions through their influence 
on other drivers or via feedbacks from biodiversity loss 
(Figure 3.3). For example, climate change (direct driver of 
change in nature) can have a direct driving effect on land-
use change e.g., through a shift to more intensive agriculture 
which could lead to a direct effect on biodiversity loss and 
thus facilitate the introduction of invasive alien species. 
Similarly, expanding urbanization (an indirect driver ofchange 
in nature) can lead to increased exploitation of hydrological 
resources, increased pollution, as well as habitat 
fragmentation (direct drivers of change in nature). All these 
factors may increase the extent of invasive alien species, 
either alone or in concert, and when in concert they may act 
additively or multiplicatively. Unfortunately, this complexity 
is rarely captured in studies of invasive alien species and 
research often attempts to address a single proximate cause 
of biological invasions rather than teasing apart multiple 
factors or disentangling the chain of causation from indirect 
to direct drivers (Hulme, 2022). The multi-driver studies 
that exist tend to focus on interactive effects of a few key 
direct drivers of change in nature, notably land-use change, 
pollution and climate change (Figure 3.5). As a result of 
these complexities, the knowledge base is both limited and 
fragmented, and attribution of cause-effect relationships can 
be challenging. See section 3.1.2 for an outline of how this 
challenge was tackled across the chapter, section 3.6.2 for 
an overview of the resulting evidence-base, and individual 
driver subsections (sections 3.2, 3.3, 3.4, 3.5) for how this 
was tackled or each driver. 

3.2	 THE ROLE OF INDIRECT 
DRIVERS OF CHANGE IN 
NATURE ON INVASIVE ALIEN 
SPECIES

Following previous IPBES assessments (IPBES, 2018a, 
2019), the five classes of indirect drivers examined in this 
chapter are sociocultural drivers and social values (section 
3.2.1), demographic drivers (section 3.2.2), economic 
drivers (section 3.2.3), science and technology drivers 
(section 3.2.4), and finally policies, governance and 
institutions drivers (section 3.2.5). Invasive alien species are 
classified as a direct driver of change in nature in the IPBES 
scheme (Díaz et al., 2015) which implies that indirect drivers 
of change in nature can directly influence invasive alien 
species (Figure 3.3; sections 3.1.3 and 3.1.4). The specific 
mechanism of how these influences occur is discussed 
under each driver below. 

3.2.1	 Sociocultural drivers and 
social values

Sociocultural contexts, particularly social values which are 
created by social norms, traditions, cultural beliefs, and 
accepted morally by society, can exert significant pressure 
on decision-making regarding invasive alien species 
(Shackleton et al., 2019; Chapter 1, sections 1.5.2 and 
1.5.3). Additionally, sociocultural drivers and social values 
are manifested in lifestyles and consumption patterns, 
which act as indirect and direct drivers of change in nature 
and affect the transport, introduction, establishment and 
spread of invasive alien species (Figure 3.6). Sociocultural 
drivers thus interact with other indirect drivers, especially 
demographic drivers such as changes in population 
density (section 3.2.2.1), migration (section 3.2.2.2) and 
urbanization (section 3.2.2.4), as people have a long history 
of exchanging new species and bringing them with them 
for ornamental, cultural and practical use. Sociocultural 
drivers further interact with economic drivers, such as trade 
(sections 3.2.3.1, 3.2.3.2 and 3.2.3.3) and travel (section 
3.2.3.4) as well as science and technology drivers, such as 
communication technology (section 3.2.4.2). Sociocultural 
drivers can influence the rate and magnitude of change in 
a number of direct drivers of change in nature, particularly 
related to land- and sea-use changes (section 3.3.1), but 
also species harvesting (section 3.3.2.1), pollution (section 
3.3.3) and drivers related to biodiversity and ecosystem 
health such as unintended consequences of the intentional 
introduction of invasive alien species (section 3.3.5.2) and 
biodiversity loss (section 3.4.2). 

Some alien species are associated with cultural, aesthetic or 
practical value (Chapter 1, section 1.5.2 and Chapter 4, 
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Transport

Release of captive bred game species for hunting 
purposes and cultivation of alien ornamental species, 
as well as perceptions and values can facilitate the 
introduction of alien species

High economic values and positive social values can promote 
the spread of invasive alien species to improve good quality of life

Perceived cultural, aesthetic, or practical value (food, 
medicine, culture, sport, aesthetic, tourism) can be a 
driver of transport

Introduction

Figure 3  6  	 Examples of the role of sociocultural drivers and social values in facilitating 
invasive alien species across stages of the biological invasion process.

Illustration of how sociocultural drivers and social values may interact with or operate through a variety of other direct and indirect 
drivers of change in nature, including economic drivers, harvesting of natural resources and land- and sea-use change, to facilitate 
invasive alien species across the stages of the biological invasion process.

sections 4.5 and 4.6.3), and such values can indirectly act 
to facilitate the introduction of these alien species. Indeed, 
plants that are economically valuable were shown to be 
18 times more likely to become naturalized than those that 
are not (van Kleunen et al., 2020). In Aboriginal societies in 
Australia, not only plants important as food and materials 
but also species of ritual and cultural importance have 
been intentionally translocated and grown for their societal 
and cultural benefits (Silcock, 2018). The replacement of 
native crayfish in Spain with two alien species intentionally 
introduced from North America to satisfy local tastes 
is a good example of the economic and social value of 
promoting the substitution of native species (Glossary) 
with invasive alien species (Clavero, 2016). In contrast, 
awareness of the adverse impacts of invasive alien species 
on nature, nature’s contributions to people and good 
quality of life can lead to an increase in action by people 
and consequently be a driving force behind preventing 
the introduction of invasive alien species (McNeely, 2001; 
Shackleton et al., 2019).

The decision to intentionally introduce an alien species 
or not is largely dependent on the balance between 
the perceived benefits of specific alien species and the 
perceived costs of adverse impacts. Therefore, social values 
have considerable influence on the judgment of whether 
or not to introduce an alien species (Chapter 4, Box 4.2). 
Estévez et al. (2015) reported that conflicts over invasive 
alien species arose primarily from differences in value 
systems (utilitarian, moralistic, humanistic, negativistic), 
rather than differences in benefit or risk perceptions 
between different stakeholder groups and decision-makers 
(Chapter 1, section 1.5.2; Chapter 5, section 5.6.1.2). 
According to this study, salmonids in South America, alien 
species of Acacia spp. in Africa and Dreissena polymorpha 

(zebra mussel) in Europe are examples of utilitarian vs. 
naturalistic value-system conflicts whereas alien mammals 
(example in Box 3.2) and trees have caused moralistic or 
humanistic vs. naturalistic or negativistic value conflicts in all 
IPBES regions (Estévez et al., 2015). In another global study, 
Kapitza et al. (2019) found that the local public was more 
likely to focus on sociocultural benefits whereas academics 
focused on nativeness, and stakeholders from Africa were 
more likely to identify ecological benefits whereas Europeans 
were less likely to identify ecological and sociocultural 
benefits. Contextual factors, such as stakeholder role, 
socioeconomic status, time since the introduction occurred, 
and region therefore also affect the overall valuation, which 
again can impact behavioural choices or actions influencing 
biological invasions (Kapitza et al., 2019; Shackleton et 
al., 2007).

There have been many intentional introductions of invasive 
alien species, motivated by desires to improve specific 
aspects of good quality of life (Box 3.2 and Chapter 2, 
section 2.1.2). Though the perception that an invasive alien 
species confers a benefit is not necessarily knowledge-
based, it nonetheless serves as a powerful motivation for 
the introduction of invasive alien species usually as a result 
of expectations relating to increased employment, wealth, 
food sources, or other material gains (Chapter 4, section 
4.1.2; Chapter 5, section 5.6.1.2). Meanwhile, negative 
impacts related to invasive alien species (whether they are 
intentionally or unintentionally introduced) such as threats 
to good quality of life, often motivates the management 
of biological invasions and specifically the control of 
invasive alien species (McNeely, 2001; Shackleton et al., 
2019). However, different perceptions can and often do 
co-exist. Specific invasive alien species considered as 
problematic by one social sector may provide valuable 
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Box 3  2  	 The role of hunters intentionally spreading game animals.

Introduction for hunting accounts for a large proportion of 
intentional introductions of invasive alien birds and mammals, 
both in absolute numbers and compared to introductions 
for biological control, pet trade and use of fur (Carpio et al., 
2020, 2017; Genovesi et al., 2009; Hulme et al., 2008). Carpio 
et al. (2017) found stocking for hunting to be a dominant 
source of introductions of invasive alien species. High rates of 
introduction and establishment can result from intensive human 
efforts to maintain sufficiently large and stable populations of 
alien species for hunting (Champagnon et al., 2012, 2016). 
Introductions may also occur in cases where population sizes 
of traditionally-used native species have significantly reduced, 
and alien species are then introduced to supplement hunting 
or fishing (Carpio et al., 2017; Clavero, 2016), or when alien 
species are introduced for the diversification of species 
available for hunting (Carpio et al., 2017). Such efforts and 
considerations have resulted in large-scale introductions 
of a number of alien birds and mammals as game species 
throughout Europe, generating significant revenues through 
licensing fees and through creating a demand for hunting gear 
and services. As societal and cultural views on game species 
vary from being a valuable food resource via recreational activity 

to being an ecological nuisance, policy can follow suit (Duffy 
& Lepczyk, 2021). Alien species are still released for hunting 
purposes in Europe, but the rate of new species introduced 
has been declining over the past 10 years as the knowledge 
that alien species have negative effects on native ecosystems 
has increased (Carpio et al., 2017). This increase in knowledge 
may have contributed to reducing the number of alien species 
introductions in recent decades (Fèvre et al., 2006). In addition, 
game managers have criticized the use of alien species for 
hunting from an ecological perspective (Delibes-Mateos, 2015), 
and hunters indicate that they favour hunting wild game in 
biodiversity-rich landscapes rather than released individuals, 
and are willing to pay at least 20 times more per wild partridge 
(Alectoris rufa) hunted relative to a farm-reared bird (Delibes-
Mateos et al., 2014). However, hunters do not always recognize 
that a game species is alien (Cerri et al., 2016). Furthermore, 
fines for the illegal importation and/or release of alien species 
are relatively low and the detection rate of illegal importation is 
low (Caudell et al., 2016) compared to the economic benefit 
for hunters and landowners indicating that the introduction of 
alien species for hunting is still difficult to manage (Chapter 5, 
Box 5.6).

Figure 3  7  	 Phasianus colchicus (common pheasant) killed by a recreational shoot.

Phasianus colchicus are native to Asia and parts of Europe (Balkans and northern Caucasus) and have been introduced as 
game birds throughout the world, including Europe, North America, Hawaii, Japan, Australia and New Zealand. In the United 
Kingdom, pheasants were introduced in the eleventh century and became a popular game bird in the nineteenth century, being 
widely bred and released for recreational use. The current breeding population in the United Kingdom has 2.3 million female 
birds (RSPB, 2021). Photo credit: MykolaMoriev, Shutterstock – Copyright.
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contributions to people, cultural benefits, or other intrinsic 
values to another (Chapter 1, section 1.5.2; McNeely, 
2001; Schlaepfer et al., 2011). For example, in poor rural 
communities in Madagascar, the introduced Procambarus 
virginalis (Marmorkrebs), while acknowledged to be 
detrimental to rice farming and fishing, is also valued as 
a cheap and widely accessible protein source for food 
and feed, and the perception of overall benefit relative to 
costs is considered high by people not directly involved in 
fishing or farming and by communities with a long history 
of crayfish invasion (Andriantsoa et al., 2020). Opuntia 
ficus-indica (prickly pear), an invasive alien cactus, has high 
economic value to rural communities in South Africa, where 
it is used for stock fences or as fresh fruit, and as such is 
considered positively by farmers, which has consequently 
affected its establishment and spread (Kapitza et al., 2019; 
Shackleton et al., 2007). Other examples include invasive 
alien species introduced as game animals (Box 3.2) or for 
recreational fishing.

3.2.2	 Demographic drivers 

Demographic drivers, including human population 
growth and movement, are fundamental factors behind 
many drivers that directly facilitate biological invasions. 
This section summarizes the evidence for the influence 
of four main demographic drivers of change in nature: 
1) changes in human population density; 2) human 
migration; 3) international crises, such as armed conflict and 
emergency relief; and 4) urbanization (Figure 3.8). 

Demographic drivers of change in nature interact with other 
indirect drivers, especially economic drivers, such as trade 
(sections 3.2.3.1 to 3.2.3.3) and travel (section 3.2.3.4) 

and science and technology drivers, such as breeding and 
genomic technologies (section 3.2.4.3). Demographic 
drivers operate by influencing the rate and magnitude of 
change in a number of direct drivers, most obviously those 
related to land- and sea-use change (section 3.3.1), but 
also other direct drivers such as species harvesting (section 
3.3.2.1), water extraction (section 3.3.2.2), pollution 
(section 3.3.3), climate change (section 3.3.4) and drivers 
related to biodiversity and ecosystem health such as 
unintended consequences of the intentional introduction of 
invasive alien species (section 3.3.5.2) and biodiversity loss 
(section 3.4.2).

3.2.2.1	 Regional and national changes 
in human population density

The world’s population has doubled over the last 50 
years (IPBES, 2019) and is expected to reach 8.5 billion 
people in 2030, of which approximately 60 per cent (about 
5 billion) will reside in urban areas (section 3.2.2.4; United 
Nations et al., 2019). Coastal areas are experiencing faster 
growth rates and 51 per cent of the world’s population 
will live within 100km of the coast by 2030 (Kummu et al., 
2016). Approximately 75 per cent of the two billion people 
to be added to the global population by 2050 will live in 
sub-Saharan Africa (about 50 per cent) and Central and 
Southern Asia (about 25 per cent) (United Nations et al., 
2019). Regions with high human population densities are 
often associated with high rates of species introductions 
and establishment of alien species (Pyšek et al., 2020), 
and have been associated with both intentional and 
unintentional transport of species to locations outside of 
their native ranges (Hulme, 2009; Levine & D’Antonio, 2003). 
Human population density growth enhances regional trade 
(section 3.2.3.1; United Nations et al., 2019), intensifies 

Spread

Establishment

Transport

Introduction

Urbanization can drive the spread of invasive alien species. 
Conflict and civil unrest may also contribute significantly to the 
spread of invasive alien species

Disturbed ecosystems (urbanization) can lead to the establishment 
of invasive alien species. Conflicts can also facilitate the entry and 
establishment of invasive alien species

High population density can influence the rate of accidental 
introductions. Conflicts and urbanization may also be facilitate 
the introduction of invasive alien species

Transport of people and goods (migration; international crises) 
can lead to transport of invasive alien species

Figure 3  8  	 Examples of roles of demographic drivers in facilitating invasive alien species 
across stages of the biological invasion process.

Illustration of how demographic factors such as urbanization, international crises and movement of people, directly or via other drivers 
such as land-use change, can facilitate invasive alien species across the stages of the biological invasion process.
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urbanization (section 3.2.2.4), and increases pressures 
from a suite of land-use related factors, including nature-
based industries (section 3.3.1.1), and is associated 
with the loss, fragmentation and degradation of natural 
ecosystems (sections 3.3.1.2 to 3.3.1.5; IPBES, 2019). 
These are all factors known to promote alien species in 
terrestrial (Pyšek et al., 2020) and marine environments 
(C. C. Murray et al., 2014) across multiple taxonomic 
groups (Bellard et al., 2016). Evidence from several regional 
and global studies (Dawson et al., 2017; Essl et al., 2019) 
shows that alien species richness is positively associated 
with human population density with human population 
density-related processes acting on different stages of 
the biological invasion process (Pyšek et al., 2010). In a 
global study of a wide taxonomic range of established alien 
species (Glossary), human population density was shown 
to have the strongest influence on fish, plants and spiders 
whereas weaker but positive relationships were found for 
ants, birds, mammals and reptiles (Dawson et al., 2017). In 
Europe, human population density is positively associated 
with increased alien species richness for a wide range of 
plant and animal groups, with highest alien species richness 
values occurring in regions with more than 91.1 inhabitants/
km2 and the lowest values in regions with fewer than 
8.5 inhabitants/km2 (Pyšek et al., 2010). At the national 
scale, a comprehensive national alien species assessment 
in Norway, covering all multicellular organisms, found that 
for all taxonomic groups considered (terrestrial and aquatic 
plants, invertebrates, fungi and vertebrates) alien species 
richness was positively correlated with human population 
density (Sandvik et al., 2019). Similarly in the United 
Kingdom, human population density was a good predictor 
of freshwater fish introductions (Copp et al., 2010). In Brazil, 
Fonseca et al. (2019) showed that human population density 
influenced the rate of unintentional introductions, resulting 
in high records of alien amphibians and reptiles in densely-
populated areas. At more local scales, evidence shows 
that increased human population density in surrounding 
areas is a significant predictor of alien species richness for 
plants within national parks in the United Stated of America 
(McKinney, 2002) and for multiple alien taxa (including 
birds, mammals, vertebrates and plants) in South Africa’s 
Kruger National Park (Spear et al., 2013). The number of 
visitors (McKinney, 2002) or occupants (Foxcroft et al., 
2008) within a national park is positively correlated with alien 
species richness. A case study on urban wetlands further 
highlights that alien species richness is correlated with 
human population density, however found that alien herbs, 
shrubs and trees all respond differently to human pressures 
(Ehrenfeld, 2008).

Human population density can be used as a proxy to better 
understand the role of various human activities across 
stages of the biological invasion process, and has been 
shown to facilitate both introduction (Gallardo & Aldridge, 
2013; Pyšek et al., 2010) and establishment (Dawson et 

al., 2017). This may be related to human population density 
acting as a proxy for propagule pressure (Glossary) and 
the intensity of anthropogenic disturbance (section 3.3.1), 
two mechanisms known to facilitate the introduction and 
establishment of alien species, respectively (Gallardo & 
Aldridge, 2013; Roura-Pascual et al., 2011). For example, in 
Europe, the introduction of alien mammals was significantly 
correlated with human population density whereas 
establishment success was not (Jeschke & Genovesi, 
2011). At the global scale, other socio-economic factors, 
such as per capita GDP and proportion of agricultural land, 
appear to be more important predictors of relative invasive 
alien species richness than population density across both 
islands and mainland regions (Essl et al., 2019; Westphal 
et al., 2008). Essl et al. (2019) show that human population 
density had a greater influence on absolute alien species 
richness in mainland regions compared to islands, and this 
pattern was more pertinent for established alien species 
than for the subset of alien species that were invasive. This 
illustrates that while population density is correlated with 
invasive alien species dynamics, the relationship is complex 
so that countries that have high rates of population growth 
are not necessarily those with high rates of introduction of 
invasive alien species. 

The review of the literature for this chapter (section 3.6.1)5 
highlighted that the majority of the evidence for human 
population density as a driver that facilitates biological 
invasions can be found in the terrestrial realm, followed by 
the freshwater realm, with few marine examples to draw 
from despite the large concentration of human populations 
living near to the coast. The IPBES regions of Oceania and 
Asia-Pacific were the least well studied, with Europe and 
the Americas having the greatest focus. Despite the other 
regions (e.g., Africa) being included in global studies, they 
have relatively few examples to draw from and examples are 
often from a small selection of countries (e.g., South Africa). 
Dawson et al. (2017) provide a global synthesis of the taxa, 
however microbes and invertebrates remain poorly studied. 

3.2.2.2	 Human migration 

While the term migrant has specific definitions, Chapter 3 
specifically focuses on people moving away from their place 
of usual residence to take up residence in another country. 
The rate of migration is increasing: in 2019, 3.5 per cent 
of the global population (272 million people) were living in 
a country other than their country of birth, compared with 
2.8 per cent in 2000 and 2.4 per cent 1980 (International 
Organization for Migration, 2019; Vidal et al., 2018). 
Migrating humans act as direct dispersal vectors (Glossary) 
in the transport and spread of plants, animals and microbes, 
either unintentionally in the case of pests and diseases or 

5.	 Data management report available at https://doi.org/10.5281/
zenodo.5529309

https://doi.org/10.5281/zenodo.5529309
https://doi.org/10.5281/zenodo.5529309
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intentionally in the case of pets, livestock, ornamentals, 
or crops. Sociocultural drivers and social values (section 
3.2.1) are important factors behind many of these intentional 
introductions. Human migration thus operates through and 
in synergy with other indirect drivers of change in nature 
such as changes in travel, trade and transport (sections 
3.2.3.1 to 3.2.3.4), urbanization and/or abandonment 
of land (section 2.3.3.4 and 3.3.1.5.1) and population 
changes, armed conflict and emergency relief (sections 
3.2.2.1 and 3.2.2.3). 

Generally, broad-scale analyses of the spread and 
distribution of alien species find links between the rate and 
origins of introductions of new species and human migration 
history. For example, early introductions of invasive alien 
plants in Brazil and Australia can be linked to waves of 
European migration (Phillips et al., 2010; Zenni, 2014), 
patterns of early bird introductions worldwide spatially 
and temporally tracked the expansion of European (and 
especially British) colonialism (Dyer et al., 2017). Patterns 
of ant invasion dynamics globally bear clear imprints of 
human demographic patterns including an early wave of 
biological invasions (1850-1910) coinciding with a period 
of high human migration (Bertelsmeier et al., 2017). As a 
more recent example, the number of insect invasions in 
Europe increased steeply in response to political changes 
that allowed increased movement of people and goods in 
Europe after the fall of the Iron Curtain in 1989, and also 
increased following the expansion and integration of the 
European Union (Roques et al., 2016). Similarly in line with 
geopolitical and economic trends, vertebrate introductions 
from Europe to the United States of America peaked in the 
nineteenth century paralleling high rates of human migration 
in the same direction, while alien vertebrate introductions in 
the opposite direction (United States to Europe) are at their 
highest now (Jeschke & Strayer, 2005). 

Migration can also drive introductions and spread of alien 
species within regions, for example, immigrants to South 
Africa from other countries in the region have brought 
with them their own medicinal plants and have created a 
market for them (Faulkner et al., 2020). A parallel line of 
evidence for the role of historic human migration on alien 
species’ distributions comes from intraspecific genetic 
patterns in alien species. Several studies reveal close 
congruence with historical large-scale human migration, 
including for human diseases carried directly by humans 
or by vectors associated with humans (e.g., Conn et al., 
2002), pests (e.g., Puckett & Munshi-South, 2019) and even 
parasites of pests (e.g., Aketarawong et al., 2015; United 
Nations Department of Economic and Social Affairs, 2019). 
Accordingly, political or other barriers to human migration 
can impede rates of spread of alien species, as is seen in 
the spread of alien insects across Europe, which appears 
to have been hampered by the political East-West barrier 
during the Cold War, as rates of spread were four times 

higher after 1989 compared to the 1950-1989 period 
(Roques et al., 2016). 

While human migration is increasing globally (United Nations 
Department of Economic and Social Affairs, Population 
Division, 2020), other movements of people and goods 
around the globe resulting from trade and direct use of 
alien species in nature-based industries (sections 3.2.3.1, 
3.3.1.1) and travel and tourism (section 3.2.3.4) are 
increasing even more rapidly (UNWTO, 2021). The relative 
importance of human migration per se in the introduction 
of invasive alien species is therefore likely to be decreasing. 
In line with this, recent global analyses reveal only weak 
influence of human migration on recent patterns in the rate 
of alien species’ introductions, and also weak influences of 
human migration rates on variation in biological invasions 
among taxonomic groups and between geographic regions 
(Seebens et al., 2015). However, human migration is 
predicted to rise as climate change displaces people from 
drought-, flood- or storm-hit regions (Rigaud et al., 2018), 
indicating that human migrations, possibly in interaction with 
climate change, land-use change or natural drivers, could 
contribute to increased rates of introduction of invasive alien 
species in the future. Pressure from invasive alien species 
could be expected to be highest in countries with the 
highest inward migration: currently United States, Germany, 
Saudi Arabia, Russian Federation and the United Kingdom 
(United Nations Department of Economic and Social Affairs, 
Population Division, 2020). 

While the review of the literature on human migration as a 
driver facilitating biological invasions undertaken in Chapter 
3 is limited in extent, authors considered evidence from 
plants, vertebrates, invertebrates and microorganisms, and 
from all IPBES regions, with evidence dating back to colonial 
times (Chapter 2, section 2.2.1). As such this section 
broadly covers relevant variability in terms of geography, 
taxonomy and realms and time. The literature on migration 
as a driver facilitating biological invasions is focused on 
the transport and especially introduction of alien species, 
with less evidence from the latter stages of the biological 
invasion process.

3.2.2.3	 International crises: armed 
conflict and emergency relief 

International crises, specifically armed conflicts and 
humanitarian emergency relief and development assistance 
operations can be powerful indirect drivers of change in 
nature that may directly facilitate the transport, introduction, 
establishment and spread of invasive alien species 
(Chapter 6). By 2020, the global number of refugees 
and asylum seekers was approximately 25 million people 
(UNHCR, 2020). Both crises and aid can affect biological 
invasions through abrupt and substantial changes in travel, 
trade and transport (sections 3.2.3.1 to 3.2.3.4), and 
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through substantial and rapid human population movements 
and changes (sections 3.2.2.1 and 3.2.2.2). These 
trade, transport and population changes affect biological 
invasions through influencing, broadly, the movement of 
goods and deployment of infrastructure, and the transport 
and movement of humans and their luggage, all of which 
can act as direct dispersal vectors (assisting the uptake 
and introduction of alien species both intentionally or 
unintentionally; section 3.3.1.1). Crises and aid can also 
lead to changes in nature through increasing or decreasing 
the intensity of land- and sea-use (section 3.3.1.1), which 
may again affect biological invasions (e.g., fragmenting 
landscapes, creating corridors, deploying infrastructure, 
leading to land-use abandonment, degrading habitats, or 
changing disturbance regimes; sections 3.3.1.2 to 3.3.1.6).

Conflict and civil unrest may contribute significantly to the 
introduction and spread of invasive alien species through 
several mechanisms: (i) civil unrest or war can lead to the 
breakdown of phytosanitary and animal health control and 
management, and the loss of supply lines for materials as 
well as to the displacement of large numbers of people; 
(ii) areas where there is civil unrest or war may be more 
vulnerable to the introduction of invasive alien species 
because of the lack of inspections and border controls, 
facilitating unregulated movement as well as deliberate 
smuggling of people and their belongings, and also because 
of the increased movement of military personnel and 
refugees; (iii) inflows of food aid may also be contaminated 
with alien species; and (iv) difficulties in obtaining access 
to border areas because of landmines and other hazards 
impedes border control (FAO, 2001; Moore, 2005; Murphy & 
Cheesman, 2006). 

War entails transportation of people and goods, deployment 
of heavy machinery, disturbance of habitats, creation of bare 
ground, and in some instances intentional introductions 
of alien species (food supply etc.; Fosberg, 1957). Military 
transport, equipment and supplies, often covered with 
dirt or mud from the field, are effective means of dispersal 
for many alien species (Cofrancesco Jr et al., 2007; 
Dalsimer, 2002). A number of introductions have been 
linked to movement of troops and military equipment during 
the Second World War: Rattus rattus (black rat) were 
introduced to the Midway Islands by navy ships; a desert 
shrub, Peganum harmala (African rue) was introduced 
inadvertently into New Mexico and Texas via airfields; 
Tribulus terrestris (puncture vine) and the agricultural pests 
Striga asiatica (witch weed) and Globodera rostochiensis 
(yellow potato cyst nematode) are believed to have entered 
North America on returning military equipment; and Boiga 
irregularis (brown tree snake), native to New Guinea, was 
unintentionally introduced to the island of Guam most likely 
in military shipments of fruit (Cox, 1999). A root rot of pine 
trees, Heterobasidion annosum (root rot), was inadvertently 
introduced into Italy by American troops during World War 

II where it has resulted in an unprecedented mortality rate 
of Pinus pinea (Italian stone pine; Pilcher, 2004). More 
generally, an increase in marine invasive alien species was 
observed at Pearl Harbor following World War I and II (Coles 
et al., 1999). More localized military operations have also 
led to biological invasions. The introduction of Diabrotica 
virgifera (western corn rootworm) in Serbia in the 1990s was 
associated with incoming military transport from the United 
States (EPPO, 1996), and has rapidly become a widespread 
(Glossary) threat to European corn production (Bažok et al., 
2021). Habitat disturbance caused by military activity may 
also facilitate invasive alien species. In Poland, bomb craters 
were found to have higher numbers of invasive alien plants 
compared to the surrounding landscape (Krawczyk et al., 
2019). Military training activities resulting in soil disturbance 
facilitated the spread of Imperata cylindrica (cogon grass) 
in military camps in the United States (Yager et al., 2009). 
Again in the United States, tank traffic activity facilitated 
invasive alien species in prairie grasslands (Wilson, 1988). 

War also facilitates the movement of humans, who may 
themselves become vectors of alien species including 
pathogens. For example, the global spread of the Spanish 
Flu post-World War I was attributed to movement of troops 
(Neill & Arim, 2011) and a 2010 cholera outbreak in Haiti 
was attributed to incoming United Nations peacekeeping 
troops from Nepal (Frerichs et al., 2012). Not all war and 
crisis-related introductions are unintentional. Mikania 
micrantha (bitter vine) is reported to have been introduced 
to northeast India to camouflage air strips built by the 
Allied Forces during World War II to impede the advancing 
Japanese forces (Kohli et al., 2011; Randerson, 2003). 
More unique links between armed conflicts and biological 
invasions also exist, for example, attempts to rectify war 
damages through replanting activities and making use 
of invasive alien species in these efforts, i.e., the planting 
of Cynodon dactylon (Bermuda grass) or revegetation of 
denuded Pacific islands during World War II (Fosberg, 1957). 
War can also hamper biological invasions, as exemplified by 
reductions in the rates of global spread of alien ant species 
due to decreased global trade in both World Wars I and II 
(Bertelsmeier et al., 2017). 

Emergency relief, reconstruction efforts and humanitarian 
aid after armed conflicts and disasters may also contribute 
to the introduction and spread of invasive alien species. For 
example, Iguana iguana (iguana), Osteopilus septentrionalis 
(Cuban treefrog) and Scinax x-signatus (Venezuela snouted 
treefrog) were introduced to Dominica, West Indies, via 
emergency relief shipping containers (van den Burg et 
al., 2019). Parthenium hysterophorus (parthenium weed), 
originally from Mesoamerica, has become invasive in India, 
where its seeds arrived in grain shipments. It was then 
spread to Sri Lanka via peacekeeping efforts (Kohli et al., 
2006; Pallewatta et al., 2003). Aid shipments also resulted 
in its introduction to Ethiopia (Wittenberg & Cock, 2003). 
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Such cases have led to local concern when receiving 
humanitarian aid shipments. For example, due to the highly 
invasive nature of Sorghum halepense (Johnson grass), 
American Samoa refused the offer of assistance from the 
Australian International Assistance Program (Tuinoula, 2003). 

As illustrated in this section, the scientific and especially grey 
literature6 provide a range of examples of how international 
crises, specifically armed conflicts and emergency relief, 
may act as a driver facilitating biological invasions both 
through intentional introductions for various purposes 
and unintentional introductions through contaminants 
and stowaways. Authors found evidence from plants, 
vertebrates, invertebrates and microorganisms; from 
terrestrial, aquatic and marine systems; and from all IPBES 
regions. The literature on international crises and aid as 
a driver facilitating biological invasions covers all stages 
of the biological invasion process, especially focusing on 
the introduction and spread phases, the latter often from 
assessments of impact (Chapter 4). 

3.2.2.4	 Urbanization

Urbanization, the increase in the proportion of a population 
living in urban areas, results in a large number of people 
becoming permanently concentrated in relatively small 
areas, forming cities (IPBES, 2022c). By 2018 approximately 
55 per cent of the world’s population resided in urban 
areas, and it is expected that this will exceed 60 per cent 
by 2030 (United Nations, Department of Economic and 
Social Affairs, Population Division, 2019). As the global 
human population increases, the patchwork of urban sprawl 
and modified environments is increasingly dominating 
landscapes. This accelerated urban growth has contributed 
to the extensive fragmentation, reduction and degradation 
of natural ecosystems worldwide (IPBES, 2019) facilitating 
the establishment and spread of invasive alien species in 
urbanized areas (sections 3.3.1.2 to 3.3.1.5). Along with 
the increase in human population density in cities (section 
3.2.2.1), the volume, frequency and range of movement of 
people and goods also increases, as does trade (sections 
3.2.3.1 to 3.2.3.4). The movement in people and goods 
operates at many scales, from local, through national and 
regional scales, to global networks, facilitating transport of 
invasive alien species at all scales. 

In a global review of invasive alien plants, vertebrates and 
invertebrates on islands (749 alien species in total), urban 
areas had consistently higher abundances of alien species 
compared to natural ecosystems (Sánchez-Ortiz et al., 
2020). Urban areas are centres of transport and travel, 
facilitating breakdown of biogeographic barriers and high 
rates of introduction of invasive alien species into urban 

6.	 Data management report available at https://doi.org/10.5281/
zenodo.5529309

habitats (Banks et al., 2015). Accordingly, the richness of 
alien plants in urbanized areas is related to factors such as 
length of railroads and roads, and the size of the urbanized 
area (Kühn et al., 2017). However, pathways vary across 
taxonomic groups, with escape from containment in homes 
or gardens being the most likely source of invasive alien 
plants and vertebrates in urban areas, whereas invertebrates 
are likely to arrive as stowaways or contaminants in 
transported goods (Padayachee et al., 2017). Many 
invasive alien species have generalist or opportunistic traits, 
and urban areas may provide suitable environments and 
novel opportunities for their establishment and spread. In 
the case of birds, for example, urban environments offer 
opportunities for species with flexible foraging strategies to 
adopt novel food sources; favouring invasive alien birds that 
tend to be more flexible in their behavioural traits relative to 
native species (Griffin et al., 2017). Similarly, for plants, the 
increased disturbance (section 3.3.1), pollution and nutrient 
availability (section 3.3.3), and climate warming (section 
3.3.4) associated with urbanization generate opportunities 
for alien species, many of which are habitat generalists 
and/or disturbance and high-nutrient habitat specialists. 
The number of invasive alien species in urban areas is 
predicted to increase further due to an increase in propagule 
pressure and opportunities for the spread and establishment 
associated with increased global trade, intentional release 
of alien species, land-use intensification, urbanization and 
climate change (Dawson et al., 2017). 

In some cases, urban areas are a focus for the spread into 
the wider environment and may have major implications for 
Indigenous Peoples and local communities, as in the case 
of Montréal, where wetlands are invaded by invasive alien 
species due to clearing and filling activities occurring around 
Indigenous lands (IPBES, 2022b). Accordingly, many studies 
have found a positive association between the number of 
invasive alien species within a location and the percentage 
of urban land in the surrounding landscape (Vilà & Ibáñez, 
2011). Similarly, road density, frequency of road use and 
road improvement increases diversity of alien species in 
adjacent ecosystems (Vilà & Ibáñez, 2011). 

Urbanization can also be a driver for aquatic invasive alien 
species. Out of 891 species listed in the Global Invasive 
Species Database (GISD; GISD, 2021), 277 (31 per cent) 
are associated with urban areas, 395 (44 per cent) are 
associated with inland waters (wetlands, lakes, or water 
courses), and 147 (16 per cent) are associated with both 
urban areas and inland waters (Chapter 2, section 
2.5.5.1). Urbanization provides two means for enhanced 
invasions into wetlands. First, large numbers of species are 
imported (intentionally or unintentionally) into urban areas, 
creating high propagule pressures, and second, urbanization 
causes disturbance of existing ecosystems (Hassall, 2014). 
For example, deployment of infrastructure (section 3.3.1.4) 
such as stormwater ponds may harbour the invasive 

https://doi.org/10.5281/zenodo.5529309
https://doi.org/10.5281/zenodo.5529309
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alien Anaxyrus fowleri (Fowler’s toad) and construction 
may facilitate the dispersal of this invasive alien species. 
Urbanization may facilitate biological invasion in or around 
aquatic environments through modification of channels and 
banks (section 3.3.1.4), disturbance from traffic, presence 
of pet animals (section 3.3.5), dumping of rubbish (section 
3.3.3), and reductions in permeability of surrounding land 
(Hassall, 2014; section 3.3.1.6). 

Urbanization also plays a role in the relative distribution 
and abundance of both native and alien species in marine 
environments. Deployment of marine infrastructure (section 
3.3.1.4) is an important direct driver, and large coastal and 
marine areas of Europe, North America, Asia and Australia 
are nowadays covered by sea walls, dikes, breakwaters, 
groynes, jetties, pilings, bridges, artificial reefs, offshore 
platforms and energy installations, which are linked to urban 
areas. A study carried out by Airoldi et al. (2015) found that 
marine infrastructures along sandy shores disproportionally 
favour alien over native hard bottom species, affecting alien 
species’ spread at regional scales. 

3.2.3	 Economic drivers

Alien species are dispersed globally and regionally 
both intentionally and unintentionally through trade and 
commerce (sections 3.2.3.1 to 3.2.3.3) and by travellers 
and tourists (section 3.2.3.4). While the causal relationships 
are complex, the resulting pattern can be relatively simple 
and predictable. The number of alien species found in a 
country often correlates with per capita GDP (Dawson et al., 
2017; Essl et al., 2011) reflecting the intensity of international 
trade which is a major conduit for the introduction of alien 
species (Hulme, 2009). 

Economic drivers impact and interact with other indirect 
drivers of change in nature, especially demographic 
drivers, such as population density (section 3.2.2.1) and 
urbanization (section 3.2.2.4). Economic drivers operate 
by influencing the rate and magnitude of change in the 
majority of the direct drivers of change in nature, including 
those related to land- and sea-use change (section 3.3.1), 
direct exploitation of natural resources (section 3.3.2), 
pollution (section 3.3.3), climate change (section 3.3.4), 
and drivers related to the intentional introduction of invasive 
alien species and associated unintended consequences 
(section 3.3.5.2) and biodiversity loss (section 3.4.2). 
Section 3.2.3 describes evidence for links between specific 
economic drivers and invasive alien species (Figure 3.9) 
and makes reference to other indirect and direct drivers 
when relevant. Mechanistic links between the ensuing 
direct drivers and invasive alien species are discussed in 
section 3.3. 

3.2.3.1	 International trade and global 
commerce

International trade (whether legal or illegal) in commodities 
(e.g., minerals, petrochemical products, agricultural 
products, machinery and electronic goods, plants and 
wildlife) is an important route through which invasive alien 
species are introduced into new regions (Hulme, 2021b). 
International trade has grown dramatically since 1950 
(Hulme, 2009, 2021b), and the quarterly world trade 
volume more than doubled from 2005 (2.5 trillion US 
dollars (US$)) to 2019 (over US$6 trillion; WTO, 2021), 
so that few nations in the world are not linked to others 
through trade. In many ways, trade is a universal driver 
facilitating biological invasions across contexts, playing 
a role in the introduction of aquatic and terrestrial taxa 

Spread

Establishment

Transport

Introduction

Trade and tourism can cause further spread of invasive 
alien species.

Economic drivers, including the size of the market 
can facilitate transport and introduction of invasive 
alien species through global commerce and tourism. 
Pet trade and horticulture are primary drivers for 
transport and introduction of invasive alien species.

Figure 3  9  	 Examples of the role of economic drivers in facilitating invasive alien species 
across stages of the biological invasion process.

Economic factors such as size of markets and trade and use of specific invasive alien organisms can facilitate their transport and 
introduction, whereas trade and tourism can facilitate the further spread of invasive alien species within regions.
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across the world. The demand for increased international 
trade has led to a major shift in the magnitude and reach of 
international shipping, and to the development of ports and 
deep-water harbours, inter-regional canals and global air 
freight (Hulme, 2009a; section 3.3.1.3, Box 3.7; section 
3.3.1.4). Government officials at international borders 
regularly intercept invasive alien species associated with a 
wide range of imported commodities and transport vectors 
(Bacon et al., 2012; Caley et al., 2015; McCullough et al., 
2006; Work et al., 2005). Clearly, the more locations at 
which international commodities first arrive in a country 
(airports, seaports, land-borders), the greater the likelihood 
that invasive alien species will succeed in finding a suitable 
environment (Chapter 1, section 1.4.1; Chapter 2, 
section 2.1.2). 

The direct effects of trade have largely been quantified 
using relationships between imports and the number of 
alien species in a region or patterns in the global spread 
of species linked to shipping and air traffic networks 
(Hulme, 2021b). Alien species may themselves be the 
imported commodity (e.g., aquarium, ornamental, pet, 
crop, or pollinator species; Box 3.3), or a contaminant of 
a commodity (e.g., plant pathogens on a host plant, seeds 
trapped in wool fleeces, or insects in grain shipments), 
or be associated with a transport vector as a stowaway 
(e.g., hull fouling or ballast water organisms associated 
with marine transport). For example, invasive alien species 
of ornamental fish (Padilla & Williams, 2004; Hixon et al., 
2016), plants (Hulme et al., 2018) and insects (Box 3.3) 
are traded globally as a commodity. The international pet 
trade is recognized as a primary driver for the introduction 
of invasive alien animals (Hulme, 2015a; Maceda-Veiga et 
al., 2013). The introduction of Aedes albopictus (Asian tiger 
mosquito) is well known as a contaminant of imported used 
tyres (Benedict et al., 2007), and large numbers of alien 
vertebrate and invertebrate species have been introduced 
as stowaways in ballast water (Molnar et al., 2008). There 
is also evidence that illegal wildlife trade also runs the risk 
of introducing some invasive alien species into new regions 
(García-Díaz et al., 2016). Furthermore, international trade 
has been a driver for the initial construction and, more 
recently, expansion of shipping canals (e.g., Suez, Panama) 
that by linking previously separate marine regions have 
facilitated the spread of invasive alien species between seas 
and oceans (Golani, 2021; Hulme, 2015b; section 3.3.1.3, 
Box 3.7). In addition to the transport and introduction 
of invasive alien species across international borders, 
commerce can also facilitate the establishment and spread 
of alien species within a region. For example, the size of the 
national market for ornamental plants (Dehnen-Schmutz 
et al., 2007) and freshwater crayfish (Chucholl, 2013) is 
a strong driver that increases the likelihood of species 
becoming established in the wild. Such trends are likely to 
be exacerbated by the growth in e-commerce (Glossary) of 
alien species (Humair et al., 2015). 

Not all alien species introductions are associated with 
a specific commodity; some alien species may enter a 
region on vectors rather than commodities, that is they 
are associated with the mode of transport. Alien species 
introduced in ballast water are more likely to reflect the 
volume, frequency, age and origin of marine vessels than the 
specific commodities carried by shipping (Hulme, 2021b). 
The network of global ship movements and the estimated 
volume of ballast water discharges in ports worldwide have 
been used successfully to identify the major source regions 
for invasive alien species in several maritime ecoregions 
(Seebens et al., 2016). However, there has been a five-fold 
increase over the past 30 years in the number of shipping 
containers carrying international trade but, despite the 
risk containers pose, there have been no studies to date 
attempting to relate contemporary risk of invasive alien 
species to variation in the number of containers imported or 
indeed their global itineraries (Hulme, 2021b).

There is often a strong correlation between the number 
of alien species in a country and the value of commodity 
imports, supporting the view that international trade is 
a key driver in the introduction of invasive alien species 
(Levine & D’Antonio, 2003; Santini et al., 2013; Seebens 
et al., 2015; Westphal et al., 2008). Such relationships 
are often nonlinear, suggesting that the effect of imports 
on alien species numbers becomes less strong once a 
certain threshold is reached, and can vary in strength quite 
markedly depending on the taxonomic group examined 
(Hulme, 2021b). Coarse correlations with the value of all 
commodity imports often mask important detail regarding 
the relationship between trade and the multiple pathways 
of introduction of alien species (Hulme et al., 2008). Even 
within a single pathway there may be subtle differences in 
the risk posed by particular commodities, as in the case 
of invasive alien insects that are more likely to enter the 
United States as contaminants of commodities transported 
in refrigerated rather than unrefrigerated cargo (Work et 
al., 2005).

Knowledge that the likelihood of the introduction of 
alien species varies by trading partner has led to studies 
examining wider bilateral trade relationships more thoroughly 
(Hulme, 2021b). As a result, data on the magnitude of 
bilateral trade between regions is often used to estimate the 
scale of future biological invasions and has, to date, pointed 
to a significant increase in risk over the next decades 
(Bradley et al., 2012; Seebens et al., 2015). These risks 
differ by global region, with some evidence suggesting there 
are greater risks for developing countries (Seebens et al., 
2015). Given the strong link between international trade and 
biological invasions, the global economic slowdown that 
was initiated by the 2008 financial crisis (Constantinescu et 
al., 2016) might be expected to have reduced the rate of 
alien species establishment however, evidence suggests 
rates of establishment are likely to lag behind economic 
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Box 3  3  	 Trade of bumblebee colonies for crop pollination as a driver that facilitates the 
introduction of invasive alien species.

Many pollinators and flower visitors from various insect orders 
and families have been introduced and established out of 
their native ranges (Bartomeus et al., 2013; Goulson, 2003, 
Chapter 1, Box 1.11). Unintentional transportation with their 
host materials accounted for the establishment of cavity-nesting 
bees (e.g., Anthidium manicatum (wool carder bee)), whereas 
crop pollination motivated the intentional transportation and 
introduction of Apis (honey bees) and Bombus (bumble bees) 
(Gibbs & Sheffield, 2009; Goulson, 2003; Schweiger et al., 
2010). While different subspecies of Apis mellifera (European 
honeybee), native to Europe and Africa, have been managed 
at least since 2450 B.C., (Crane, 1999) and introduced in all 
continents (except Antarctica) where they were not native, the 
introduction of Bombus spp. (bumblebee) colonies is relatively 
recent (Osterman et al., 2021). Bumblebees live in colonial 
nests and can buzz pollinate (whereby bees use vibrations to 
extract pollen from flowers, incidentally, fertilizing them), making 
them suitable pollinators for a wide range of crops, in particular 

those grown in greenhouses. The rearing of bumblebee 
colonies of European species Bombus terrestris started in the 
1980s and in a few years triggered a massive trade of colonies 
within and beyond its native range (Figure 3.10). This species 
has invaded many countries in which it has been intentionally 
introduced (e.g., Japan, New Zealand, Chile) expanding its 
range even to countries were introduction was not allowed, as 
is the case of Argentina (Aizen et al., 2019). In South America, 
Bombus terrestris has spread across Chile (Montalva et al., 
2011) from the Atacama Desert to the southernmost islands 
south of the Tierra del Fuego Archipelago and to South West 
Argentina (Morales et al., 2013). In this region Bombus terrestris 

achieves unusually high abundance and dominance of local 
pollinator communities (Aizen et al., 2014; Morales et al., 2017). 
Moreover, the indroduction of Bombus terrestris has facilitated 
the co-introduction of novel pathogens (Arbetman et al., 2013; 
section 3.3.5.1). 

Figure 3  10  	 Growers can purchase bees in a box that will fly from flower to flower, 
distributing pollen among the plants.

Many pollinators and flower visitors from various insect orders and families have been introduced and established out of their 
native ranges. Photo credit: jpr03, Adobe Stock – Copyright.

drivers by as much as two decades (Seebens et al., 2015). 
Thus, for the foreseeable future, rates of alien species 
introductions through trade will continue to increase. As a 
consequence, future trends in international trade, including 

e-commerce, new trade routes, and major infrastructure 
developments, will lead to pressure on national borders that 
may soon outstrip the resources available for intervention 
(Chapter 6, section 6.3.1.4).
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3.2.3.2	 Trade in plants for horticulture, 
agriculture, ornamental use and 
nurseries 

Globally, 67 per cent of alien terrestrial plants have been 
introduced intentionally through horticultural (46 per cent) 
or agricultural (21 per cent) pathways (Turbelin et al., 2017). 
Ornamental use of plants is a dominant driver facilitating 
the introduction of invasive alien species that has also been 
increasing in recent years (Dodd et al., 2015; Faulkner et 
al., 2016; Hulme et al., 2018; Lambdon et al., 2008; Lehan 
et al., 2013; Mayer et al., 2017). Accordingly, there is an 
increasing rate of escapes from ornamental cultivation into 
the wild (Haeuser et al., 2018; van Kleunen et al., 2018), 
with at least 75 per cent of the global established alien 
flora grown in domestic gardens, and 95 per cent grown 
in botanical gardens (van Kleunen et al., 2018). In some 
countries (e.g., United Kingdom, New Zealand) the number 
of species in cultivation exceed the number of native species 
in the wild (Armitage et al., 2016; Gaddum, 1999; Hulme, 
2020), and in some, such as the United States, alien species 
form the bulk of nursery stock (Brzuszek & Harkess, 2009). 
Unintentional introduction through seed contaminants 
associated with the intentional introduction of ornamental 
plants is regarded as the second most important source of 
invasive alien plants in the United States and has become 
increasingly important in recent years (Lehan et al., 2013). 
Horticulture was also the primary pathway (Glossary) of alien 
introductions in Puerto Rico and the Virgin Islands (Rojas-
Sandoval & Acevedo-Rodríguez, 2015). In the West Indies, 
75 per cent of all invasive alien plants have escaped from 
cultivation, and 51 per cent of all introductions are through 
the ornamental pathway (Rojas-Sandoval et al., 2017). 

Ornamental and agricultural use is also a major source of 
aquatic plant invasions. In the People’s Republic of China, 
more than 50 alien freshwater aquatic plants have been 
introduced for ornamental, landscaping, water purification, 
forage and other purposes, around 20 per cent of which 
are now considered invasive (Wu & Ding, 2019). In Europe 
and the Mediterranean region, large numbers of ornamental 
aquatic alien plants are unintentionally released from 
aquaria, dumped from water gardens, or escaping from 
managed environments, a number of which have become 
invasive (Brundu, 2015). Many ornamental aquatic alien 
species may become widely distributed, for example 
Pontederia crassipes (water hyacinth) which was introduced 
from South America to botanic gardens and ornamental 
ponds around the world from the nineteenth century 
onwards is now found across more than 50 countries on five 
continents (Sharma et al., 2015; section 3.5.2, Box 3.12).

3.2.3.3	 Trade in terrestrial pet animals 

Pet trade is a major pathway of alien animal introductions 
(Hulme, 2015a). It is estimated that 70 per cent of 

households in the United States and 38 per cent of 
households in Europe have pets. In addition to the majority 
of dogs and cats, fishes, birds, small mammals and reptiles 
are commonly kept (Mazzamuto et al., 2021). In Europe, 
a systematic review revealed invasive alien mammal 
introductions were primarily a result of escapes by pets 
(69 per cent) and from zoos (50 per cent) and fur farms 
(38 per cent), while far fewer arose from other agricultural 
species or biological control and none were reported as 
contaminants, stowaways or via corridors (Tedeschi et 
al., 2021). Pet escapes and releases are major drivers 
facilitating vertebrate invasions (e.g., mammals in Brazil (da 
Rosa et al., 2017) and amphibians and reptiles of the United 
States (Krysko et al., 2016) and European Union (Hulme et 
al., 2008; Katsanevakis et al., 2013)). 

Pets also have the potential to become important vectors 
for pathogens and microorganisms that cause disease in 
animals and humans, in particular pets derived from wild 
animals (Day, 2011). The spread of monkeypox to humans 
in the United States is thought to be due to contact with 
prairie dogs sold as pets (Brown, 2008) and pets are 
considered to have been important in the transmission of 
chytridiomycosis and ranaviral disease, which cause severe 
damage to amphibians (Schloegel et al., 2012). 

3.2.3.4	International travel for 
commerce and tourism 

In 2019, there were approximately 1.5 billion international 
passenger arrivals associated with tourism, a five-fold 
increase in the number of travellers compared with 
1980 (UNWTO, 2021). The continued expansion of the 
worldwide air transport network has facilitated this global 
movement of human passengers and, by increasingly linking 
regions of the world with similar climates, has facilitated 
the introduction of invasive alien species (Tatem, 2009). 
While some invasive alien species, particularly mosquitoes 
(Brown et al., 2012), can be unintentionally transported 
in commercial passenger aircraft, the highest risk of 
introducing a wide range of alien species comes from the 
passengers. Passengers often intentionally transport fresh 
food items, untreated timber, or animal skin products, 
either for personal consumption or as gifts, which may 
carry alien species or alien pathogens as contaminants 
on the passengers themselves or in their luggage. In the 
United States, border inspections have found that more 
than half of all pests encountered were associated with 
traveller baggage rather than cargo (McCullough et al., 
2006). Although some international travellers attempt 
to intentionally smuggle live animals, plants and food 
products that could be themselves invasive alien species 
or harbour them as contaminants (Chown et al., 2012; 
Soon & Manning, 2018), most international travellers are 
unaware of the risk they pose in unintentionally introducing 
stowaways. International travellers can also introduce 
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stowaways on their clothing, footwear and equipment 
(e.g., tents, fishing tackle and golf clubs). A single gram of 
soil attached to footwear can harbour 5 million bacteria, 
50,000 fungi, 3 seeds and 40 nematodes, and these taxa 
may often include potential invasive alien species (Hulme, 

2015a). When these figures are multiplied up by the more 
than one billion international travellers worldwide (Glaesser 
et al., 2017), the global movement of alien stowaways is 
substantial. Up to half of hikers sampled in mixed evergreen 
forest in California were found to be carrying Phytophthora 

Box 3  4  	 International tourists and scientists visiting Antarctica.

Strong climatic and geographic barriers, attributes associated 
with low habitat invasibility, naturally isolate Antarctica from 
the rest of the world (Chwedorzewska et al., 2020). Climate 
change and an increasing number of visitors (G. A. Duffy et 

al., 2017; Greve et al., 2017) have weakened these barriers, 
leading Antarctica to become an area of special concern for the 
management of biological invasions (Chapter 6, Box 6.10). 
An average of 9.5 seeds per visitor are carried to Antarctica 
every summer (Chown et al., 2012). The highest risk of seed 

transportation is associated with science programs (Figure 3.11) 
and tourist support personnel rather than with the increasing 
tourist numbers (Chown et al., 2012; Chwedorzewska et al., 
2020; Huiskes et al., 2014). Between the summers of 2019 and 
2020, about 74,400 tourists visited Antarctica and 18 nations 
had established over 50 research stations (Hughes et al., 2020; 
IAATO, 2020). Alien plants and invertebrate species in Antarctica 
are found almost exclusively close to visitor sites and research 
stations (Molina-Montenegro et al., 2012, 2014).

The introduction, establishment and spread of Poa annua 
(annual meadowgrass) in different localities in Antarctica 
is well documented (Chwedorzewska et al., 2015). Poa 

annua, an annual grass native to Europe and an invasive 
alien species in the Andes, has been observed in the vicinity 
of Arctowski Station on King George Island in Antarctica 
since 1985 (Chwedorzewska, 2008). In this site, Poa annua 
maintains a genetically diverse population, which has been 
attributed to intense human activity in the station facilitating 
multiple introductions from different source populations 
(Chwedorzewska, 2008).

Fuentes-Lillo et al. (2017) found a connection between human 
activity and invasive alien plants in the Fildes Peninsula in King 
George Island. These authors found higher concentration of 
seeds in soil samples at sites with increased human activity 
(i.e., next to dormitories of logistics personnel). Six of the eight 
alien species recorded in soil samples were also found in King 
George Island; Taraxacum officinale (dandelion) and Poa annua 

have been the most successful colonising alien species in these 
ecosystems (Fuentes-Lillo et al., 2017).

Figure 3  11  	 Research stations in Antarctica increase the risk of biological invasions.

The Australian Antarctic Division has 4 permanent research stations in Antarctica and the subantarctic. Photo credit: David 
Barringhaus/Australian Antarctic Division – Copyright.
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ramorum, the causal agent of sudden oak death, in soil 
on their shoes (Davidson et al., 2005). It also appears that 
tourists visiting caves may be responsible for spreading 
Pseudogymnoascus destructans (white-nose syndrome 
fungus) in bats (Puechmaille et al., 2011). Similarly, tourists 
are known to spread weed seeds into national parks 
(Pickering & Mount, 2010).

The motives and Interests of tourists are also changing with 
increasing interest in recreational activities (e.g., golf, fishing), 
agritourism (e.g., winery visits), visits (including camping) to 
national parks and reserves (Hulme, 2015a). This change 
in behaviour poses an increased risk of introductions into 
areas that may not yet been exposed to invasive alien 
species. The number of passengers embarking on world 
and extended length cruises is doubling every decade 
(Klein, 2011) and has permitted access to coastal areas 
previously exposed to low numbers of visitors. Since 1990, 
international visitor numbers to the Antarctic continent have 
increased almost 10-fold (Hulme et al., 2012) and up to 
half of tourists and visiting scientists unintentionally bring 
with them seeds of alien plant species which could pose a 
considerable risk of establishing in the region (Huiskes et 
al., 2014). Much of this risk is not simply from the tourists 
themselves but the support crews (Box 3.4). Similar risks 
are found in the Arctic where people and their luggage 
are responsible for around 5 per cent of all alien plant 
introductions (Wasowicz et al., 2020). While the number 
of international passenger arrivals world-wide has more 
than doubled since 1990, it is in emerging economies in 
Africa, Asia and South America where the rate of growth 
of passenger arrivals has been highest and these regions 
may be less well prepared to face new risks from invasive 
alien species (Glaesser et al., 2017). With forecasts of global 
tourist numbers reaching 1.8 billion international travellers 
in 2030, combined with new destinations previously less 
exposed to invasive alien species and more activities in less 
visited areas, the future risk of introducing invasive alien 
species appears significant (Hulme, 2015a).

3.2.3.5	 Externalities of negative impacts 
and cost 

The introduction of invasive alien species is usually an 
unintended or intended consequence of economic 
activities that not only brings species into areas where 
they were not present, but also affects the frequency of 
repeated introductions and the spread of established alien 
species (Touza et al., 2007; section 3.2.3). However, 
control is difficult because those whose actions result 
in the introduction of invasive alien species are rarely 
those affected, and they are often not held accountable 
for their actions (Perrings et al., 2005; Tollington et al., 
2017; section 3.2.1). For example, in trade of plants and 
animals, the prices paid by the importer to the exporter 
include production and transport costs, but usually do 

not include the costs incurred when animals or plants 
become invasive. Alien species that lead to improved 
quality of life and economic benefits are considered 
public goods, especially in cases where awareness of the 
impacts of invasive alien species is limited. In addition, the 
characteristics of public goods, such as “non-rival” and 
“non-excludable”, create incentives to free-ride and further 
increase market inefficiency (Marbuah et al., 2014; Touza et 
al., 2008). These activities of economic agents that affect 
others without going directly through the market are called 
“externalitie” (Glossary), and externalities that negatively 
affect other agents are called “negative externalitie” 
(Chapter 6, section 6.2.1(6)). The damages and 
management costs incurred by biological invasions are a 
typical case of negative externalities arising from economic 
actions, and for many of the examples listed under 
sections 3.2.1, 3.2.2.3 and 3.2.3.2, negative externalities 
are an important explanation for why high rates of invasions 
are being sustained (Chapter 2) despite known negative 
impacts on nature, nature’s contributions to people and 
good quality of life (Chapter 4).

Internalization of externalities can be a powerful driver 
to prevent the introduction of invasive alien species 
(Chapter 6, section 6.2.1.(6)). But the current situation of 
leaving externalities unattended without recognizing their 
existence is a driving force for the introduction of invasive 
alien species that underlies many social, economic and 
demographic drivers.

3.2.3.6	 Wealth, inequality and poverty

Are invasive alien species primarily a problem of wealthy 
countries? National GDP has been a frequent metric used 
to explain variation in the number of alien species among 
different countries, with countries having a higher GDP being 
more invaded (Essl et al., 2011; Hulme, 2021b; Seebens 
et al., 2017). This positive relationship between GDP and 
the number of alien species in a country appears to hold 
both across global and regional scales as well as for quite 
different taxa including fish, mammals, birds, plants and 
agricultural pathogens (Chapter 2, section 2.1). Such 
trends may be indicative that countries with higher levels 
of consumption tend to facilitate the introduction and 
establishment of alien species. However, the current number 
of alien species in a country is the result of a cumulative 
process where alien species have accumulated over several 
centuries (Chapter 2). Hence, research has shown that 
historical levels of GDP might be a better predictor of the 
number of alien species found in a country than the current 
GDP (Essl et al., 2011). This illustrates that GDP is a flow 
and that the best measure of a process that, in many 
countries, has deep historical roots, is the stock of wealth 
in any country. This wealth measure is the cumulative effect 
of past investments, and accounts for the assets such as 
natural capital, produced capital, and human capital that 
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underpin growth and consumption possibilities (Perrings, 
2010). Few studies have examined the role of wealth on 
numbers of invasive alien species, but where it has been 
examined it has been found to explain a small but significant 
amount of variation in the numbers of alien species in 
Europe (Pyšek et al., 2010). Since the wealth of a country is 
a more important determinant of numbers of alien species 
than the contemporary GDP, the cumulative build-up of 
assets which support greater consumption may lead to 
more immediate increases in numbers of alien species than 
rapid changes in GDP. 

The current combined gross national income of all countries 
in the world is estimated to be over US$94 trillion, with 
10 countries accounting for 68 per cent of this amount (IMF, 
2021). The distribution of this wealth is also often highly 
uneven within countries, so that the 10 per cent richest 
individuals concentrate 52 per cent of the world income, 
whereas 50 per cent of the global population accounts 
for only 8.5 per cent (Chancel et al., 2022). Poverty and 
marginalization created by economic inequality within and 
among countries may indirectly drive the introduction, 
establishment and spread of invasive alien species. For 
those countries with a lower level of wealth, the warning 
signs suggest that as the economies grow and build a 
larger asset base, the risk of alien species introductions 
might also increase. This risk may be further exacerbated 
where the route to economic growth and poverty reduction 
encourages the development of economic sectors based 
around alien species (sections 3.2.2.3, 3.2.3.6, 3.2.5, 
3.3.1.1). For example, the invasive alien tree Prosopis 
juliflora (mesquite) was intentionally introduced in many 
eastern Africa countries to improve the livelihood of 
communities with very low income subjected to malnutrition 
and food shortages, as it may be a reliable source of 
firewood and animal fodder in arid regions (Pasiecznik et al., 
2007; section 3.2.5, Box 3.6); however, the species have 
become highly dominant in many regions, thus decreasing 
biodiversity and threatening the water supply (Pasiecznik 
et al., 2007; Chapter 4, boxes 4.8 and 4.9). Invasive alien 
species are also important for the subsistence and income 
of certain low income communities in South Africa, including 
the invasive cactus Opuntia ficus-indica (prickly pear) in the 
Eastern Cape Province and multiple alien species cultivated 
in urban gardens in the Limpopo province (e.g., the invasive 
tree Schinus terebinthifolius (Brazilian pepper tree)). In many 
cases, it is not clear how the cultivation of these invasive 
alien species has contributed to their spread (Mdweshu 
& Maroyi, 2020; Mosina et al., 2015). Some Indigenous 
Peoples and local communities can also be more inclined 
to use alien plants if they experience a loss of traditional 
medicine knowledge and a loss of historically used medicinal 
plants (IPBES, 2020). In rural Mexico, there are economic 
incentives to farm the invasive alien fish Oreochromis spp. 
(tilapia) which has been viewed as having a positive impact 
as a route out of poverty (Martinez-Cordero & Sanchez-

Zazueta, 2022). However, there are examples showing that 
using alien species to promote economic growth may lead 
to more poverty and inequality, such as the use of Lates 
niloticus (Nile perch), which was introduced into many 
African lakes (Kelly, 2018; see section 3.2.5, 3.3.2.1). In 
the Lake Victoria basin, the invasion of the Nile perch nearly 
exterminated native fish populations, and local communities 
were ultimately forced to shift from traditional fishing, which 
ensured their subsistence, to catching the invasive alien 
perch. Nile perch fishing supplies external markets and 
provides minimum income to households, thus leading to 
more poverty, malnutrition and lower quality of life (Geheb et 
al., 2008; Chapter 4, Boxes 4.8 and 4.9).

3.2.4	 Science and technology

While science and technology are major factors 
underpinning demographic and economic changes, science 
and technology can also act as indirect drivers of change 
in nature affecting invasive alien species (Figure 3.12). 
This section focuses on how research activities (section 
3.2.4.1), the rise and spread of communication technology 
(section 3.2.4.2), and breeding and genome technologies 
(section 3.2.4.3) can facilitate the transport, introduction, 
establishment and spread of invasive alien species. Science 
and technology may interact with economic drivers through 
the role of information technology in supporting international 
trade in invasive alien species (section 3.2.3.1), and 
with biological invasions via unintended consequences 
of introducing and/or controlling invasive alien species 
themselves (section 3.3.5). Section 3.2.4 describes 
evidence for links between specific science and technology 
drivers and invasive alien species, and makes reference 
to other indirect and direct drivers when relevant, whereas 
the specific contribution of science and technology to 
controlling invasive alien species is dealt with in Chapter 5, 
section 5.4.4.

3.2.4.1	 Research

Scientific research can involve the transport, rearing, 
storing, manipulation and experimental release (either under 
controlled conditions or outdoors) of living organisms. 
While most evidence to date points to scientific research 
and related activities as important drivers in the stages of 
transportation and introduction of invasive alien species, 
there is a paucity of evidence on their role in establishment 
and spread. 

There are a number of documented examples of use of 
organisms outside of their native ranges for laboratory 
research which have resulted in biological invasions. For 
instance, Xenopus laevis (African clawed frog) is the most 
studied amphibian worldwide and one of the best model 
organisms for studies in cell, molecular and developmental 
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biology. Xenopus laevis has been continuously introduced 
for the past 50 years, and intentionally released in 
Europe, Asia and North and South America and is likely 
responsible for the spread of the chytrid fungus of the 
genus Batrachochytrium (Fisher & Garner, 2007, 2020; 
Weldon et al., 2004). Agronomic research has also led to the 
introduction of wild relatives of crops outside their ranges. 
For instance, populations of Solanum chacoense (Chaco 
potato), a wild relative of Solanum tuberosum (potato), has 
established close to research centres where the species 
was most certainly introduced as part of breeding programs 
in Australia, China, New Zealand, United States and 
Argentina (Simon et al., 2010). Unintentional or intentional 
releases from aquaria have been listed among the major 
sources of invasive alien invertebrates and fishes in estuaries 
and rivers (Englund, 2002), and escapes of plant propagules 
or seeds from botanic gardens is also responsible for some 
major plant invasions (Box 3.5). In addition, unintentional 
releases from experimental farms conducting agricultural 
research (section 3.3.1.1.4) are major sources of some 
of the established populations of highly invasive mammals 
and birds including Mustela vison (American mink), 
Myocastor coypus (coypu), Ondatra zibethicus (muskrat), 
Nyctereutes procyonoides (raccoon dog), Procyon lotor 
(raccoon), Threskiornis aethiopicus (sacred ibis) and Oxyura 
jamaicensis (ruddy duck) (Barrat et al., 2010).

Devices, sampling gear and equipment used in research 
activities within natural habitats may act as vectors of 
invasive alien species. For instance, barnacles frequently 
attach to the leg-rings used to identify individual wading 
birds by ornithologists and can be transported long 
distances along bird migratory routes, “hitch-hiking” with 
their host birds. Since more than 30 living barnacles 

can attach to a single ring, this can lead to substantial 
transportation and introductions to new areas (Tøttrup et 
al., 2010). More recently, the use of submersible assets, like 
remote-operated vehicles and human-occupied vehicles, 
open a novel potential pathway through which scientific 
research can aid the transport of invasive alien species. 
In particular, the use of remote-operated vehicles has 
expanded the reach of human influence to regions where 
humans themselves cannot access. These high-technology 
vectors have a tremendous potential to increase transport 
of invasive alien species in marine ecosystems (Thaler 
et al., 2015), as illustrated by the transport and potential 
introduction of living limpets from deep-sea hydrothermal 
vents to other distant vents (Voight et al., 2012). 

3.2.4.2	 Development of communication 
technology

The development of communication technology is an 
important driving force for the globalization of markets. As 
of 2021, 63 per cent of the world population (i.e., 4.9 billion 
people) had internet access, an almost five-times increase 
compared with 2005, and 95 per cent was covered by 
broadband mobile network (i.e., 3G and over; International 
Telecommunication Union, 2021). New distribution channels 
such as internet trading (e-commerce) have caused 
significant changes in the movement of organisms. In 
e-commerce trading surveys, between 30 and 80 per cent 
of recognized invasive alien plant species were detected 
on auction sites daily, making it possible to obtain invasive 
alien plants from almost anywhere in the world (Humair et 
al., 2015). Due to the difficulty in tracing the contents of 
express mail, and the increasing volume of trade through 
this route, the current biosecurity (Glossary) system cannot 

Spread

Establishment

Transport

Introduction

Research can lead to unintended spread of already established invasive 
alien species. New technologies (e.g. e-commerce) can also facilitate 
the spread of invasive alien species.

Breeding and genomic technologies may also inadvertently 
increase the invasive behaviour of otherwise benign alien species, 
thus indirectly driving their establishment.

The broad use of organisms outside of their native 
ranges for laboratory research can be a driver of 
transport and introduction. New technologies 
(e.g. e-commerce) can also facilitate the transport 
and introduction of invasive alien species.

Figure 3  12  	 Examples of the role of science and technology in facilitating invasive alien 
species across stages of the biological invasion process.

Science and technology can facilitate the transport and spread of invasive alien species via their specific use in research and their 
trade through e-commerce. Breeding and genome technologies may select for traits that increase invasiveness, and research and 
e-commerce can also facilitate further spread of invasive alien species.
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Box 3  5  	 The role of botanic gardens in the introduction of invasive alien plants.

Botanic gardens (Figure 3.13) have made a significant 
contribution to the collection, cultivation and distribution of plant 
species for research and scientific uses worldwide (Sharrock, 
2011) but have also been implicated in the introduction, early 
cultivation and/or local spread of invasive alien plant species into 
global biodiversity hotspots (Hulme, 2011a). Studies exploring 
the global increase of alien plant species have identified the 
establishment of botanic gardens as an important driver 
facilitating biological invasions (Seebens et al., 2017). The global 
emergence of new alien plant species, defined as the first record 
of an alien species anywhere in the world, has been found to 
be related to the number of botanic gardens established in a 
region (Seebens et al., 2018). A study from China examined the 
association between the first record of an invasive alien species 
in a region and multiple possible explanatory factors, including 
botanic gardens (Ni & Hulme, 2021). The researchers found 
that botanic gardens, including their history and number of 
species in living collections, generally play more important roles 

in influencing the number of first records of invasive alien plants 
compared to socioeconomic variables (such as Gross Domestic 
Product) and environmental factors (such as climate). However, 
invasive alien species primarily introduced for horticultural 
uses were more influenced by botanic gardens, while those 
introduced for agricultural uses were more strongly associated 
with climate variables, and the numbers of species introduced 
unintentionally were shaped by trade (sections 3.2.1, 3.2.3.1 to 
3.2.3.4, 3.3.1.4). This research is the strongest evidence to date 
pointing to the role botanic gardens may play in the invasions 
of ornamental plant species. Despite signing up to the Global 
Strategy for Plant Conservation, most botanic gardens rarely 
implement regional codes of conduct to prevent plant invasions, 
few have a policy for biological invasions, and there is limited 
monitoring (Glossary) of garden escapes (Hulme, 2015b). Given 
the rapid increase in living collections, especially in Asia, this 
suggests botanic gardens may become increasingly important 
for the introduction of alien species in the future.

Figure 3  13  	 Botanical gardens facilitate the introduction of invasive alien species.

The China National Botanical Garden cultivate 6,000 species of plant, including 2,000 kinds of trees and bushes, 1,620 varieties 
of tropical and subtropical plants, 500 species of flowers and 1,900 kinds of fruit trees several of which are believed to have 
escaped and become established. Photo credit: Top Photo Corporation, Shutterstock – Copyright.

adequately manage internet trade (Humair et al., 2015). In 
e-commerce, invasive alien plants are traded over longer 
distances than traditional commerce in plants, where people 
visited horticultural nurseries to make their purchases. In 
particular, seeds of invasive alien plants were transported 

further than saplings of alien plants (Lenda et al., 2014). In 
the aquatic alien plant trade, a variety of invasive or import 
prohibited plants were sold online, and the traders lack 
knowledge about species identification and regulation. This 
is also the case for the trade in freshwater aquatic plants 
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for aquaria in Brazil, where unregulated e-commerce has 
stimulated illegal trade and contributed to the introduction 
and spread of invasive alien macrophytes (Peres et al., 
2018). In the internet trading of ornamental marine life, 
unregulated e-commerce has contributed to the introduction 
and spread of invasive alien macroalgae in Europe, 
North America and Australia (Walters et al., 2006). Many 
wholesalers and retailers lack awareness of the potential 
risks of ornamental marine species (Morrisey et al., 2011). 
Online trading of freshwater invasive alien crayfish as pets 
is prevalent and has become a major route of biological 
invasions of crayfish and their contaminants and stowaways 
in many parts of the world (Chucholl, 2013; Faulkes, 
2010, 2015; Papavlasopoulou et al., 2014). E-commerce 
and social media also have supported an extensive world 
trade network of alien ornamental freshwater fishes, where 
customers often also have little knowledge of the risks of 
releasing these invasive alien species in the wild (Magalhães 
& Jacobi, 2010; Mazza et al., 2015).

3.2.4.3	 Breeding and genomic 
technologies

The modification of phenotypic traits to increase biomass, 
growth, and resistance to pests, diseases and stressors, etc., 
can increase the invasion potential of species that otherwise 
would not be invasive (e.g., Flory et al., 2012 and references 
therein). Plant and animal traits that have traditionally been 
modified through breeding, selection and hybridization can 
now be more effectively modified via genomic technologies. 
The application of these techniques to crop and stock 
species has catalysed debates over the invasive potential of 
these “novel taxa” and how to adapt invasive alien species 
risks assessments and biosafety measures to deal with them 
(Hoenicka & Fladung, 2006; Luke Flory et al., 2012; Quinn et 
al., 2015; Chapter 5, section 5.4.4.2).

Studies suggest that risks posed by novel taxa are often 
inevitable and can vary spatially, temporally and according to 
the type of organism and the purpose of the trait selection 
process (Ellstrand et al., 2013). There is good evidence 
that traditional breeding of plant species native to other 
regions for ornamental purposes has increased their invasive 
potential in North America (Ross et al., 2008; Wilson & 
Mecca, 2003). For example, cultivars of the ornamental 
Asian shrub Ardisia crenata (coral berry) artificially selected 
for dense foliage show higher competitive ability and 
seedling recruitment success than native populations, which 
likely favours their dominance in the understory of mesic 
forests in Florida (Kitajima et al., 2006). The ornamental 
clonal herb Kalanchoe × houghtonii (Houghton’s hybrid), 
which is an artificial hybrid obtained from the crossing of two 
species endemic to Madagascar (Kalanchoe daigremontiana 
(devil’s backbone) and Kalanchoe delagoensis (chandelier 
plant)) that exhibits a highly effective clonal growth which 
possibly has contributed to its wide distribution and local 

dominance in tropical arid and semi-arid ecosystems 
(Guerra-García et al., 2015; Herrando-Moraira et al., 
2020). There is concern that the invasive potential of some 
pasture grasses has increased as a result of intensive 
artificial selection, which has used multiple tools (e.g., 
ploidy manipulation and introduction of endophytes) to 
maximize grass productivity under the specific conditions 
of each region of interest (Driscoll et al., 2014). Transgenes 
for herbicide resistance present in the genetically modified 
Agrostis stolonifera (creeping bentgrass) used as lawn 
grass were found in wild Agrostis populations, suggesting 
that the resulting novel genotypes may be persistent and 
possibly favour these genetically modified organisms 
outside cultivation (Reichman et al., 2006). Similar or 
even higher risks may apply to the selection of bioenergy 
crops (Richardson & Blanchard, 2011); for example, 
selection for fertility in the highly productive Miscanthus 
× longiberbis (giant miscanthus cultivar) led to a high 
increase in its potential to escape cultivation (Smith et al., 
2015). Among invasive alien trees, selection for high timber 
and forage production may have indirectly increased the 
invasion potential of a cultivar of the tropical tree Leucaena 
leucocephala subsp. glabrata (white leadtree) in certain 
areas in Northeast Australia (C. S. Walton, 2003). Similarly, 
provenance forestry trials and common garden experiments 
designed to select the seed sources of alien pine species 
most likely to succeed under distinct conditions in the 
introduced range possibly contributed to the high invasion 
success of some of these species in South America (Zenni, 
2014; Zenni et al., 2017). 

There is evidence that human selection of specific 
behaviours in the hybrid fish Xiphophorus hellerii × 
maculatus (red swordtail) contributed to the emergence 
of established invasive alien populations in Hawaii, with a 
behaviour syndrome characterized by high aggression and 
exploration (D’Amore et al., 2019). Among invertebrates, 
the artificial hybrid between European and East African 
honeybee species shows superior pollen extraction ability 
and higher swarming rate (i.e., the process of colony 
splitting to generate new colonies) than the European 
species (Pesante et al., 1987), which may have contributed 
to its spread in the Americas to the detriment of native 
pollinators (Santos et al., 2012). 

Cultivating genetically modified crops may also indirectly 
favour the spread of invasive alien pests and pathogens; for 
example, the invasive tomato moth, Tuta absoluta (tomato 
leafminer), has been found to establish and spread rapidly 
in farms planted with genetically modified tomato cultivars, 
whereas traditionally bred cultivars have been shown to be 
resistant to this pest (Rakha et al., 2017). As an example 
of how artificial selection may indirectly favour vertebrate 
invasions, intensive artificial selection has increased the 
fecundity of domestic pigs, so that hybridization and 
admixture between populations of domesticated pigs and 
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wild boar have been associated with feral swine genotypes 
with higher fitness and hence more likely to establish and 
spread in natural ecosystems beyond the species’ range in 
Europe (Canu et al., 2018; Fulgione et al., 2016; Goedbloed 
et al., 2013), North America (Smyser et al., 2020) and South 
America (de Oliveira et al., 2018).

3.2.5	 Policies, governance and 
institutions

Policies, governance and institutions underlie most direct and 
other indirect drivers of change in nature in complex ways. 
For example, economic drivers (section 3.2.3) are strongly 
linked to policy and institutional drivers, which govern 
production through regulations, taxes and subsidies, and 
affect terrestrial, aquatic and marine bioproduction systems, 
which in turn facilitate biological invasions (section 3.3.1). 
A common thread running through many of these systems 
is that policies, governance and institutions are focussed on 
the economic and production systems, with consequences 
for biological invasions receiving little attention. These 
unintended consequences are the focus of this section, 
which deals with regulations, taxes and subsidies that 
may result in unintended facilitation of the introduction, 
establishment and spread of invasive alien species (Figure 
3.14). The role of policies and institutions explicitly tasked 
with the control of invasive alien species and management of 
biological invasions are addressed in Chapter 6. 

In an era of globalization and increasing interconnectedness 
between people, states and regions, there is an increasing 
reliance on supranational arrangements for the organization 
of human societies, referred to as international institutions 

and organizations. The annual amount of international 
official assistance for development has increased from less 
than US$80 billion in 2000 to over US$127 billion in 2010, 
particularly as a result of increasing bilateral disbursements to 
low-income countries (World Bank & International Monetary 
Fund, 2012). By providing the regulatory frameworks for 
transboundary activities, international institutions and 
organizations may act as indirect drivers facilitating the 
uptake, transportation, establishment and spread of invasive 
alien species, due to promotion of other indirect demographic 
and economic drivers of change in nature such as migration 
(section 3.2.2.2), trade (section 3.2.3.1 to 3.2.3.3) and 
human travel (section 3.2.3.4). In addition, international 
institutions and organizations may also influence direct drivers 
of change in nature, including the deployment of infrastructure 
(section 3.3.1.4), introductions from agriculture, forestry, 
fisheries and aquaculture (sections 3.2.3.2; 3.2.3.3 and 
3.3.1.1), and multilateral measures against climate change 
which may again facilitate invasive alien species. Moreover, 
international agreements and supranational decisions may 
scale down to national governance, an indirect driver of 
change which may facilitate invasive alien species (section 
3.2.5). Although the role of governance in facilitating invasive 
alien species has been occasionally evaluated (Evans et al., 
2018), with a few exceptions (Mwangi & Swallow, 2008; 
Pérez et al., 2003), there is a paucity of studies specifically 
addressing the role of international organizations and 
institutions in managing biological invasions. While it is hard 
to draw overall geographical patterns because of the global 
scale of this driver, its influence is expected to be global. This 
section illustrates the issue of international institutions and 
organizations acting as an indirect driver promoting invasive 
alien species by facilitating different stages of the biological 
invasion process.

Spread

Establishment

Transport

Introduction

Perverse policies (e.g. promotion of alien species) can lead to the 
spread of invasive alien species

The promotion of the use of alien species in agriculture, 
fisheries and forestry and carbon sequestration solutions 
can lead to introductions and establishment of invasive 
alien species. The lack of an international regulatory 
framework or bilateral or multilateral agreements may 
also promote the intentional introduction of alien species, 
and subsequent establishment

Free trade agreements and the financing of large scale 
infrastructure can facilitate the unintended movement of 
alien species

Figure 3  14  	 Examples of the role of policies, governance and institutions in facilitating 
invasive alien species across stages of the invasion process. 

Free trade agreements, finance, promotion of species for use in agriculture, fisheries or forestry outside their native range, lack 
of regulatory frameworks and unintended consequences (active promotion of invasive alien species for other benefits, without 
consideration of risks) are some examples of drivers of changes in nature facilitating invasive alien species across invasion stages.
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International funding agencies for economic development 
and regional integration may indirectly influence the 
uptake, and transport of invasive alien species by financing 
large scale infrastructure that facilitates the unintended 
movement of alien species (e.g., navigation channels 
and tunnels; Hulme, 2015b). In addition, international 
funding agencies may facilitate the introduction, release, 
and establishment of invasive alien species by actively 
promoting the use of alien species in agriculture, fisheries 
and forestry and carbon sequestration solutions (sections 
3.2.3.2; 3.3.1.1). An emblematic example is the promotion 
of the highly invasive leguminous tree Prosopis juliflora 
(mesquite; section 3.2.3.6; Box 3.6) from Central and 
South America into many arid and semi-arid regions of the 
world. Similarly, Pontederia crassipes (water hyacinth) has 
been promoted by international aid agencies in Africa for 
biomass production (section 3.5.2, Box 3.12). Its spread 
rapidly affected water flow regimes, impeding hydroelectric 
power production, water quality and fisheries (Batanouny 
& El-Fiky, 1984). In Vanuatu, the Central American woody 
species Cordia alliodora (Ecuador laurel) introduced to 
promote timber production, invaded native ecosystems and 
ultimately turned out to be unsuitable for timber production 
in that climate (Tolfts, 1997). Alien plants were introduced 
in many countries for economic development, including 
Tonga (Space & Flynn, 2001). Lates niloticus (Nile perch; 
Chapter 4, Box 4.10) is a notable example of an invasive 
alien species arising from aid-related fish introductions. This 
species was first introduced into Lake Victoria, East Africa, 
in the mid-1950s to supplement dwindling fish stocks. The 
population took 20 years to build up, but the Nile perch has 
since had a substantial impact on the ecological balance 
of the lake (Ogutu-Ohwayo, 1998), and is implicated in 
the extinction of more than 200 endemic fish species 
(Lowe et al., 2000). Lake Victoria has been described as a 
major evolutionary and ecological disaster caused by the 

release of an invasive alien species, although the relative 
contributions and cause-effect relations between invasive 
alien species and other concurrent drivers of change in 
nature have been hotly debated (Marshall, 2018; van 
Zwieten et al., 2015; Chapter 4, Box 4.10). More generally, 
international aid and assistance programmes have actively 
promoted the use of farmed plants, fish and animals in new 
regions, many of which are invasive and/or are hosts of 
other invasive alien species (sections 3.2.2.3; 3.3.1.1). 

Free trade agreements, being treaties between two or more 
countries or states to facilitate trade and eliminate trade 
barriers, increase the flux of goods between regions and 
may facilitate the uptake and transportation of invasive alien 
species, either as subject of commerce (when traded goods 
are living organisms), or more frequently as by-product of 
transport (e.g., unintentional introductions in ballast water, 
as stowaways in packaging and cargo, or as contamination 
of crop products with agricultural pests). Furthermore, the 
World Trade Organisation (WTO) in an attempt to prevent 
quarantine laws becoming trade barriers has discouraged 
nations from using quarantine laws to stop the spread of 
invasive alien species (Riley, 2005), illustrating the challenge 
of addressing national policies that drive biological invasions 
to account for the transboundary aspect of biological 
invasions (Hulme, 2015a).

More recently, as economic multilateral instruments have 
been developed to tackle climate change, taxes based 
on carbon and carbon-trading markets (e.g., Reducing 
Emissions from Deforestation and forest Degradation 
(REDD+)) have been implemented under the international 
governance framework of the Kyoto Protocol (United 
Nations, 1997). Such initiatives are a possible driver for the 
establishment and spread of invasive alien species, such as 
fast-growing trees from large-scale plantations for carbon 

Box 3  6  	 National and international policies resulting in the introduction and spread 
of Prosopis juliflora (mesquite), as reported by Indigenous Peoples and local 
communities.

In Botswana, Ethiopia, India, Jordan and Kenya, Indigenous 
Peoples and local communities have reported the intentional 
introduction of Prosopis juliflora (mesquite) by governments 
and associated international programs with the aim of halting 
land degradation, controlling desertification and deforestation 
and improving the good quality of life of the local communities 
(Al-Assaf et al., 2020; Becker et al., 2016; Haregeweyn et al., 
2013; Linders et al., 2020). In Kenya for instance, the Chamus 
pastoralists report that Prosopis juliflora was introduced twice: 
first in 1973 through a government initiative; and 10 years later, 
through the Fuelwood Afforestation Extension Project, a joint 
initiative from the Food and Agricultural Organization (FAO) and 
the Government of Kenya (Becker et al., 2016). In Ethiopia, 

the Afar recall that the species was introduced in the 1980s 
in state farms and settlements to improve the microclimate, 
provide shade, halt land degradation, provide fuel wood, as 
a source of pods for fodder, and to increase sustainability of 
livelihoods in the Afar region of Ethiopia (Linders et al., 2020). 
In India, Indigenous Peoples and local communities report that 
Prosopis juliflora was introduced to ameliorate saline soils, and 
as a source of timber, fuelwood and fibre in the latter half of 
nineteenth century; and that the species was later promoted 
by the government from the 1970s onward to combat 
desertification and soil salinization in North-West India (Duenn et 

al., 2017).
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sequestration (Dickie et al., 2014; Lindenmayer et al., 2012). 
In fact, a global survey of 226 carbon projects shows that 
6 per cent use predominantly alien species and 18 per cent 
use a mixture of native and alien species (Lindenmayer 
et al., 2012). Dickie et al. (2014) list Acacia, Casuarina 
(beefwood), Eucalyptus, Falcataria (peacocksplume), Pinus 
(pine) and Pseudotsuga (douglas-fir) as major invasive alien 
genera commonly used for carbon sequestration (section 
3.3.1.1.2). Similarly, recommendations to introduce alien tree 
species into British native woodlands as part of adaptive 
management (Glossary) strategies to mitigate rapid climate 
change, and the potential impacts of associated pests 
and diseases, will increase the risk of biological invasions 
as well (Ennos et al., 2019). Overall, although the role of 
international organizations as indirect drivers facilitating 
biological invasions has largely been neglected, the 
evidence to date suggest they may play a role in transport 
and introduction (via trade and infrastructure, see section 
3.2.3.1) and release and establishment (via agriculture, 
forestry and aquaculture, see section 3.3.1.1), which 
deserves further attention. 

Furthermore, international and national programs targeted 
at biological control of existing pests have resulted in the 
widespread introduction of invasive alien species. Since 
1955, Euglandina rosea (rosy predator snail) has been 
introduced to at least 27 island groups and continental 
countries, including many Pacific islands, in most cases 
with the aim of controlling the invasive Lissachatina fulica 
(giant African land snail). The effects in terms of control of 
the African snail have been limited, but these releases have 
been catastrophic to many native species; Euglandina rosea 
has caused the extinction of 134 land snail species and 
the declines of many more species (Gerlach et al., 2021). 
The introduction of Gambusia affinis (western mosquitofish) 
and Gambusia holbrooki (eastern mosquitofish) in most 
temperate and tropical countries as biological control agents 
for mosquitoes started in the early 1990s and continues to 
date. These species are now the most widespread fish in 
the world, recorded in six continents. Mosquito fish have 
strong negative effects on freshwater ecosystems and on 
native fish through predation on juveniles and eggs and/
or through competition with species with similar ecological 
niches (W. E. Walton et al., 2012).

Indigenous Peoples and local communities have also 
reported that national policies limiting land tenure and 
access rights can be significant drivers of invasive alien 
species on their lands (IPBES, 2022b). Indigenous Peoples 
and local communities will often monitor and manage 
the numbers of invasive alien species and their impacts 
on their lands and waters (Chapter 5), but their ability to 
do this is greatly reduced if they do not have access or 
clear ownership of the lands and waters. Access is indeed 
crucial for monitoring and management, and land tenure 
can be essential for communities to actively manage 

their environments. Moreover, many Indigenous Peoples 
and local communities actively defend their lands from 
encroachment by industry and other disruptive influences 
that can also be drivers for invasive alien species (e.g., 
deforestation; section 3.3.1). Lack of clear land tenure or 
access rights can also prevent Indigenous Peoples and local 
communities from effectively defending their lands against 
this environmental degradation, which can in turn lead to 
an increase in invasive alien species. Indigenous Peoples 
and local communities have also noted that lack of access 
to lands and waters and lack of land tenure can lead to 
communities leaving. 

3.3	 THE ROLE OF DIRECT 
DRIVERS OF CHANGE IN 
NATURE, NATURAL DRIVERS 
AND BIODIVERSITY LOSS 
ON INVASIVE ALIEN SPECIES
This section examines five classes of direct drivers of 
change in nature that together encompass major human 
influences on the distribution and abundance of invasive 
alien species (Table 3.1). The definition and classes of 
drivers are sourced from the IPBES Global Assessment 
(IPBES, 2019) but adapted for the purposes of invasive 
alien species by selecting drivers of relevance for biological 
invasions. This section thus considers land- and sea-
use changes, including farming, fishing, logging (section 
3.3.1); direct exploitation of natural resources, such as 
mining and species harvesting (section 3.3.2); pollution, 
including both aerial, soluble and solid waste, with a focus 
on eutrophication and marine debris (section 3.3.3); climate 
change, including both long-term trends and climatic 
variability, as well as CO2 fertilization, changes in climate-
related extremes and sea level rise (section 3.3.4), and 
the role of invasive alien species and the management of 
biological invasions, through biotic facilitation and biological 
control (section 3.3.5). Each subsection first assesses the 
overall trends in and influence of the driver on invasive alien 
species, including interlinkages with other drivers, and then, 
where data allow, notes the specific effects of the drivers on 
particular biomes, taxonomic groups and units of analysis.

3.3.1	 Land- and sea-use change

Land-use change is the major driver of change in nature 
causing loss of biodiversity and natural habitats globally, 
affecting close to 75 per cent of ice-free land areas (IPBES, 
2019). Agriculture and forestry are major causes of land-
use change, for example, global crop production has 
increased by about 300 per cent since 1970, with crops 



CHAPTER 3. DRIVERS AFFECTING BIOLOGICAL INVASIONS

299

now occupying half of the habitable land on Earth (IPBES, 
2019). Much of the information available for sea-use change 
is within the context of climate change and specifically 
changes in physical and biogeochemical properties of 
the ocean in response to climate warming (IPCC, 2019). 
However, degradation and loss of natural habitats can 
occur with many sea-uses, including mining and mineral 
extraction, coastal developments, land reclamation, wind 
energy and recreational aquaculture (Vrees, 2021). Some 
of these sea-uses are anticipated to remain at a constant 
level but increases are forecast for others. For example 
in the North Sea, surface mineral extraction, water sport 
recreation, wind farms and possibly mariculture are all 
projected to increase (Vrees, 2021). Land- and sea-use 
change stem from major economic (section 3.2.3) and 
demographic (section 3.2.2) indirect drivers. 

According to some Indigenous Peoples and local 
communities, land- and sea-use change is the main driver 
affecting the establishment and spread of invasive alien 
species on their lands and seas (section 3.6.2, Box 6.13). 
A recent review of native and invasive alien plant, vertebrate 
and invertebrate biodiversity on islands revealed that number 
and abundance of alien species are generally higher in 
areas affected by land-use (plantation forests, agricultural 
or urban sites) as compared to native habitat (794 alien 
taxa assessed), whereas the opposite is the case for 
native biodiversity (5517 native taxa assessed; Sánchez-
Ortiz et al., 2020). Habitat fragmentation and agricultural 
intensification were found to be the most commonly studied 
drivers facilitating plant invasions in a review by Vilà & Ibáñez 
(2011), with few studies focusing on the roles of habitat loss, 
land abandonment and afforestation. Land-use changes, 
in particular agricultural practices, are an important driver 
facilitating the spread of fungal and bacterial plant pathogens 

(Anderson et al., 2004). Studies on alien pathogens tend to 
highlight their role within agricultural, horticultural or forestry 
systems, however, with less focus on spread to native 
systems (Anderson et al., 2004; Panzavolta et al., 2021).

Land- and sea-use change can affect invasive alien species 
in two main ways, firstly, by directly increasing the rate 
of introduction of alien species (section 3.3.1.1), either 
intentionally (e.g., through the specific use of alien crops 
and livestock), or unintentionally (e.g., as contaminants of 
agricultural or aquacultural commodities). Secondly, a variety 
of land- and sea-use change related processes increase the 
vulnerability of native ecosystems to invasive alien species 
(Vilà & Ibáñez, 2011), including habitat fragmentation 
(section 3.3.1.2), establishment of corridors of disturbed 
habitat through which alien species can spread (section 
3.3.1.3), deployment of infrastructure (section 3.3.1.4), 
altering disturbance regimes (section 3.3.1.5), or other 
forms of anthropogenic landscape degradation (section 
3.3.1.6). Section 3.3.1 thus describes evidence for links 
between specific land- and sea-use change drivers and 
invasive alien species (Figure 3.15), and makes reference 
made to other indirect and direct drivers when relevant. The 
demographic and economic indirect drivers behind these 
land- and sea-use change are described in section 3.2. 

3.3.1.1	 Intentional or unintentional 
introductions from the use of alien 
species in terrestrial and marine 
bioproduction systems 

Industries based around the growth and harvest of biological 
resources, including agriculture, aquaculture, forestry, 
biofuel and carbon sequestration, forage production and 

Spread

Establishment

Transport

Introduction

Disturbed ecosystems and edges of anthropogenic corridors 
can provide favourable ecosystems for the establishment of 
invasive alien species. Fragmentation may however halt the 
spread of invasive alien species

Primary industries such as agriculture, forestry, fisheries, 
stock farming and aquaculture are a leading cause of both 
intentional and unintentional introduction of invasive 
alien species

Anthropogenic corridors (including roads, railways, water 
corridors) allow both intentional and unintentional transport 
of alien species

Figure 3  15  	 Examples of the role of land- and sea-use change in facilitating invasive alien 
species across stages of the biological invasion process. 

Anthropogenic corridors can facilitate both the intentional and unintentional transport of invasive alien species, primary industries can 
facilitate their introduction, and disturbance can facilitate their establishment and spread.
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agriculture, are an important cause of the introduction of 
invasive alien species, both intentionally (e.g., release of 
plants, animals, or organisms used for pest or weed control 
into terrestrial or aquatic environments) and unintentionally 
(e.g., spread of weeds, pathogens, pests and escape 
from fields/plantations or other containment) (Hulme 
et al., 2008). Invasive alien species, particularly those 
from agricultural systems, can facilitate the spread and 
establishment of pathogens that would otherwise be absent 
from the introduced range and may pose risks for disease 
transmission for humans, domestic animals and other native 
wildlife (Chinchio et al., 2020).

3.3.1.1.1	 Aquaculture

Aquaculture (farming of marine organisms) is the largest 
sector worldwide, after shipping, responsible for introduction 
of marine alien species (Ojaveer et al., 2018; Bailey et 
al., 2020). Although the production of marine fish and 
crustaceans has grown since the millennium, it is now 
eclipsed by the live-weight volume of marine bivalves 
and seaweeds which has grown, respectively, from 10 
and 11 to 18 and 32 million tonnes per annum between 
2000 and 2018 (FAO, 2021). Both the farmed species 
and/or storage (and other) infrastructures (e.g., cages, 
nets, floats and ropes) serve as agents of intentional and 
unintentional introductions and spread of invasive alien 
species (Campbell et al., 2017). Farmed species are either 
placed in the sea in enclosures (cages, net pens, rafts), or 
intentionally released into the environment (Naylor et al., 
2001). Intentional introductions comprise both legal and 
clandestine translocations (Özcan & Galil, 2006; Stentiford & 
Lightner, 2011; Megahed, 2014). Unintentional introductions 
consist of “spillover” from crops farmed or stocked in 
natural habitats (e.g., marine algae farming, marine stock 
enhancement); escape, unintentional release, or spawning 
from culture facilities (Arechavala-Lopez et al., 2018, 2017); 
and alien species associated with the farmed species, or 
equipment used for culture or transportation of the farmed 
species (Reise et al., 1998; Mineur et al., 2007). Arguably, 
due to the high permeability of marine farming facilities, 
the use of alien species in these settings are essentially 
intentional introductions to the wild (FAO, 1995; Grosholz 
et al., 2015). Tilapia species are the third most important 
fish in aquaculture globally, and have established as alien in 
every country where they have been introduced (Canonico 
et al., 2005). Magallana gigas (Pacific oyster) is one of the 
most widely used marine invertebrates, introduced primarily 
for aquaculture in 66 countries, of which alien populations 
have established in at least 17 (Herbert et al., 2016). The 
open sea farming of Undaria pinnatifida (Asian kelp) and 
carrageenan-producing seaweeds Kappaphycus alvarezii 
(elkhorn sea moss) and Eucheuma denticulatum (eucheuma 
seaweed), has facilitated their spread to surrounding areas, 
including marine protected areas, in European, Indian, South 
America and African coastal waters (Floc’h et al., 1991; 

Chandrasekaran et al., 2008; Barrios et al., 2007; Tano et 
al., 2015). 

Freshwater aquaculture involves mainly fish (De Silva et 
al., 2009; Teletchea, 2019) and crayfish (Lodge et al., 
2012; Madzivanzira et al., 2021). Globally, the number 
of alien freshwater fish species is positively correlated 
with aquaculture production (Gozlan, 2008), and the 
establishment of alien species from aquaculture has been 
documented for all continents where introductions have 
occurred (Britton & Orsi, 2012; De Silva et al., 2006; De 
Silva, 2012; Gozlan, 2008; Lin et al., 2015; J. Liu & Li, 
2010; Luo et al., 2019; Nunes et al., 2015; Ortega et 
al., 2015; Saba et al., 2020; Shelton & Rothbard, 2006; 
Q. Wang et al., 2015). Aquaculture is a major source of 
invasive alien species at national and regional scales. Of the 
approximately 500 documented introductions of freshwater 
fishes in the Mediterranean basin, more than 35 per cent 
are associated with aquaculture (Tricarico, 2012). In the 
Balkans, 36 species of freshwater fish have been introduced 
into inland waters via aquaculture (Piria et al., 2018). In 
California, 126 alien species associated with commercial 
aquaculture have been reported, of which 106 have become 
established and are negatively affecting native species. 

Parasites of a wide range of farmed marine organisms also 
appear as invasive alien species worldwide. Haplosporidium 
nelsoni (MSX oyster pathogen), a parasite of the Pacific 
oyster, has spread to estuaries from Maine to Florida, 
affecting the native Crassostrea virginica (eastern oyster; 
Andrews, 1984; Burreson et al., 2000). Outbreaks of 
the intrahemocytic parasite Bonamia ostreae, protozoan 
parasite Marteilia refringens, two species of parasitic 
copepods Mytilicola orientalis (oyster redworm) and Myicola 
ostreae and the Ostreid herpesvirus (OsHV-1), affect 
farmed Pacific oysters and all originate from imports of 
stock (Mineur et al., 2014). Anguillicola crassus, a blood 
feeding swimbladder parasitic nematode in eels native to 
eastern Asia, was widely introduced with its host, Anguilla 
japonica (Japanese eel), to Europe and North America, 
where it is now widespread in native eel populations 
sometimes at a prevalence up to 82 per cent of adult and 
juvenile eels (Barse et al., 2001; Aieta & Oliveira, 2009; T. 
C. Pratt et al., 2019; Warshafsky et al., 2019). The illegal 
importation of penaeid prawns from Turkey into Italy was 
revealed only when the white spot disease was detected 
(Stentiford & Lightner, 2011). The high concentration of 
salmon farming in seas off Europe and Canada has been 
implicated in outbreaks of sea lice (Lepeophtheirus salmonis 
(salmon louse), Caligus spp.) in wild salmon (Oncorhynchus 
gorbuscha (pink salmon), Oncorhynchus keta (chum 
salmon)) in these waters (Krkošek et al., 2005). Farmed 
pacific oysters have served as primary and secondary 
vectors for the introduction for algae, invertebrates and 
pathogens affecting both farmed and native oysters (Wolff 
& Reise, 2002; Mineur et al., 2007, 2014; Verlaque et al., 
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2015), including invasive alien species such as Gracilaria 
vermiculophylla (black wart weed), Codium fragile (dead 
man’s fingers), Sargassum muticum (wire weed), Undaria 
pinnatifida (Asian kelp), the sea squirts Botrylloides violaceus 
(violet tunicate), Didemnum vexillum (carpet sea squirt) and 
Styela clava (Asian tunicate).

Fish breeds such as farmed Salmo salar (Atlantic salmon) 
have undergone domestication, i.e., intensive selective 
breeding, and a limited pool of domesticated broodstock, 
eggs and sperm is shared worldwide (Roberge et al., 
2008; Solberg et al., 2020). In the past half century tens 
of millions of farmed salmon have escaped into the wild 
(Wringe et al., 2018). Interbreeding between farmed and 
wild Atlantic salmon in Norwegian waters has altered age 
and size at maturation in 62 wild salmon populations, 
caused widespread changes to fitness-related life-history 
traits, thus threatening already vulnerable wild populations 
(Karlsson et al., 2016; Bolstad et al., 2017). Interbreeding 
between farmed and wild conspecific populations is also 
found in Sparus aurata (gilthead sea bream), Dicentrarchus 
labrax (European sea bass), Argyrosomus regius (brown 
meagre) and Gadus morhua (Atlantic cod) (Somarakis et al., 
2013; Jørstad et al., 2014; Izquierdo-Gómez et al., 2017; 
Arechavala-Lopez et al., 2017, 2018). Symphodus melops 
(corkwing wrasse), used to control sea lice in salmon 
farms, also escapes and hybridizes with individuals in local 
populations (Faust et al., 2018).

3.3.1.1.2	 Forestry, agroforestry, biofuel and 
carbon sequestration

Trees and shrubs have been introduced globally for wood 
production, fruit and seed crops, erosion control, live fences 
and building material (Richardson, 1998; Richardson & 
Rejmánek, 2011; van Kleunen et al., 2020). Of introductions 
of invasive alien trees and shrubs, 13 per cent were 
attributed to forestry, 10 per cent to food, and seven per 
cent to agroforestry (Richardson & Rejmánek, 2011). Many 
trees extensively used in forestry have high potential to 
become invasive alien species, including the genera Pinus 
(Richardson, 2006; Fernandes et al., 2016; Brundu et al., 
2020), Acacia (Donaldson et al., 2014; Richardson et al., 
2011, 2015) and Eucalyptus (Bennett, 2010; Forsyth et al., 
2004; Hirsch et al., 2020; Simberloff & Rejmanek, 2011). Of 
the roughly 100 Pinus species, at least 17 species are now 
considered as invasive alien species in natural ecosystems, 
particularly in the southern hemisphere (Richardson & 
Blanchard, 2011; Richardson & Nsikani, 2021). Of the 
approximately 200 Eucalyptus species cultivated within 
South Africa (Henderson, 2009), six are listed as invasive 
alien species by the National Environmental Management 
Biodiversity Act. Studies in the Iberian Peninsula also show 
Eucalyptus globulus (Tasmanian blue gum) can spread from 
plantations (Fernandes et al., 2016). Acacia species from 
Australia are widely distributed invasive alien species (Le 

Maitre et al., 2011). Over 70 Acacia species were introduced 
throughout South Africa for forestry, dune stabilization 
and ornamental use during the 19th and 20th centuries 
(Bennett, 2011). Of these 70 introduced species, 14 are 
now considered to be invasive alien species, four of which 
arose from commercial forestry plantations (Van Wilgen et 
al., 2011). The southern hemisphere (e.g., South America, 
Oceania) has been particularly affected by tree invasions, 
because of the massive scale of commercial plantations and 
the absence of competition by native tree species (García et 
al., 2018; Nuñez et al., 2017; Richardson et al., 2021). 

Increased interest in biomass-based energy has increased 
the use of alien species with rapid growth rates, ease of 
establishment, wide environmental tolerances, and prolific 
seed production in plantations, characteristics that also 
promote them as potential invasive alien species (Barney & 
DiTomaso, 2008; Leakey, 2009; Richardson & Blanchard, 
2011). Across the south-eastern United States, Eucalyptus 
species are commonly utilized for bio-energy (Callaham et 
al., 2013; Lorentz & Minogue, 2015), and have the potential 
to invade surroundings woodlands (Callaham et al., 2013). 
Large stature grasses, such as bamboo, are also used as 
common biofuel crops, with “running” bamboo species 
noted to present a significantly higher risk of biological 
invasion than “clumping” species (Lieurance et al., 2018). 
The perennial grasses Miscanthus sinensis (eulalia) and 
Miscanthus sacchariflorus (Amur silvergrass), planted for 
ornamental and biofuel uses, also pose high risks across 
Europe and North America, especially in grassland and tall 
herb vegetation, ruderal habitats and roadsides (Schnitzler 
& Essl, 2015). Climate modelling indicates Miscanthus 
(silvergrass) species have already been introduced to most 
of the suitable regions in the northern hemisphere, whereas 
there is climatic potential for further expansion in the 
southern hemisphere, suggesting increased future biological 
invasion threat there (Hager et al., 2014).

Food forestry, whereby a diversity of food plants is planted in 
natural or seminatural forested ecosystems, may represent 
an emerging pathway for the introduction, establishment 
and spread of alien species into natural or near-natural 
ecosystems. For example, a recent study identified almost 
500 alien species used in the fast-growing food forestry 
sector in the Netherlands alone, including a number of 
high -risk invasive aliens including Akebia quinata (five-
leaf akebia), Helianthus tuberosus (Jerusalem artichoke), 
Rhus typhina (staghorn sumac), Rosa rugosa (rugosa rose) 
and Vaccinium macrocarpon (cranberry) (Hoppenreijs et 
al., 2019).

Plantation forests are also hotspots (invasion hotspot in 
the Glossary) for unintentional introductions of invasive 
alien species In a global review of invasive alien plants, 
vertebrates and invertebrates on islands (794 alien species), 
plantation forests had consistently higher numbers and 
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abundances of alien species as compared to native habitat 
(Sánchez-Ortiz et al., 2020). Invasive forest pathogens 
have been responsible for many disease outbreaks across 
commercial, natural and urban forest ecosystems, and 
generally occur as a result of unintentional introductions via 
containment or stowaway (Burgess et al., 2016; Migliorini 
et al., 2015; Paap et al., 2020). Notable examples include; 
Cryphonectria parasitica (blight of chestnut), Ophiostoma 
novo-ulmi (Dutch elm disease), Phytophthora cinnamomi 
(Phytophthora dieback), Phytophthora ramorum (sudden 
oak death) and Hymenoscyphus fraxineus (ash dieback) 
(Brasier & Buck, 2001; Pautasso et al., 2013; Rigling & 
Prospero, 2018; Rizzo & Garbelotto, 2003; Shearer et 
al., 2007).

3.3.1.1.3	 Forage production and livestock 
grazing 

Forage production and pastures for domestic herbivores is 
a major land-use in almost all biomes of the world (Brondizio 
et al., 2019). Management of such lands is a major source 
of biological introductions, because species sown or planted 
for forage, or weeds associated with these land-uses, may 
escape and spread into natural ecosystems (Nuñez et al., 
2017; O’Connor & van Wilgen, 2020; Pándi et al., 2014). 
In a survey by Driscoll et al. (2014), 91 per cent of grasses 
developed by agribusiness for pasture were listed as weeds 
somewhere in the world, and often in the same countries 
where they were actively been developed and marketed. 
Policies aiming to facilitate pastoral development can also 
be responsible for introductions, such as occurred for 
the pasture grass Andropogon gayanus (tambuki grass) 
in Australia (Cook & Dias, 2006), which is now known 
to increase wildfire intensity, and transform species-
rich savannah systems into alien-dominated grasslands 
(Driscoll et al., 2014; section 3.2.5). In Texas, United 
States, alien grass species were seen as the future of 
forage production during the early twentieth century, and 
several introduced species have since escaped pasture 
cultivation: Bothriochloa ischaemum (yellow bluestem), 
Dichanthium annulatum (Kleberg’s bluestem), Dichanthium 
aristatum (angelton bluestem), Cenchrus ciliaris (buffel 
grass), Megathyrsus maximus (Guinea grass), Eragrostis 
lehmanniana (Lehmann lovegrass) and Cynodon dactylon 
(Bermuda grass) (Wied et al., 2020). Several of these 
economically important pasture grasses are invasive 
alien species throughout several countries. Megathyrsus 
maximus, with its high yield, palatability and tolerance of 
herbivory is now considered a weed species throughout 
Africa, America, Australia and Asia (Randall, 2017; Rhodes 
et al., 2021). Cenchrus ciliaris has become a problematic 
species across Australia, the United States, Mexico and 
South America (V. M. Marshall et al., 2012) and Bermuda 
grass now also has a cosmopolitan distribution and is 
considered one of the world’s worst weeds (Randall, 2017; 
Way, 2014). Some invasive alien species in agricultural 

systems were introduced through planting of windbreaks 
and hedgerows, including the globally versatile Ulex 
europaeus (gorse), one of the most invasive alien species 
in the world, introduced from Europe to Australia, Chile, 
New Zealand, Sri Lanka and the United States (Roberts & 
Florentine, 2021). In Southern Africa, invasive alien Opuntia 
(pricklypear) species were initially grown as wind-breaks, 
fences, and also supplementary fodder sources (S. E. 
Shackleton & Shackleton, 2018). 

Some introduced species also act as hosts of further 
invasive alien species. For example, in the United States, 
Festuca arundinacea (tall fescue), a cool season-grass 
introduced from Europe, dominates grasslands and is 
considered an invasive alien species across multiple states 
(Barnes et al., 2013; Pfeifer-Meister et al., 2008). The spread 
of tall fescue is concerning as it also may act as a reservoir 
host for Alternaria (fungal pathogen), which produces crop 
damaging mycotoxins (H. E. Wilson et al., 2014). 

3.3.1.1.4	 Agriculture 

In a global study of terrestrial plant invasions 407 (46 per 
cent) of 886 alien plants were introduced intentionally 
through agricultural pathways (Turbelin et al., 2017). This 
study reports three of the top five terrestrial invasive alien 
plant species globally to have their main introduction 
pathways associated with agricultural practices: Cyperus 
rotundus (purple nutsedge; found in 37 per cent of 
countries), Ricinus communis (castor bean; 31 per cent) and 
Leucaena leucocephala (leucaena; 27 per cent). Agricultural 
use is also a major source of aquatic plant invasions. In 
China, several alien freshwater aquatic plants have been 
introduced for landscaping, water purification and forage 
purposes, five of which are now considered to be invasive 
alien species: Sporobolus alterniflorus (smooth cordgrass), 
Azolla filiculoides (water fern), Alternanthera philoxeroides 
(alligator weed), Urochloa brizantha (palisadegrass) and 
Urochloa mutica (para grass) (Wu & Ding, 2019).

The occurrence of some ungulates as invasive alien species 
arose from agricultural practices (Spear & Chown, 2009). 
Farms or hunting of species for fur has resulted in the 
intentional introduction, or escape from farms or captivity, of: 
Mustela vison (American mink) in Europe (Bonesi & Palazon, 
2007; E. J. Fraser et al., 2017); Procyon lotor (racoon) in 
Europe (Beltrán-Beck et al., 2012); Oryctolagus cuniculus 
(rabbits) throughout the world (Lees & Bell, 2008) and 
particularly in New Zealand (C. M. King & Forsyth, 2021), 
Australia (Myers et al., 1994) and South America (Howard & 
Amaya, 1975; Iriarte et al., 2005); Vulpes vulpes (red fox) in 
Australia (Saunders et al., 2010); and Trichosurus vulpecula 
(brushtail possum) in New Zealand (Clout, 2006; C. Jones 
et al., 2012). Section 3.3.2.1 on stocking for hunting and 
section 3.2.3.3 on pet trade also discuss how these drivers 
have facilitated invasive alien species. 
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Agriculture has also facilitated biological invasions by plant 
and animal pathogens, parasites and diseases. Alien plant 
pathogens may be introduced via seeds and soil used in 
agriculture (Pimentel et al., 2001). For example, 65 per cent 
of plant pathogens in the United States were considered 
alien species (Pimentel et al., 1992), 74 per cent in the 
United Kingdom (Carlile, 1988), 82 per cent in Australia 
(Persley & Syme, 1990), 85 per cent in South Africa (Nel, 
1983), 74 per cent in India (Singh, 1985), and 75 per cent 
in Brazil (Echandi et al., 1972). Many microbes and other 
parasites accompany livestock as they are introduced 
into new countries (Pimentel et al., 2001). Mycobacterium 
bovis (bovine tuberculosis) was introduced to many places, 
including New Zealand, as cattle were transported out of 
Europe during the nineteenth century (N. H. Smith, 2012). In 
New Zealand, bovine tuberculosis is now also prevalent in 
other invasive alien species including Trichosurus vulpecula 
(brushtail possum), Sus scrofa (feral pig), Mustela putorius 
furo (ferret), Mustela erminea (ermine), Erinaceus europaeus 
(European hedgehog) and deer species (Livingstone et 
al., 2015). In Europe, the introduction of Procyon lotor 
(racoon) also established Baylisascaris procyonis (raccoon 
roundworm), which may potentially induce central nervous 
system disease in humans (Chinchio et al., 2020). 

3.3.1.2	 Fragmentation of ecosystems

Increasing exploitation of natural resources and land-use 
changes have led to widespread fragmentation of terrestrial 
ecosystems, so that 70 per cent of remaining forest areas 
globally are now within 1 km distance of a forest edge 
(IPBES, 2019). Fragmentation is usually associated with 
loss of total habitat area, changes in habitat quality, and 
increased biotic and abiotic influence from the surrounding 
landscape (Eriksson et al., 2002; Sodhi et al., 2010; Vilà & 
Ibáñez, 2011). Fragmentation of landscapes and habitats 
is one of the most significant process driving decrease of 
native biodiversity and species richness globally (IPBES, 
2019; Millennium Ecosystem Assessment, 2005b).

Fragmentation increases the proportion of the native habitat 
exposed to edge effects, where higher propagule pressure 
and faster growth of pioneer and generalist species, many 
of which are alien, can drive replacement of native habitat 
specialists (Laurance & Peres, 2006; Lobo et al., 2011; B. 
A. Santos et al., 2008; Tabarelli et al., 2008). The increased 
edge-to-interior ratio of fragmented landscapes increases 
the prevalence of invasive alien species in fragments, as 
shown for plant and lepidopteran diversity in South Texas 
(Stilley & Gabler, 2021), woody plant diversity in New 
England (J. M. Allen et al., 2013), Hovenia dulcis (Japanese 
raisin tree) in Brazilian Atlantic forest patches (Padilha et al., 
2015) and Sporobolus alterniflorus (smooth cordgrass) in 
mangroves along the coast of China (Z. Zhang et al., 2021). 
Recent studies also document increased spread of invasive 
alien species in fragmented landscapes over time, such as 

the study from Achury et al. (2021) of Linepithema humile 
(Argentine ant) invading coastal southern California. Similarly, 
Ulex europaeus (gorse) spread widely in fragmented 
landscapes of south-central Chile while large intact forest 
areas experienced lower rates of invasion over the same 
time period (Altamirano et al., 2016). 

As fragmentation increases, the remaining fragments are 
more isolated from each other, which may both promote 
and hinder biological invasions. Increased patch isolation 
may promote biological invasions if invasive alien species 
are more common in the habitats surrounding the patches, 
as has been shown for alien pasture grasses which 
frequently occur in Australian forest fragments surrounded 
by landscapes with high pasture cover (S. Butler et al., 
2014). Another example is the prevalence of Aulacaspis 
yasumatsui (cycad aulacaspis scale) on cycads in Guam, 
where isolated fragments suffered greater damage from 
these alien scale insects than did fragments with higher 
connectivity (Marler & Krishnapillai, 2020). Connectivity 
of native habitats may also be promoting the spread of 
invasive alien species which are dependent upon native 
dispersal vector species that depend on this habitat (e.g., 
Guiden et al., 2015).

Some cases exist in which the fragmented habitat is less 
favourable to invasive alien species. Insect pests and 
specialist pathogens of forest trees are less common in 
counties of the United States which have more fragmented 
forests (Guo, Riitters, et al., 2018). In the case of animals, 
patches further apart than the organism is able to cross 
may hinder the spread of invasive alien species (e.g., 
Bridgman et al., 2012). The reproductive success of the 
invasive alien tree Ligustrum lucidum (broad-leaf privet) 
is lower in forest fragments than continuous forests, not 
due to lower seed production but due to unfavourable soil 
conditions for seedling establishment in fragments (Aguirre-
Acosta et al., 2014). In aquatic environments, artificial 
fragmentation (e.g., underwater barriers) may slow down 
the spread of alien species, even though some barriers may 
be more effective for native species than for alien species 
(Airoldi et al., 2015).

Fragmentation of native habitat also creates corridors 
for invasive alien species (section 3.3.1.3), increased 
disturbance (section 3.3.1.5) and lower patch habitat 
quality (section 3.3.1.6). A mechanism by which 
fragmentation promotes biological invasion may be through 
rendering native populations more vulnerable to local 
extinction (Hanski, 1999), leaving vacant niches and hence 
decreasing biotic resistance to invasions and ecosystem 
resilience (section 3.4.2). Most of the evidence for the 
effects of fragmentation on biological invasions comes from 
invasive alien plants or plant pest species, and specifically 
in relation to the spread stage of the biological invasion 
process (Chapter 1, section 1.4.4).
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3.3.1.3	 Creation of anthropogenic 
corridors

Different types of anthropogenic corridors act as major 
routes for the transport and spread of invasive alien species 
(e.g., Galil et al., 2015; Hulme et al., 2008), although these 
are often not explicitly considered in pathway assessments 
(CBD, 2014; Leclerc et al., 2018). Anthropogenic corridors, 
including roads, highways, railways, hiking trails, tunnels, 
pipelines, power lines, canals and bridges, are rapidly 
expanding for trade, travel and transport (sections 3.2.3.1 
to 3.2.3.4). It is projected that length of roads will increase 
by over 60 per cent (or to between 3 and 4.7 million km) 
globally from 2010 to 2050 (Dulac, 2013), a large fraction 
of which is projected to be built in developing countries 
in some of the world’s last remaining wilderness areas, 
such as the Amazon, the Congo basin and New Guinea 
(Meijer et al., 2018). The volume of freight transported via 
anthropogenic corridors has consistently grown since the 
1960s especially in Europe and North America (section 
3.1.1; Hulme, 2009a). 

Anthropogenic corridors allow both intentional and 
unintentional transport of invasive alien species, and they 
create disturbed and transformed habitat such as road 
and canal verges that allow subsequent establishment and 
spread of invasive alien species into otherwise impassable 
regions. The mechanism of the influence of anthropogenic 
corridors on the stages of the biological invasion process 
can be summarized as follows; 1) allowing easier transport 
and spread of invasive alien species by natural (e.g., wind, 
water, animals) or human mediated (e.g., cars, trains, ships, 
people) vectors, 2) facilitating establishment of invasive alien 
species by disturbing, stressing or removing native species 
and ecosystems along corridor verges, 3) providing new 
corridor verge habitats for invasive alien species to establish 
and spread by altering abiotic environmental conditions 
(e.g., soils, hydrology, wind; Trombulak & Frissell, 2000).

In terrestrial biomes, several global surveys provide evidence 
that the abundance and diversity of alien plants is higher 
along roads compared to adjacent native habitat, and 
decreases with distance away from the roads (Lázaro-Lobo 
& Ervin, 2019; Suárez-Esteban et al., 2016). The long linear 
features of roads and railways facilitate the long-distance 
dispersal of alien seeds (Hulme, 2006). In a selectively 
logged tropical forest in Bolivia, logging vehicles spread 
the seeds of the alien Megathyrsus maximus (Guinea 
grass) at least 500 m from the established populations 
(Veldman & Putz, 2010). Road density and road age also 
positively correlate with alien species’ distributions (Hulme, 
2009). For example, alien earthworms have spread farther 
from older roads in boreal forests of Canada (Cameron & 
Bayne, 2009), suggesting roads provide fringe sources for 
colonization of native habitat. Anthropogenic corridors also 
drastically alter the surrounding biotic, physical and chemical 

environments. The edges of anthropogenic corridors (e.g., 
roadsides, highways, railways) provide favourable habitats 
for the establishment of alien plants (e.g., M. J. Hansen & 
Clevenger, 2005; Jodoin et al., 2008; Sullivan et al., 2009). 
Rural roads, mountainside highways and powerlines change 
the surrounding plant species composition, and enhance 
the establishment of invasive alien species in mountainous 
and protected areas (L. G. Anderson et al., 2015; Mortensen 
et al., 2009; Rentch et al., 2005; Spooner, 2015; Wagner et 
al., 2014). Some Indigenous Peoples and local communities 
also observe the role of anthropogenic corridors in 
facilitating biological invasions, for instance, people in 
Arunachal Himalayas in India view road construction and 
road use as the drivers facilitating biological invasion, as 
well as introduction of cattle which brought alien seeds 
(Kosaka et al., 2010). In alpine and Arctic ecosystems, the 
establishment and subsequent spread of alien plants is 
increased along mountain roads, hiking trails and buried 
oil pipelines (Alexander et al., 2016; Langor et al., 2014; 
Liedtke et al., 2020; section 3.3.5.1, Box 3.10).

In freshwater and marine biomes, canals facilitate the 
transport, introduction and spread of invasive alien species 
at global and regional scales (Asth et al., 2021; Bij de Vaate 
et al., 2002; Boudouresque & Verlaque, 2012). The role 
of these water corridors in facilitating biological invasions 
are well studied for fish and aquatic invertebrates (Devin et 
al., 2005; Karatayev et al., 2008; Rakauskas et al., 2016), 
especially in Europe (e.g., Katsanevakis et al., 2013). 
For example, 507 marine alien species have arrived in 
European Seas through canals, such as the Suez Canal 
(Box 3.7; Katsanevakis et al., 2013). Since the eighteenth 
century, the connection of the European seas and rivers 
to the Eurasian waterways via canals showed a stepwise 
increase, and the extensive network of inland waterways 
has allowed the biological invasion of aquatic alien species 
from different biogeographical regions (Leuven et al., 2009), 
such as the establishment of Ponto-Caspian invertebrates 
throughout the central European corridors (Karatayev et 
al., 2008). Another example is the shipping canals near 
Chicago, Illinois that link the Great Lakes with the Mississippi 
River, which have allowed the exchange of 15 species 
of fish and invertebrates formerly confined to just one of 
the basins (Rahel, 2002). Additionally, inter-basin water 
transfers provide a direct link between previously isolated 
catchments and thereby modify the water flow, chemistry 
and temperature of receiving waters. Water inflow via canals 
can result in eutrophication and changes in salinity, thereby 
allowing the establishment of invasive alien species (e.g., 
Pienimäki & Leppäkoski, 2004; Sarà et al., 2018). 

Thus, creation of anthropogenic corridors is an important 
driver across all stages of the biological invasion process 
(transport, introduction, establishment and spread) for 
various taxa (e.g., plants, vertebrates and invertebrates) in 
terrestrial, freshwater and marine biomes.
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Box 3  7  	 The Suez Canal and invasive alien species.

The Suez Canal, a linchpin of transportation networks between 
Europe and Asia, carries over 10 per cent of global trade, 
with19,000 vessels transiting the Canal in 2020 (Veiga, 2021). 
The Canal is also the main pathway of alien species introduction 
into the Mediterranean Sea. The Suez Canal was opened over 
150 years ago, yet Erythraean species are newly recorded in 
the Mediterranean to this very day (Figure 3.16). Biological 
invasions by Erythraean species are driven by the region’s 
environmental characteristics and anthropogenic activities. The 
latter include: physical changes to the Canal that have impacted 
its hydrography and hydrology, and increased its potential as a 
“corridor”; and changes to the Levantine marine environment 
that have made it more susceptible to biological invasion by 
modifying its hydrological properties and species diversity, and 
destabilizing the shelf community structure (Galil, 2006).

The Suez Canal (8 m deep, with cross-section area 304 m², 
when built in 1869) is hydrographically complex, passing through 
five anthropogenic lakes of widely diverse salinity (Menzalah, 
Ballah, Timsah, Large and Small Bitter Lakes). The dissolution 
of the Bitter Lakes’ salt bed, complete by the 1960s, removed 
the early Canal’s salinity barrier. A recent study of the Canal’s 
flow intensity and direction (1923–2016) supports unidirectional 
biological invasions into the Mediterranean, with significant 
increase in northward flow during the early 1980s following 
a major expansion (depth from 15.5 to 19.5 m, doubling 
cross-section area), and a second expansion in 2015 after the 
opening of the “new” Suez Canal (Biton, 2020). A larger Canal 
accommodates transit of more and larger vessels, many in 
ballast and befouled, and discharges a larger volume of Red Sea 
waters with their entrained biota into the Mediterranean Sea. 
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Figure 3  16  	 Number of multicellular marine alien species in peri-Mediterranean 
countries, and their means of introduction, 1959, 1989, 2019.

Lighter tone: Erythraean aliens (i.e., introduced through the Suez Canal), darker tone: alien species introduced via other vectors. 
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3.3.1.4	 Deployment of marine 
infrastructure

Coastal landscapes are being transformed through marine 
urban sprawl with an increase in construction of artificial 
structures to support commercial, residential and tourist 
activities (Dafforn et al., 2015; Bulleri & Chapman, 2010). 
Indeed, more than 50 per cent of the shorelines of some 
regions of Europe, United States, Australia, and Asia 
are modified by hard engineering. Offshore aquaculture 
facilities and offshore energy infrastructures are also 
increasing in prevalence. Marine urbanization is predicted 
to escalate in the future as sea-level rises and extreme 
climate events, including storms, increase in frequency 
(Dafforn et al., 2015). Artificial structures alter seascapes 
and the functioning of marine ecosystems through local 
and regional effects (Bulleri & Chapman, 2010; Todd et al., 
2019) including the establishment and spread of invasive 
alien species. 

The potential for invasive alien species to utilize marine 
infrastructure is widely recognized (Bulleri & Chapman, 
2010; Bulleri & Airoldi, 2005; Vaselli et al., 2008). Marine 
infrastructure can facilitate invasive alien species by 
providing artificial hard substrates that some invasive alien 
species can colonize (Farr et al., 2021). Indeed, artificial hard 
structures such as breakwaters, jetties, seawalls, floating 
pontoons and pier pilings provide suitable habitats for alien 
species (Bulleri & Airoldi, 2005; S. L. Williams & Smith, 
2007) and can also function as corridors through unsuitable 
habitats (Bulleri & Airoldi, 2005). Nearshore infrastructure is 
considered to provide entry points for invasive alien species, 
with the numbers of invasive alien species on pontoons 
and pilings being 1.5-2.5 times higher than on natural rocky 
reefs (Glasby et al., 2007). Codium fragile (dead man’s 
fingers), an invasive alien seaweed species native to east 
Asia, colonized hard structures installed to provide coastal 
protection in the northern Adriatic Sea and is now found on 
temperate rocky shores around the world (Bulleri & Airoldi, 
2005), and has also replaced native kelp on the leeward 
shores of the United States (Levin et al., 2002). Similarly, 
a study on invasive alien ascidians demonstrated that 
ascidian species spread onto natural habitats from marine 
infrastructure, and that species differ in the rate and success 
of this secondary spread (Simkanin et al., 2012). In a global 
literature survey, the alien ascidians Botrylloides violaceus 
(violet tunicate) and Botryllus schlosseri (star ascidian) 
were reported four times as often in anthropogenic marine 
habitats relative to natural habitats, while two other alien 
ascidians, Didemnum vexillum (carpet sea squirt) and Styela 
clava (Asian tunicate), were encountered on floating docks, 
pilings and aquaculture installations eight times as often 
as they were found in nearby natural habitats (Simkanin 
et al., 2012). These findings illustrate the differences in 
biological invasion potential and/or rate between closely 
related species.

Offshore floating structures, such as wind facilities, can 
provide substrate for introduced hard-substrate benthic 
organisms to colonise, and thus can contribute to the 
further spread of invasive alien species, especially in the 
intertidal zone (Kerckhof et al., 2016). Deepwater and 
offshore floating infrastructures generally are considered 
less likely to be colonized by invasive alien species than 
nearshore infrastructures (Farr et al., 2021) because the 
nearshore is often associated with higher human activity 
and consequently increased pathways of introduction in 
comparison to offshore locations.

3.3.1.5	 Changes in landscape-seascape 
disturbance regimes (intensification 
and reduction)
Changes in landscape-seascape disturbance regimes, 
including both intensification and reduction in disturbance 
intensity, have been ubiquitous in natural ecosystems as a 
result of human activities; for example over 50 per cent of 
the global land area has experienced changed fire regimes, 
and fires are expected to become more common in coming 
decades as a result of climate change and increasing 
human occupation (IPBES, 2018b). Such changes may 
affect the capacity of invasive alien species to establish and 
thrive through direct effects of changes in disturbances. 
Effects may also be more indirect, through interfering with 
native competitors, grazers, or predators, or through the 
modification of fire frequencies or nutrient and water regimes 
(sections 3.3.4.5, 3.3.3.1 and 3.3.1.5 respectively). At 
broader spatial scales, changes in landscape-seascape 
disturbance regimes may affect invasive alien species 
through fragmenting landscapes, creating corridors, the 
deployment of infrastructure, or degrading habitats, but also 
through protecting areas from disturbance, for example in 
designated protected areas (sections 3.3.1.2 to 3.3.1.5).

In an observational study spanning 200 sites around 
the world, disturbance per se was found to be a weak 
predictor of plant invasions (Moles et al., 2012). An older 
literature survey (Lozon & MacIsaac, 1997) found a greater 
importance of disturbance for successful plant invasions 
(implicated in 67 per cent of disturbance caused by invasive 
alien species) than by animals (implicated in 28 per cent of 
disturbance caused by invasive alien species), particularly 
during the establishment phase (86 per cent vs. 12 per 
cent relied on disturbance for plants vs. animals). The role 
of landscape disturbance in influencing microbial invasive 
alien species is far less understood than for macro-
organisms, but the literature that exists suggests patterns 
remain similar with sites of high disturbance, anthropogenic 
impact, fluctuating resource supplies and release from 
predators resulting in increased establishment of invasive 
alien microbial species (Litchman, 2010). Overall, increased 
landscape disturbance per se hence seems to have a weak 
but positive role in facilitating invasions. 
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A more nuanced analysis focusing on changes in 
disturbance regimes, however, can provide better predictive 
power than disturbance regime per se. Several reviews 
have found that changes in land-use regimes, and in 
particular in human-mediated disturbance regimes related 
to fire, grazing and agriculture, facilitate plant invasions 
through both direct and indirect pathways (Jauni et al., 
2015; Moore, 2005; Vilà & Ibáñez, 2011). Experimental 
studies support these observations, frequently indicating 
that changes to disturbance regimes, both increases and 
decreases in disturbance frequency and intensity relative to 
natural or historic levels, and in particular the introduction 
of novel disturbance types, provide opportunities for alien 
plant species to establish (Kempel et al., 2013). Sections 
3.3.1.5.1, 3.3.1.5.2 and 3.3.1.5.3 therefore summarize the 
ways in which changes, and particularly intensification of 
human disturbance regimes, increase the establishment 
and spread of invasive alien species. There is stronger 
evidence for disturbance effects on terrestrial systems and 
plants than other systems and taxonomic groups, but some 
evidence also exists from aquatic and marine systems 
and for vertebrates, invertebrates and microorganisms. All 
IPBES regions are represented, with much of the evidence 
from Australia and the United States. The literature on 
disturbance regimes as a driver that facilitates invasive alien 
species covers all stages of the biological invasion process, 
but with more evidence on the establishment and spread 
stages, the latter often associated with documentation of 
the impact on native biodiversity and human livelihoods 
(Chapter 4). 

3.3.1.5.1	 Agricultural disturbance regimes 

In terrestrial biomes, a global meta-analysis (Jauni et 
al., 2015) found that plant invasions can be facilitated 
by discrete disturbance events such as fire, agricultural 
activity, and more generally broad shifts in anthropogenic 
activity. Specifically, they found that increased domestic 
grazer activity and general anthropogenic disturbance 
events increased both the diversity and abundance of alien 
species, whilst fire- or soil-based disturbance activities led 
only to increases in diversity of alien species. This trend 
was stronger in forest ecosystems than in wetlands and 
grasslands. Importantly, time elapsed since the disturbance 
occurred was considered critical, with significant responses 
only observed in cases where communities were monitored 
more than five years post-disturbance. In line with these 
findings, in Ghana, conversion to maize production resulted 
in increasing removal of fallow trees, which has encouraged 
land degradation and facilitated establishment and spread 
of Chromolaena odorata (Siam weed; Amanor, 1991). In 
arid and semi-arid rangelands of the United States, livestock 
overgrazing decreases the plant cover of native palatable 
grasses and accelerates the dominance of alien annual 
grasses (e.g., Bromus tectorum (downy brome); Chambers 
et al., 2007; Keeley et al., 2003). In the grasslands of the 

Austral Andean Mountains in Argentina, establishment 
of the invasive alien Pinus halepensis (Aleppo pine) was 
considerably higher in areas grazed by feral horses, where 
perennial grasses were negatively affected by defoliation, 
giving advantage to the alien plant Echium plantagineum 
(Paterson’s curse) (de Villalobos & Schwerdt, 2020; de 
Villalobos & Zalba, 2010). In Australia, overgrazing by 
introduced feral camels, buffalo and pigs has facilitated 
invasive alien species establishment in arid and semi-
arid ecosystems throughout the country (Burrows, 2018; 
Sloane et al., 2021). Invasive alien plants often have higher 
performance and higher resource use efficiency than 
coexisting native species, suggesting a higher ability to 
benefit from increased resource availability resulting from 
changes in disturbance regimes as a potential mechanism 
(e.g., Daehler, 2003; Kolar & Lodge, 2001; Leishman & 
Thomson, 2005). Among animals, Solenopsis invicta (red 
imported fire ant) was characterized as a “disturbance 
specialist” when subjected to mowing and ploughing 
regimes, to the extent that the species was found not to 
invade forest habitats of native ants in the absence of such 
disturbances (J. R. King & Tschinkel, 2008). Increasing 
agricultural disturbance also benefited alien predatory 
Coccinellidae (ladybeetles) in Chile, and these alien 
ladybeetles could be considered “disturbance specialists” 
(Grez et al., 2013). Modified landscapes may also support 
higher abundances of invasive alien animals than unmodified 
landscapes, for example introduced Vulpes vulpes (red fox) 
thrive within Australian agricultural systems (Graham et al., 
2012; Towerton et al., 2011). 

Biological invasions in terrestrial systems may be affected 
by land abandonment as well as land-use intensification. 
After abandonment, the succession from agricultural 
to forested landscapes is generally associated with an 
increased spread in plant invasions, particularly after crop 
abandonment (Vilà & Ibáñez, 2011), which may be linked 
to higher competitive ability and hence establishment and 
spread of some invasive alien species under the reduced 
disturbance intensity and frequency in post-abandonment 
vegetation (van der Zanden et al., 2017). The role of 
abandonment in facilitating invasive alien species is well 
known among Indigenous Peoples and local communities 
in several parts of the world. In the Panchase area of Nepal, 
Indigenous communities report that land-abandonment 
has led to the establishment and spread of invasive alien 
species (Schwilch et al., 2017). In the Amatole District of 
the Eastern Cape, South Africa, local communities noticed 
that the abandonment of arable fields coupled with the 
dispersal of seeds by local birds have led to invasion by 
Lantana camara (lantana; Jevon & Shackleton, 2015). 
Indigenous Peoples and local communities in South Africa 
have also observed that some abandoned agricultural 
lands can become hotspots of invasive alien species (C. M. 
Shackleton & Gambiza, 2008). 



THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

308

3.3.1.5.2	 Changes to fire regimes 

Fire is a key natural disturbance process that plays an 
important role in regulating community composition and 
ecosystem functioning in a diversity of ecological systems 
worldwide (He et al., 2019; Keeley et al., 2011; Pausas & 
Keeley, 2019). In fire-adapted systems, continuation of the 
historic natural or anthropogenic fire regimes generally has 
relatively little influence on either native species performance 
or the establishment of alien species whereas loss of 
traditional fire regimes may benefit invasive alien species 
(Alba et al., 2015; L. T. Kelly et al., 2020; Velle et al., 2014). 
A meta-analysis of the role of fire on native and invasive 
alien species found that prescribed low-intensity burns 
may benefit native species but generally do not affect alien 
species, whereas wildfires consistently enhanced alien 
species performance and diversity, and especially so in 
arid shrublands, temperate forests and heathlands (Alba et 
al., 2015). The evidence from this global study was largely 
from the United States and Australia, pointing to regional 
knowledge gaps. Invasive alien species may benefit from 
both reduction and enhancement of fire regimes relative to 
historic levels. For example, in naturally fire-prone prairies in 
the United States, fire suppression led to the dominance of 
invasive alien earthworms (Callaham et al., 2003; Callaham 
& Blair, 1999), and increased frequency or intensity of fire 
relative to historic fire regimes tended to increase diversity 
and performance of alien plants, whereas native biodiversity 
was highest when historic fire regimes were maintained 
(D’Antonio, 2000). In tussock grasslands in New Zealand, 
alien spiders were more successful at colonizing after 
burning, which provided an initial advantage in resource 
competition for these invasive alien arthropods (Malumbres-
Olarte et al., 2014). Intensified fires along with overgrazing 
led to the loss of fire-intolerant trees and shrub species 
and facilitated the establishment of the alien grass Bromus 
tectorum (downy brome) in shrublands and increased 
establishment and spread of invasive alien species in 
coniferous forests (Chambers et al., 2007, 2014; Keeley et 
al., 2003; Roundy et al., 2014). 

Some invasive alien species not only benefit from modified 
fire regimes, but once established, may in turn further 
modify fire behaviour and community composition (Grace 
et al., 2001). For example, some alien species increase 
the fuel load or flammability of the ecosystem, resulting in 
increased fire frequency or intensity (Brooks et al., 2004; 
Mandle et al., 2011). Alternatively, burned environments may 
be more susceptible to biological invasion by species with 
fire specific traits, such as seed release contingent upon 
fire or smoke (Franzese & Raffaele, 2017; Gaertner et al., 
2014). In many cases, fire primarily influences native and 
alien animal species through effects on vegetation structure 
and composition. For example, within Australian tropical 
savannahs, invasive alien predators such as feral cats, 
dingoes and snakes may be attracted to burnt landscapes, 
where they may hunt more effectively (Lozon & MacIsaac, 

1997; H. W. McGregor et al., 2014, 2016). In Australian 
forests, prescribed forest fires reduced understory cover by 
more than 80 per cent and the occurrence of invasive alien 
predators increased five-fold, whereas medium-sized native 
mammalian prey were disadvantaged (Hradsky et al., 2017). 
Climate and land-use change are now driving changes 
in global fire regimes, pointing to potentially important 
interactive effects (section 3.3.4). 

3.3.1.5.3	 Aquatic and marine disturbance 
regime changes 

The biological invasion of aquatic alien species may be 
facilitated through land-use intensification in the watershed. 
There is an increased likelihood of invasive alien species 
establishing within impacted watersheds where increased 
sedimentation, altered flow rates, increased pollution and 
habitat destruction lower intrinsic biotic resistance (Havel 
et al., 2015). In New Zealand braided river systems, alien 
and native aquatic plants respond to different drivers of 
change in nature, and in particular disturbances to flow 
regimes. For example, winter flow variability may increase 
alien species, while flow stabilization may promote coverage 
of such species (Brummer et al., 2016). Regulated flow 
regimes, including floods, also mediate invasive alien plants 
in the Australian Murray-Darling river catchments (Catford 
et al., 2011, 2014), with impacts mediated by seasonality 
along with species’ life-history strategies (Greet et al., 2013). 
In China, the rate of onward spread and establishment 
of Lithobates catesbeianus (American bullfrog) from the 
points of introduction (for aquaculture) throughout the local 
watershed was facilitated by native habitat loss and land-
use change (X. Wang et al., 2022). In the Mediterranean 
Sea, fish overgrazing and sediment disturbance caused by 
vessel anchoring decrease the resistance of native seagrass 
beds, and thereby allow the establishment and spread of 
invasive alien Caulerpa racemosa (green algae; Tamburello 
et al., 2014). In Italy, however, clearance of seagrass 
Posidonia oceanica (Neptune grass) led to a reduction in 
the apparent ecological resistance towards the Caulerpa 
cylindracea (green algae) invasion (Casoli et al., 2021; Marín-
Guirao et al., 2015).

3.3.1.6	 Landscape and seascape 
degradation

Anthropogenic degradation of terrestrial ecosystems 
occurs in nearly all types of landscapes around the world, 
although there are no consistent global figures about the 
extent of this phenomenon (IPBES, 2018b). Landscape and 
seascape degradation involves many processes that drive 
the decline of biodiversity and ecosystem functioning, and 
in some cases nature’s contributions to people in many 
parts of the world (IPBES, 2018b; Millennium Ecosystem 
Assessment, 2005a; United Nations Convention to Combat 
Desertification, 2017). This section summarizes the roles of 
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desertification, soil/water salinization, soil/water erosion and 
soil/water acidification in affecting biological invasions. 

Land degradation related to desertification is a pervasive global 
phenomenon in arid and semiarid ecosystems subjected 
to overgrazing (section 3.3.1.5), fire (section 3.3.4.5) and 
drought (section 3.3.4.2). Separating out the influence of land 
degradation per se from other interlinked drivers responsible 
for biological invasions is difficult (IPBES, 2018b; Ravi et al., 
2009). Acceleration of soil erosion due to agriculture and 
mismanagement is widely reported, especially from Asia, Latin 
America and Africa (FAO, 2015; IPBES, 2018b). Soil erosion 
can increase the establishment of alien species, as exemplified 
by annual Bromus grass in arid and semiarid grasslands of the 
United States (Germino et al., 2016).

Additionally, invasive alien species may be intentionally 
introduced to restore degraded land, for example 
Indigenous Peoples and local communities report the 
intentional introduction of invasive alien species to manage 
land degradation (section 3.2.5, Box 3.6). Stress-tolerant 
alien plants are often planted in degraded areas for 
ecosystem restoration (Glossary), and can spread from 
the planted areas (Hobbs et al., 2006), for instance, alien 
grasses (e.g., Bromus tectorum (downy brome)) seeded 
for preventing soil erosion in degraded grasslands or for 
livestock forage in overgrazed rangelands (D’Antonio & 
Meyerson, 2002; D’Antonio & Vitousek, 1992) and alien 
trees have been planted to stabilize riparian zones. Irrigated 
land damaged by salinization is estimated globally to be 
60 million ha (FAO, 2015; IPBES, 2018b; Squires & Glenn, 
2011). Soil salinization associated with waterlogging leads to 
the replacement of pre-existing native perennial herbaceous 
plants with salinity-tolerant alien annual plants in southern 
Australia (Hobbs et al., 2006). 

Especially in North America, Europe and Australia, estuarine 
and coastal areas have been dramatically transformed 
over the past 150 to 300 years. Degradation linked to 
industrialization/urbanization (sections 3.2.2.4 and 3.3.1.4) 
has resulted in accelerated establishment and spread 
of invasive alien species in once diverse and productive 
areas (Lotze et al., 2006). For example, creation of a 
metropolitan coastal front in Athens and the Piraeus port 
led to the occupancy of an alien scleractinian coral, Oculina 
patagonica, in shallow coastal habitats of the Mediterranean 
Sea (Salomidi et al., 2013). Overexploitation, pollution, 
disease and climate change are causing global declines 
of coastal lagoons and coral reefs, especially on the Great 
Barrier Reef (IPBES, 2018d). There however seems to 
be clear evidence that coastal disturbance (e.g., harbour 
constructions) could be a driver facilitating biological invasions 
(Boudouresque & Verlaque, 2012; J. Klein et al., 2005).

In aquatic systems, invasive alien species may become 
more prevalent as construction of water storage 

infrastructure increases (section 3.3.1.4), and in 
many cases, the mechanisms are linked to changes in 
disturbance regimes. Features such as reservoirs may act 
as stepping stones for invasive alien species by providing 
a homogenous, species-poor, early successional habitat 
providing little biotic resistance for initial occupation (Havel 
et al., 2005, 2015; section 3.4.2). In the Laurentian Great 
Lakes region of Wisconsin, United States, Johnson et al. 
(2008) found dams and impoundments to be a significant 
predictor of occurrence for the invasive alien species 
Bythotrephes longimanus (spiny water flea), Dreissena 
polymorpha (zebra mussel), Osmerus mordax (rainbow 
smelt), Orconectes rusticus (rusty crayfish) and Myriophyllum 
spicatum (spiked watermilfoil) – ranging between 2.4 to 
300 times more likely to occur in impoundments than natural 
lakes, even after taking into account other environmental 
and anthropogenic factors. In the same systems, 
impoundments were also more likely to support multiple 
invasive alien species (P. T. Johnson et al., 2008). 

3.3.2	 Direct exploitation of natural 
resources

Direct exploitation of natural resources includes both the 
exploitation of biotic resources through species harvesting 
(section 3.3.2.1) as well as of abiotic resources such as 
water (section 3.3.2.2) and mining for minerals and fossil 
fuels (section 3.3.2.3). These changes are closely linked 
with major economic (section 3.2.3) and demographic 
(section 3.2.2) indirect drivers of change in nature and 
may lead to a range of wider ecosystem impacts, including 
habitat degradation and loss as well as changes in 
landscape and seascape disturbance regimes (section 
3.3.1). Section 3.3.2 thus describes evidence for links 
between the extraction of specific resources and invasive 
alien species (Figure 3.17), and makes reference to other 
indirect and direct drivers when relevant. The demographic 
and economic background of these changes are described 
in section 3.2 and consequences of land degradation more 
generally is described in section 3.3.1. 

3.3.2.1	 Species harvesting 

Globally, the extraction of biological resources for human 
use for food, fibre and fuel has doubled since 1970, now 
constituting more than 22 billion tonnes per year (IPBES, 
2019). The livelihood of over 350 million people depends 
on the extraction of non-timber forest resources, and 
over six million tons of medium to large wild animals are 
harvested every year in the tropics, where they are often an 
important food source (IPBES, 2019). Both terrestrial and 
freshwater ecosystems are affected by species harvesting 
in different ways. About 50,000 wild species are harvested 
for food, energy, medicine, materials, income generation, or 
other uses globally, and an assessment of 10,098 species 
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across 10 taxonomic groups shows that at least 34 
per cent are used sustainably, whereas unsustainable 
harvesting contributes towards elevated extinction risk for 
28-29 per cent of near-threatened and threatened species 
(IPBES, 2022c).

The loss of native biomass and biodiversity in an ecosystem 
through harvesting has been directly and indirectly linked 
to increased susceptibility to biological invasions by a wide 
range of alien species and in a wide range of terrestrial 
and aquatic environments (IPBES, 2022c; Iverson et al., 
2019; Kota et al., 2007; Rebbeck et al., 2017; Schrama & 
Bardgett, 2016). Many studies of the role of overharvesting 
on the success of invasive alien species explore indirect 
effects through trophic changes (Barrios-O’Neill et al., 2016; 
Kota et al., 2007; Rand & Tscharntke, 2007). For example, 
an extensive study in the Mediterranean Sea shows that the 
loss of predators through overfishing resulted in an increase 
in alien invertebrates in the prey fauna (Rilov et al., 2018). 
Success of invasive alien species and their impacts may 
vary, however, depending on whether the harvested native 
predators are generalists or specialists, and on the intensity 
and nature of the interaction (Rand & Tscharntke, 2007; 
W. E. Snyder & Evans, 2006; Tylianakis et al., 2008). Loss 
of hunted and fished native species may also motivate the 
release of alien species as alternative species for harvest, as 
discussed below for terrestrial and aquatic settings. 

3.3.2.1.1	 Introduction of game for hunting

Stocking of game for hunting purposes is a common 
practice in many parts of the world, for both recreational 
and subsistence uses (section 3.2.1, Box 3.2), and can 
be an important driver facilitating invasive alien species 

in many different contexts. A European study (Carpio et 
al., 2017) found stocking for hunting to be a dominant 
source of mammal introductions (24 per cent of all known 
introductions) and birds (30 per cent). Similar patterns were 
observed in Latin America, where 39 per cent and 22 per 
cent respectively, of the introduced mammals (69 species 
in total) and birds (62 species), were introduced intentionally 
for hunting purposes, compared to an overall 11.2 per 
cent for food and feed, 5.3 per cent for biological control, 
and 4.2 per cent for fur industry (Carpio et al., 2020). 
In the United States, game ranches are also sources of 
invasive alien species (Geist, 1985). Common alien species 
introduced for sport or game hunting include: deer species 
in New Zealand (C. M. King & Barrett, 2005), Australia 
(N. E. Davis et al., 2016), Latin America (Petrides, 1975) 
and Europe (Carpio et al., 2017); Sus scrofa (feral pig) 
native to Eurasia and now present on all continents but 
Antarctica, along with many oceanic islands (Barrios-Garcia 
& Ballari, 2012; Long, 2003); and various bird species 
such as pheasants (Blanco-Aguiar et al., 2008) and Anas 
platyrhynchos (mallard) in Australia, New Zealand, South 
Africa and Hawaii (Rhymer et al., 1994; Fowler et al., 2009; 
Guay & Tracey, 2009; Government of the Republic of South 
Africa, 2016). Attempts to control invasive alien species 
introduced for hunting using biological control have led to 
further biological invasions, for example the introduction 
of mustelids to control rabbits and hedgehogs to control 
garden pests in New Zealand (C. M. King & Forsyth, 2021). 

3.3.2.1.2	 Introductions of aquatic and marine 
species for fisheries and angling purposes

Intentional release of fishes and other marine organisms 
into rivers, lakes and seas to enhance recreational fishing 
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Alteration of ecosystems due to resource extraction 
can facilitate the establishment and spread of invasive 
alien species. Post-mining areas seem to be particularly 
vulnerable.
Feedback mechanisms can also promote subsequent 
establishment and spread of invasive alien species.
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Figure 3  17  	 Examples of the role of direct exploitation of natural resources as a driver 
facilitating invasive alien species across stages of the biological invasion 
process.

Transport of harvested species and efforts to restore degraded areas are examples of activities that can lead to the transport and 
introduction of alien species, the on-site activities related to extraction can facilitate establishment and spread. Introductions of alien 
species for harvesting often occur at a massive scale, increasing the risk of feedbacks facilitating further introductions.
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as well as livelihoods is both widespread and common 
(section 3.2.1). These introductions can be distinguished 
from those linked to aquaculture by being intentionally 
released into the wild, although the high permeability 
of aquaculture installations suggests the distinction is 
somewhat arbitrary (section 3.3.1.1.1, FAO, 1995; 
Grosholz et al., 2015). Globally, hatchery-reared juveniles 
of more than 180 species of fish and shellfish have been 
released in the wild for various purposes, including replacing 
locally extinct stocks (restocking), augmenting a viable 
fishery (stock enhancement) and creating new fisheries (sea 
ranching) (Bartley & Bell, 2008; Kitada, 2018; Q. Wang et al., 
2006). As many of these releases are occurring at massive 
scales either outside the native distribution of the species or 
facilitating spread outside the native range, this constitutes a 
substantial pathway for aquatic introductions. Introductions, 
unintentional as well as intentional (e.g., live bait) and 
legal as well as illegal, have led to the establishment and 
spread of alien species in freshwater systems in Europe, 
North America, South America, South Africa and Oceania 
(Britton & Orsi, 2012; Cambray, 2003; Carpio et al., 2019; 
Cerri et al., 2018; A. J. S. Davis & Darling, 2017; Ellender 
& Weyl, 2014; Gherardi et al., 2009; Lintermans, 2004; V. 
R. Ribeiro et al., 2017; E. R. C. Smith et al., 2020; M. R. 
Snyder et al., 2020; Weyl et al., 2020). In the Mediterranean 
basin alone, stocking (for angling, commercial purposes, 
or biological control) is implicated in over 35 per cent of 
more than 500 documented freshwater fish introductions 
(Tricarico, 2012). In the Arctic, Paralithodes camtschaticus 
(red king crab) was intentionally introduced from the Sea 
of Okhotsk to the Barents Sea in the 1960s to establish a 
new commercial fishery, and it is currently established and 
is spreading to the extent that it is commercially harvested 
by Russian and Norwegian fisheries (Hindar et al., 2020). 
Oncorhynchus gorbuscha (pink salmon) was introduced to 
several rivers in North-west Russia in the 1950s, and while 
the first return to rivers in Russia and Northern Norway 
was recorded in the 1960s, a self-sustaining population 
did not establish until several decades later. From 2017 
onwards, rapid establishment and spread occurred, to the 
extent that the pink salmon was a dominant fish species in 
several rivers in Northern Norway in 2021 (with up to 23-fold 
increase in population size from 2019-2021), and it had 
spread along the entire Norwegian coast (Berntsen et al., 
2022; Hindar et al., 2020).

A compelling example of the cascading effect of species 
harvesting is the loss of almost 200 species of endemic 
cichlids following overfishing and introduction of the 
predatory alien fish Lates niloticus (Nile perch) into Lake 
Nabugabo and Lake Victoria in Africa (Bwanika et al., 2006; 
Rahel, 2002). Both overharvesting of native species and 
altered abiotic conditions allowed alien fishes to become 
established in the lakes, which then eliminated the native 
species through competition or predation (B. E. Marshall, 
2018; Rahel, 2002). The cascade of ecological interactions 

leading to the demise of native fish in Lake Victoria started 
with overfishing in the first half of the twentieth century 
(Aloo et al., 2017), followed by a series of introductions of 
the invasive alien fish Lates niloticus. The Lates niloticus 
population in Lake Victoria peaked at around 2.3 million 
tonnes in 1999, when it accounted for 92 per cent of the 
total fish biomass, but fell to less than 300 000 tonnes in 
2008, of which the majority were below the required length 
for export. Lates niloticus has subsequently depleted its 
native prey, hypochromine cichlid fishes (IPBES, 2019), and 
unsustainable fishing in the lake continued (Luomba, 2016). 
This top-down cascade led to profound changes in the lake 
ecosystem, resulting in further reduction in population size 
and extinction of a number of endemic fishes (Chapter 4, 
Box 4.10; B. E. Marshall, 2018). 

3.3.2.2	 Hydrological resource harvesting

Global water use has increased six-fold over the last 
100 years and recent increases in water use have been at 
a rate of 1 per cent per year (United Nations, 2020). This 
increasing water use has required large investments in 
infrastructure, including 50,000 dams and over 16 million 
reservoirs worldwide (IPBES, 2019), as well as extensive 
extraction of groundwater resources (International 
Groundwater Resources Assessment Centre, 2018). 
There is an increasing recognition that human-mediated 
hydrological disturbances directly or indirectly facilitate plant 
and animal invasions (Brummer et al., 2016; Richardson, 
Holmes, et al., 2007; Truscott et al., 2006). As many alien 
species thrive in low-competition environments created by 
hydrological disturbances, biological invasions are often 
positively associated with the level of hydrological and 
other disturbances (M. A. Davis et al., 2000; Ricciardi et 
al., 2017).

Damming and channelization of freshwaters (streams 
and rivers) and their associated reservoirs can facilitate 
biological invasions through several mechanisms. First, 
hydrological alterations through dam constructions may 
act as reservoirs for invasive alien species and create 
new habitats which may be colonized by invasive alien 
species (Richardson, Holmes, et al., 2007). Second, water 
diversions create new hydrological connections that can 
facilitate the transfer of a broad suite of aquatic species 
(including invasive alien species) into new regions. For 
example, the Chicago Area Waterway was constructed 
more than 100 years ago to connect Lake Michigan and 
the Mississippi River, and has permitted invasive alien 
species to move south from the Great Lakes, and may 
allow invasive alien Hypophthalmichthys molitrix (silver 
carp) and Hypophthalmichthys nobilis (bighead carp) to 
spread in the opposite direction (e.g., Jerde et al., 2013). 
Similarly, the water supply to both Los Angeles and San 
Diego from the lower Colorado River below Lake Mead 
has been colonized by the biofouling Dreissena rostriformis 
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bugensis (quagga mussel; e.g., Hickey, 2010). Further, the 
South-to-North Water Transfer Project, which diverts water 
from the Yangtze River to northern China, is predicted to 
promote the further spread of an array of aquatic invasive 
alien plants, including Alternanthera philoxeroides (alligator 
weed), Pontederia crassipes (water hyacinth) and Pistia 
stratiotes (water lettuce) into northern waterbodies (D. Liu et 
al., 2017). 

Hydrological resource use that causes periodic rise and fall 
of (surface and ground) water levels can make space and 
resources available for invasive alien species to establish 
and spread in aquatic and adjacent terrestrial habitats. 
An example is the invasions of African grasses, including 
Melinis minutiflora (molasses grass), in waterlogged 
Neotropical savannahs which were driven by changes 
in the groundwater depth from hydrological disturbance 
(Xavier et al., 2017). Once an invasive alien species 
establishes, positive feedback mechanisms, occurring via 
biotic facilitation by the invasive alien species (section 
3.3.5.1), can promote subsequent biological invasions and 
promote further spread of invasive alien species, as has 
been observed for riparian habitats in Czech Republic in 
which an invasive plant, Heracleum mantegazzianum (giant 
hogweed), resulted in extensive spread in adjacent terrestrial 
landscapes (Pyšek et al., 2008). 

Hydrological alterations or disturbance (e.g., water 
abstraction) sometimes occur concurrently with other altered 
habitat conditions (e.g., dryness, salinization, erosion and 
land and sea degradation) that also favour the introduction 
and further establishment of invasive alien species. Such 
alterations in aquatic habitat have favoured establishment of 
invasive alien species such as Dreissena polymorpha (zebra 
mussel) and Potamocorbula amurensis (Amur River clam) 
in high numbers, with negative consequences for many 
pelagic and benthic fauna species, especially native mussels 
in those ecosystems (Grosholz, 2002).

3.3.2.3	 Mining (minerals, metal, fossils 
fuels) 

Mining for minerals, metals, oil and other fossil fuels is driven 
by the energy demands of modern society (Ali et al., 2017) 
and the transport of these materials accounts for 30 per 
cent of maritime traffic (IUCN, 2020) contributing to 60 per 
cent of global GDP (IPBES, 2019). Resource extraction 
activities also assist in the introduction of invasive alien 
species to new locations. While mining has a relatively small 
contribution to overall land-use change (less than about 
1 per cent of the area; Maus et al., 2020), its ecological 
footprint is large (Sonter et al., 2014). 

The transport of equipment, the construction of roads 
or harbours to access mining sites, and the associated 
increase in vehicles or ships for construction of 

infrastructure and for transport of mining products can act 
as pathways and vectors for the introduction of invasive 
alien species and pathogens, while also facilitating the 
establishment and spread of invasive alien species due to 
increased disturbance (F. Bell & Donnelly, 2006; Gelbard 
& Belnap, 2003; sections 3.3.1.3, 3.3.1.4, 3.3.1.5 and 
3.3.1.6). For example, vehicles and road drainage assisted 
in the dispersal of spores of Phytophthora lateralis, an alien 
root disease, known to infect the native Chamaecyparis 
lawsoniana (Port Orford cedar) in coal mining areas in the 
United States (Zobel et al., 1985). Similarly, the introduction 
of marine invasive alien Tubastraea spp. (sun corals) 
to Brazil was associated with towing and anchoring of 
oil platforms in coastal waters (Capel et al., 2019). The 
disturbance and disruption to landscapes caused by mining 
and resource extraction creates suitable habitats for alien 
grasses, shrubs and trees to establish and spread (Franklin 
et al., 2012; Lemke et al., 2013). This can occur across 
several different types of mining such as coal bed mining 
(Bergquist et al., 2007; Oliphant et al., 2017), open pit 
mines (Hou et al., 2019) and fossil fuel extraction activities 
(Butt et al., 2013). In the context of mining, increased 
abundance of established invasive alien species are 
associated with disturbed and fragmented of habitats, the 
removal of native vegetation cover or through the altered 
soil nutrients from mine-water discharge (Bergquist et 
al., 2007).

Mining increasingly tends to occur in remote and previously 
undisturbed areas (Butt et al., 2013), which may enhance 
the potential contribution of mining to invasive alien species 
colonization and establishment in new areas globally. 
For example, there has been a significant increase in the 
exploration of oil and gas in marine environments (Jouffray 
et al., 2020), particularly in Africa (G. Zhang et al., 2019) 
and the Arctic and Antarctic regions (Petrick et al., 2017), 
increasing the risk of biological invasions in the marine 
realm, across multiple taxa, from shipping (Seebens et al., 
2013) and discharges of ballast water (Holbech & Pedersen, 
2018). Multiple regions and ecosystems across the world 
are at risk of increased mining activity, including forests 
(Macdonald et al., 2015), mangroves (Numbere, 2019), 
the Arctic (Vestergaard et al., 2018) and oceans (Pirotta et 
al., 2019).

The restoration of post-mining landscapes may also act as 
a potential pathway for the introduction of alien and invasive 
alien species. For example, several studies highlight the 
use of alien species in restoration activities (Mayonde et al., 
2015; Oliphant et al., 2017). In South Africa, alien Tamarix 
(tamarisk) species, which have been used in the restoration 
of post-mining landscapes, have since hybridized with 
indigenous Tamarix species, posing a potential risk for 
future biological invasions by hybrids (Mayonde et al., 2015; 
section 3.3.5.1). In the United States, the planting of the 
alien shrub Elaeagnus umbellata (autumn olive) has resulted 
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in spread of the species beyond the sites of introduction, 
which hinders vegetation recovery (Oliphant et al., 2017). 
Post-mining areas may also be considered as potentially 
suitable sites for the cultivation of biofuel feedstocks from 
known invasive alien species, which may spread beyond 
the area of introduction due to the inherent invasive traits 
of the species. While the outcomes of introducing known 
invasive alien species to improve soil conditions where 
native vegetation is unable to grow due to contamination 
is beneficial, introducing new species to areas where they 
were not before (Prabakaran et al., 2019) may increase 
the risk of alien species spreading to new areas. A meta-
analysis of small mammal recovery in passive and actively 
restored mining areas (Lawer et al., 2019) found that the 
abundance of invasive alien species was significantly higher 
in actively restored areas compared to native species. 
Similarly, studies on the vegetation composition of four coal 
mines in the Yunnan Province, China, found that invasive 
alien species occur mainly in degraded areas where active 
mining or restoration activities are taking place (Hou et al., 
2019). However, invasive alien species occurrence can 
also be influenced by the type of mine and the material 
extracted (Hou et al., 2019). In a review of the recovery of 
post-mining landscapes from North America, Europe and 
Australia, Macdonald et al. (2015) found that native species 
recovery was slowed by the establishment of invasive 
alien plants.

The evidence for mining as a driver of change in nature that 
facilitates biological invasions reported in this section stems 
mainly from terrestrial and marine realms and from Europe 
and the Americas. Most evidence exists for the introduction, 
establishment and spread of plants and trees, with little 
representation of other taxa apart from mammals. 

3.3.3	 Pollution

Pollution entails releasing new chemical or physical 
substances or increasing the level or concentration of 
already-existing substances into ecosystems. Although 
there are no consistent global assessments on the increase 
and impacts of pollution, it is believed that pollution has 
increased at rates similar to the total population growth 
(IPBES, 2019). Pollution can facilitate invasive alien species 
through increasing nutrient and resource levels available 
in ecosystems, such as is the case with eutrophication 
(section 3.3.3.1), through introducing new chemical 
substances in water or soil (section 3.3.3.2) and through 
dispersal of solids (section 3.3.3.4). Marine debris (notably, 
plastics) are treated separately (section 3.3.3.3) because 
they are a major emerging issue in the context of biological 
invasions. These pollution sources stem from major 
economic (section 3.2.3) and demographic (section 3.2.2) 
indirect drivers. Section 3.3.3 thus describes evidence for 
links between specific pollutants and invasive alien species 
(Figure 3.18), and makes reference to other indirect and 
direct drivers when relevant, whereas the demographic and 
economic background of these changes are described in 
section 3.2. 

3.3.3.1	 Eutrophication and nutrient 
deposition

Eutrophication refers to the increase of macronutrients, 
primarily nitrogen and/or phosphorus in the environment. 
Major sources are fertilizer use, runoff from animal 
husbandry and combustion by-products (Stevens, 2019). 
Common pathways for eutrophication are atmospheric 
deposition (a major source of oxidized nitrogen) and 
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the transport of solid trash

Pollution can facilitate the establishment of invasive alien 
species by altering the environment (including soils). Some 
landfills can also provide new habitats and food sources for 
invasive alien species

Disposal of solid waste can lead to new introductions of 
invasive alien species

Marine debris and transport of solid trash can facilitate 
the transport of invasive alien species at short and 
long distances

Figure 3  18  	 Examples of the role of pollution as a driver of change in nature that facilitates 
invasive alien species across stages of the biological invasion process. 

Solids (marine debris, solid waste) can facilitate the transport and introduction of invasive alien species and provide habitat and 
surfaces where alien species can establish and spread. Nutrient and chemical pollution can change habitat quality, making sites more 
hospitable to invasive alien species.
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run-off (nitrogen, phosphorous and other macronutrients, 
particularly affecting freshwater and coastal systems). The 
global use of fertilizers increased linearly during the second 
half of the twentieth century (IPBES, 2019), and for many 
regions a further increase in the balance of both nitrogen 
and phosphorus in the soil is expected in the following 
decades (FAO, 2015). Accordingly, during the last decade 
alone, there was a four to 20 fold increase in nitrogen flux 
in aquatic ecosystems (IPBES, 2019). Initial emissions 
are driven by economic (section 3.2.3) and demographic 
drivers (section 3.2.2), as described in the IPBES Global 
Assessment (IPBES, 2019). Pollution may interact with land- 
and sea-use change (section 3.3.1) and climate change 
(section 3.3.4) in driving the establishment and spread of 
alien species. 

Invasive alien plant species often originate from relatively 
nitrogen-rich habitats (Dostál et al., 2013), and are hence 
hypothesized to be more likely to establish and spread 
under increased nitrogen availability. In line with this, 
replicated experiments across hundreds of sites in Arctic, 
boreal, temperate, Mediterranean and tropical grasslands 
demonstrate that nitrogen addition generally increases 
the occurrence, abundance, and impact of invasive 
alien plants, a pattern that is especially pronounced 
towards warmer and wetter sites (Borer et al., 2017; 
Seabloom et al., 2013). A review from the United States 
reported that in temperate and Mediterranean temperate 
vegetation, increased abundance of invasive alien species 
is consistently documented as an impact when nitrogen 
deposition exceeds the critical load for that vegetation type 
(Pardo et al., 2011). Nitrogen deposition and eutrophication 
have also been associated with increased abundance of 
alien tree and understory plant species in a wide range of 
other habitats, including tropical humid forests (Cusack et 
al., 2016), temperate forests (Gilliam, 2006) and European 
lowland heaths (Fagúndez, 2013). Urban and other strongly 
human-impacted areas may be especially susceptible to 
invasive alien species facilitated by eutrophication (Ladd, 
2016). Eutrophication may also interact with and feedback 
to other drivers in facilitating invasive alien species, for 
example, several reviews find that across Mediterranean-
type ecosystems, nitrogen deposition favours alien 
grasses, which accumulate dead biomass in the dry 
season, increasing wildfire risk (Ochoa-Hueso et al., 2011; 
Ochoa-Hueso & Manrique, 2010; Vasquez et al., 2008; 
section 3.3.1.5.2).

In aquatic systems, a global study of invasive alien 
chironomids found that a high proportion of the reported 
cases were from eutrophic waters, including anthropogenic 
urban lakes and drainage channels and wastewater 
treatment plants (Linders et al., 2020). Eutrophication also 
facilitates alien algae invasions in European lakes and 
streams (Wilk-Woźniak & Najberek, 2013) and aquatic plant 
invasions in China (Wu & Ding, 2019). A meta-analysis of 

drivers of change in freshwater systems revealed surprisingly 
few studies that explicitly consider alien species (Alahuhta 
et al., 2019). A review of over 400 marine algal invasions 
found that most invasive alien species were encountered 
in eutrophicated waters, but also points out that several 
vectors and disturbances correlate with eutrophication, 
and that there is a general lack of experimental studies so 
it is difficult to establish causality (S. L. Williams & Smith, 
2007). A well-studied biological invasion by the potentially 
toxic dinoflagellate Prorocentrum minimum in the Baltic 
Sea was empirically linked to eutrophication (Hajdu et 
al., 2005). Eutrophication caused by aquaculture can be 
particularly conducive to macroalgal invasion in former 
seagrass beds (Boudouresque et al., 2021; Gennaro & 
Piazzi, 2011). Extreme eutrophication in aquatic systems 
can lead to hypoxia. Upon recovery, empty niches may be 
filled with opportunistic invasive alien species, as shown 
for an invasive alien nematode which dominates areas of 
the recovering Ems estuary on the border between the 
Netherlands and Germany (Essink, 2003). 

Studies of eutrophication as a driver affecting invasive alien 
species are most often focused on plants and algae as they 
are autotrophic and take macronutrients up directly from 
the environment. Such studies focus on the establishment 
and spread phase of the biological invasion process and 
most focus on alien species of vascular plants in Europe 
and North America (the geographic bias in these studies 
largely reflecting overall bias in the location of scientific 
studies). The available evidence suggests that the role of 
eutrophication in driving biological invasions is often variable, 
and both species- and system-specific. On one hand, alien 
species that respond positively to nitrogen availability in their 
native range also tend to respond positively to high nutrient 
availability in their invaded ranges (Borer et al., 2017). On 
the other hand, in the absence of extrinsic nutrient addition, 
or in systems where nutrient addition per se does not lead 
to increased productivity or growth, such as for example 
in tropical forests, alien species can nevertheless benefit 
from nutrient addition (Cusack et al., 2016). Marine studies 
are particularly focused on the spread of invasive alien 
species in Mediterranean seagrass ecosystems.7 Authors 
found no studies directly linking eutrophication to terrestrial 
vertebrate invasions, despite the potential for a link between 
soil nitrogen and invasive alien herbivores via bottom-
up processes.

3.3.3.2	 Other contaminants in water and 
soil

Human modification of environments due to high pressure 
on direct exploitation of natural resources (section 3.3.2), 
land-use change (section 3.3.1) and urbanization (section 

7.	 Data management report available at https://doi.org/10.5281/
zenodo.5529309

https://doi.org/10.5281/zenodo.5529309
https://doi.org/10.5281/zenodo.5529309
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3.2.2.4) has led to deposition of diverse contaminants in 
soil and water. Construction and maintenance of roads 
introduces metals (especially lead, but also aluminium, 
iron, cadmium, copper, manganese, titanium, nickel, 
zinc and boron), salts, ozone and nutrients into roadside 
environments (Trombulak & Frissell, 2000). This introduction 
creates an opportunity for alien species that are highly 
tolerant to contaminants to establish in areas where native 
species are struggling. For example the roadside Melinis 
repens (natal redtop) is a common naturalized species in 
Australia and high levels of trace metal were found in its 
tissues (C. Pratt & Lottermoser, 2007). Zhang et al. (2008) 
found that higher tolerance to lead stress enabled the 
alien Sambucus canadensis (American black elderberry) 
to outperform the native Kummerowia striata (Japanese 
lespedeza) and may have promoted its rapid establishment 
in lead contaminated soil. In Brazil, in a rocky neotropical 
savannah, Barbosa et al. (2010) found that paved roads, 
by reducing aluminium toxicity, favour alien species and 
helps them during the first stages of the biological invasion 
process. However, in some cases, soil contamination can 
also limit the fitness of invasive alien species and influence 
the dynamics between invasive alien and native species. 
De la Riva and Trumble (2016) investigated the effect of 
selenium on reproduction and competitive behaviour of the 
invasive alien Linepithema humile (Argentine ant) and found 
environmental toxins may not only pose problems for native 
ant species, but may also serve as a potential obstacle for 
establishment among alien species; Linepithema humile 
reproduced less when exposed to selenium. 

Pollutants in aquatic systems, including metals contained 
within antifouling paints, can enhance the establishment 
success of invasive alien species (Piola & Johnston, 2008), 
particularly those that have a positive association with 
metal contamination such as the invasive alien hull-fouling 
bryozoan Watersipora subtorquata (McKenzie et al., 2012). 
Additionally translocations of static maritime structures 
and movement of semi-submersible rigs continue apace 
in the Anthropocene and so act as largely overlooked 
and unregulated vectors of marine invasive alien species 
(Iacarella et al., 2019; Wanless et al., 2010). Also, water 
pollution caused by high alkalinity and nitrate concentration 
(section 3.3.3.1) is associated with the occurrence of 
aquatic invasive alien species that are among Europe’s top 
10 invasive alien species, such as Dreissena polymorpha 
(zebra mussel), Procambarus clarkii (red swamp crayfish) 
and Salvelinus fontinalis (brook trout) (Gallardo, 2014).

3.3.3.3	 Marine debris

Marine debris is defined as “any persistent manufactured 
or processed solid material discarded, disposed of or 
abandoned in the marine and coastal environment” 
(Agamuthu et al., 2019), thus dispersal of any alien species 
through marine debris is considered anthropogenic. The six 

main categories of marine debris are plastic, paper, metal, 
textile, glass and rubber (Agamuthu et al., 2019). Plastic 
comprises 50 to 90 per cent of the total marine debris 
found globally (Eriksen et al., 2014). A 2014 estimate of the 
amount of plastic pollution floating on the ocean revealed 
that there is a minimum of 5.25 trillion particles weighing 
268,940 tons (Eriksen et al., 2014). In the absence of 
further regulations, the amount of plastic entering aquatic 
ecosystems annually is expected to increase from 14 million 
tons per year in 2016 to 23-37 million tons per year by 
2040 (United Nations Environment Programme, 2021). 
This burgeoning amount of plastic debris in the ocean has 
created unprecedented opportunities for the dispersal of 
marine organisms through rafting, representing a potential 
mechanism for biological invasions. Floating marine debris 
can disperse attached organisms significant distances 
depending on the ocean current speed and direction, and 
thus facilitates first introductions (via long-distance transport) 
to a new region, and secondary spread (short-distance 
transport) within an invaded region (Rech et al., 2016). 
Floating plastic degrades much more slowly than natural 
rafting material and therefore is a potentially more potent 
vector for long-distance dispersal of invasive alien species 
(Agamuthu et al., 2019).

Flotsam and jetsam (floating debris) usually start their 
floating journey in a “clean” state (i.e., free of fouling 
biota). Debris provides a new habitat for marine species 
adding new surfaces for colonization by organisms. 
Because debris usually spends a long time periods in the 
marine environment, debris often hosts an extensive and 
reproductively active fouling biota, before becoming part of 
marine floating litter (Kiessling et al., 2015). For example, 
in Colombia, 86 per cent of marine debris is composed 
by wooden materials and plastic litter, which generate the 
optimal conditions for species to float away and colonize 
novel areas. Indeed, this study found that 62 per cent of 
the surveyed beaches were found to have marine fauna 
using floating plastic or wood as a substrate for potential 
rafting and dispersal (Gracia C. et al., 2018). Organisms 
ranging from algae to reptiles (i.e., iguanas) have been 
observed to raft on floating objects, but the most common 
species include barnacles, polychaete worms, bryozoans, 
hydroids and molluscs. There is evidence for the transport 
of 270 species belonging to 85 taxa, including at least 
five invasive alien species on floating objects on the sea; 
however this phenomenon is likely still underestimated due 
to the limited number of studies and observations at the 
species level (Avio et al., 2017). The highest numbers of 
rafting taxa on floating litter were found in the Pacific and 
North Atlantic, which might be explained by the overall high 
research effort undertaken in these regions (Kiessling et 
al., 2015).

Marine plastic debris is largely attributed to fisheries and 
leisure or household gear (Gracia C. et al., 2018). Off the 
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Asturian coast, Spain, rafting biota identified included 
species of goose barnacles, acorn barnacles, bivalves, 
gastropods, polychaetes and bryozoan, and hydrozoan 
colonies attached to stranded litter, many of which were 
alien species, such as Magallana gigas (Pacific oyster) and 
Austrominius modestus (Australian barnacle) (Rech et al., 
2018). Plastics, except for foam, sustained a more diverse 
attached community than non-plastic materials (Rech et al., 
2018). Another study carried out in New Zealand identified 
that the most common biofouling taxa traveling in marine 
debris were hydroids, bryozoans, algae and polychaetes 
(Campbell et al., 2017). Off the Cantabrian Coast, alien 

species expansions could be reinforced by the presence of 
manufactured objects in the sea. Austrominius modestus, 
Magallana gigas, the potentially invasive alien Amphibalanus 
Amphitrite (striped barnacle) and other 14 species were 
found attached to plastic bottles and fishing gear, in 
particular on ropes (Miralles et al., 2018). Off the west 
coast of Svalbard, a study that assessed the density of 
macro-plastic litter and the biota established on them found 
that the largest objects (fishing boxes, containers) were 
colonized by Semibalanus sp. (barnacles), Lepas sp. (goose 
barnacles), Mytilus sp. (blue shells), bryozoans and marine 
macro-algae. 

Box 3  8  	 The spread of invasive alien species on Japanese tsunami marine debris.

On the 11 March 2011, an undersea megathrust earthquake 
struck Japan and created a tsunami on its East coast 
(specifically in the Tohoku coast of Northeast Honshu, 
Japan) that reached 38.38 m in height (Carlton et al., 2017; 
Shimada, 2016). The tsunami produced abundant marine 
debris and caused the translocations of multiple taxa that were 
concentrated in the Pacific Northwest of the United States. 
At least 289 living Japanese coastal marine species have 
been found since 2012 on the coastlines of North America 
and Hawaii; the biota included macroinvertebrates, fish, 
microinvertebrates and protists (Carlton et al., 2017). According 
to Miller et al. (2018), one of the most common species arriving 

on Japanese tsunami marine debris is Mytilus galloprovincialis 

(Mediterranean mussel). During the following years after 
the tsunami, various reports associated the appearance of 
new invasive alien species, not previously reported, with this 
event. The establishment of rafting species will depend on the 
number and frequency of reproductively viable individuals being 
transported on the marine debris coupled with the presence 
of suitable environments in the recipient range (Carlton et al., 
2017). The tsunami occurred early in the breeding season 
for many coastal species, which may have contributed to a 
successful settlement on Japanese tsunami marine debris (J. A. 
Miller et al., 2018).

Figure 3  19  	 Marine debris caused by the 2011 tsunami in Japan.

The derelict was discovered off the coast of Seal Rock, Oregon, USA in April 2015 after having been missing from Japan since 
the tsunami on 11 March 2011. Photo credit: John W. Chapman – under license CC BY 4.0.
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The rafting of groups of adult organisms favours their better 
biological dispersal compared to larval transport, and is 
regarded as the main reason for reappearance of the genus 
Mytilus on Svalbard (Weslawski & Kotwicki, 2018). In the 
western Mediterranean Sea, plastics were the major type 
of debris found because of its poor degradability; however, 
glass, cans, fishing nets and polyurethane containers were 
also found. Macro-benthos living on raft material comprised 
mainly molluscs, polychaetes and bryozoans, large fish were 
found commonly below large plastic bags, while following 
resources linked with the bags, these fish might move 
outside of their native range (Aliani & Molcard, 2003). Non-
plastic objects, while less abundant and less ephemeral, can 
still help in spreading invasive alien species, as shown by an 
example of 10 alien mollusc species found on a single buoy 
(Ivkić et al., 2019).

Marine debris can interact with other drivers in facilitating 
biological invasions. Notably, natural disasters can enhance 
the movement of invasive alien species traveling on 
marine debris (section 3.4.1). For several years following 
the Japanese tsunami in 2011, debris with living species 
from Japan has landed on coastlines from Midway Atoll 
to Hawaii Island and from south central Alaska to central 
California (Box 3.8). Using the data from this event to 
model potential establishment, Simkanin et al.(2019) found 
that of 48 invertebrate and algal species on the Japanese 
tsunami marine debris, 27 per cent (13 species) had landed 
on Asturian coast locations with suitable environmental 
conditions for establishment and survival, and a further 
43 per cent (21 species) had environmental requirements 
met in other areas where tsunami debris likely landed (but 
had not been documented). 

3.3.3.4	 Dispersal of solid waste

In 2016, humans generated over 2 billion tons of municipal 
solid waste, and by 2050 this number is predicted to 
increase to 3.4 billion (Kaza et al., 2018). Solid waste can 
both transport and sustain a high variety of alien organisms, 
thus contributing to the spread of invasive alien species. 
A global review reported the establishment of 215 alien 
plant species in waste disposal sites (Plaza et al., 2018). 
In Pakistan, industrial waste increased the recruitment of 
the invasive alien tropical trees Prosopis juliflora (mesquite) 
and Leucaena leucocephala (leucaena) (Uzair et al., 2009). 
In central Brazil, the dispersal of the invasive alien grass 
Arundo donax (giant reed) seems to be assisted by the 
disposal of construction waste (Simões et al., 2014). 
Disposal of garden waste may facilitate the spread of 
ornamental alien plant species, as examples, in Spain the 
cactus Opuntia engelmannii subsp. lindheimeri (Lindheimer 
pricklypear; Elorza et al., 2004), in Argentina, the fast-
growing liana Podranea ricasoliana (pink trumpet vine; 
Hurrell et al., 2012) and the rhizomatous fern Pteris parkeri 
(Cretan brake; Guerrero, 2017). Dumping garden waste in 

close proximity to watercourses contributed to the spread 
of Reynoutria sachalinensis (giant knotweed) and Reynoutria 
japonica (Japanese knotweed) in riparian habitats in the 
Czech Republic (Pyšek & Prach, 1996). Irresponsible 
disposal of fragments of alien aquarium macrophytes 
and macroalgae may promote their introduction and 
spread in nature (Cohen et al., 2007; Odom et al., 2014; 
Vranken et al., 2018). Waste disposal sites are a source 
of propagules of alien plants that can spread into natural 
habitats. In central Brazil, savannah adjacent to landfills 
has ten times more alien species than nearby savannah 
not adjacent to landfills (Santana & Encinas, 2008). Urban 
mixed deciduous forest sites in Switzerland close to 
illegal garden waste dumping areas exhibit over 30 times 
more alien species than nearby control areas (Rusterholz 
et al., 2012). In addition, landfill areas used for compost 
production may contain many alien plants (Vaverková et al., 
2020), so that the distribution and use of this compost, for 
example in agriculture, could promote biological invasions 
(Pietsch, 2005).

Waste disposal sites are often used as a food source by 
alien vertebrates found close to urban areas (section 
3.2.2.4), such as Rattus norvegicus (brown rat), Felis 
catus (cat) and Sus scrofa (feral pig) (Plaza & Lambertucci, 
2017). Food waste has been found to be an important 
item in the diet of feral cats in Mexico (Ortiz-Alcaraz et al., 
2017) and Australia (Hutchings, 2003), and a rubbish tip 
in Australia supported a high density of feral cats (Denny 
et al., 2002). Among alien birds, food waste consumption 
has contributed to the establishment and spread of 
Threskiornis aethiopicus (sacred ibis) in the United States 
(Calle & Gawlik, 2011) and Western Europe (Clergeau & 
Yésou, 2006), as well as for Passer domesticus (house 
sparrow) in urban sites in Kenya (Imboma, 2014). In 
eastern Madagascar, the abundance of the invasive 
alien Duttaphrynus melanostictus (Asian common toad) 
is positively related to the presence of rubbish dumps 
(Licata et al., 2019). Disposal of green waste containing 
small alien vertebrates may also contribute to their spread, 
as was possibly the case during the rapid expansion of 
Leiocephalus carinatus armouri (northern curly-tailed 
lizard) in Florida (H. T. Smith & Engeman, 2003). In South 
Central United States, landfills facilitate the establishment 
and spread of Paratrechina fulva (tawny crazy ant; ISAC, 
2016). In South America, waste disposal sites provide food 
and hiding sites for Lissachatina fulica (giant African land 
snail; Gregoric et al., 2013; Kaique & Nara, 2017; Thiengo 
et al., 2007). Alien species account for 30 per cent of the 
richness and abundance of macro-snails in landfills in the 
United Kingdom (Rahman et al., 2016). The accumulation 
of water in solid waste disposed in urban areas favours 
the proliferation of alien mosquitos of the genus Aedes, 
which are vectors of several diseases that affect humans 
(e.g., Aedes aegypti (yellow fever mosquito); Baldacchino et 
al., 2015).
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In summary, the disposal of solid waste has contributed to 
the introduction, establishment and spread of a wide variety 
of alien plant and animal species in terrestrial and aquatic 
habitats across continents. Most of the studies took place in 
Europe and North America. There is a lack of studies in the 
East Asia and Pacific regions, where the highest amount of 
solid wastes are produced (Kaza et al., 2018).

3.3.4	 Climate change

Anthropogenic climate change has emerged as a dominant 
threat to Earth’s biodiversity and ecosystems over the last 
few decades, altering species’ ranges and abundances, 
reshuffling biological communities, restructuring food webs, 
and altering ecosystem functions (IPBES, 2019; IPCC, 
2022). Alterations in global temperature and precipitation 
regimes are predicted to facilitate biological invasions by 
increasing the likelihood of introduction and establishment 
of invasive alien species in many areas, thus increasing the 
potential invaded range of invasive alien species (Hellmann 
et al., 2008; IPBES, 2019; IPCC, 2022; Walther et al., 2009). 
Climate change may further facilitate biological invasions by 
increasing rates of reproduction and survival in sites where 
invasive alien species are already present, hence facilitating 
their establishment and further spread (Chown et al., 2012; 
Fløjgaard et al., 2009; Loomans et al., 2013). The range 
or population growth rates of some alien species may 
currently be limited by climatic variables which may become 
more favourable in the future (e.g., low temperature, low 
precipitation in regions where these climate factors show 
increasing trends; Bradley et al., 2010; Ibáñez et al., 2009; 
O’Donnell et al., 2012). Some studies based on bioclimatic 

models predict that more frequent extreme events may 
have potential to trigger or alter the trajectory of biological 
invasions (Hulme, 2017; Pyšek et al., 2020). While models 
and projections point to potentially strong impacts of climate 
change on biological invasions (section 3.6.3, Box 3.14), 
empirical data that unambiguously attribute shifts in alien 
species’ distributions and abundances to climate change 
are rare.

Climate change entails shifts in both mean conditions and 
the frequency and magnitude of climatic extremes, all of 
which can have consequences for biological invasions. 
This section synthesizes knowledge about how invasive 
alien species are affected by changes in temperatures 
(section 3.3.4.1), precipitation regimes (section 3.3.4.2), 
extreme events (section 3.3.4.3), CO2 concentrations 
(section 3.3.4.4), fire frequencies and magnitudes (section 
3.3.4.5), sea level rise (section 3.3.4.6), and, assisted 
colonization is an example of a climate mitigation strategy 
with high relevance for invasive alien species (Box 3.9). 
Climate change results from major economic (section 
3.2.3) and demographic (section 3.2.2) indirect drivers 
over long timescales. Section 3.3.4 describes evidence for 
links between specific climatic changes and invasive alien 
species (Figure 3.20), and makes reference to other indirect 
and direct drivers when relevant. The demographic and 
economic background or these changes are described in 
section 3.2. 

3.3.4.1	 Temperature change

Global mean surface temperature is projected to rise 
between 1.4°C and 4.4°C by the end of the twenty-first 
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Climate change enhances the competitive ability of established 
alien species and extends areas suitable for invasive alien species, 
which might offer new opportunities for introductions
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Figure 3  20  	 Examples of the role of climate change as a driver of change facilitating 
invasive alien species across stages of the biological invasion process. 

Extreme events may facilitate transport, changes in climatic conditions may enhance survival, reproduction, and competitive ability, 
which in turn increases introduction establishment and spread, of alien species. Climate change may extend the geographic ranges 
potentially suitable for invasive species, providing potential feedback from spread (within the invaded range) to transport (to new areas 
beyond the current invaded range). Adapted from Walther et al. (2009).
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century (2081–2100) relative to 1986–2005, depending on 
how greenhouse gas emissions develop (Arias et al., 2021; 
IPCC, 2014, 2021). Warming seems to be strongest at high 
northern latitudes and with variable rates in mountainous 
biomes in comparison to lowlands (Loarie et al., 2009; 
Mountain Research Initiative EDW Working Group, 2015; 
C. Nolan et al., 2018; Q. Wang et al., 2016). The warming 
is associated with other changes in ecosystems such as 
contraction of snow cover and permafrost areas (Luláková 
et al., 2019) and increased risk of heat and precipitation 
extremes (IPCC, 2007, 2021) affecting the productivity and 
water-use efficiency and spatial shifts of habitats (Svenning 
& Sandel, 2013). 

The general expectation is that with increasing temperatures, 
some established alien species will be able to expand 
their ranges polewards and to high elevations and thus 
expand their introduced ranges without additional human 
assistance. Warming is a major component in forecasts 
of the responses of 100 of the world’s worst invasive alien 
species to climate change, according to the International 
Union for Conservation of Nature (IUCN), who project 
significant range shifts, and hence further spread of invasive 
alien species within and beyond their current invaded 
ranges (Bellard et al., 2013). For example, outbreaks of 
bluetongue virus, a disease of ruminants transmitted by 
Culicoides species (biting midges), occurred for the first 
time in northern Europe in 2006 as a result of warmer 
temperatures. In the future, these northern regions will 
become increasingly suitable for this midge vector, which 
could spread unaided on prevailing winds (A. E. Jones 
et al., 2019). Increased temperatures may benefit the 

establishment of some alien species regularly intercepted 
at the border by quarantine officers as contaminants of 
goods (particularly agricultural and horticultural produce) or 
stowaways on transport vectors (such as in or on boats). 
Since the 1970s, the establishment in the United Kingdom 
of alien invertebrate plant pests intercepted at ports of entry 
or for which outbreaks have been reported is positively 
correlated with average winter temperatures, but no such 
relationship was found for plant pathogens (Hulme, 2017). 
However, increases in winter temperature was found to 
facilitate the spread of plant pathogens in North America 
(Kliejunas, 2011).

Climate change may increase the probability of 
establishment and spread of alien species that are currently 
present in a particular region in anthropogenic environments 
such as buildings, glasshouses, and gardens but are limited 
by climate from surviving in nature. For example, in the 
United Kingdom warmer winter temperatures are expected 
to increase the probability that Liriomyza huidobrensis 
(serpentine leafminer) and the soil-borne Athelia rolfsii 
(sclerotium rot), currently found in glasshouses, will be able 
to overwinter outside and consequently establish (Baker et 
al., 1996; Hardwick et al., 1996). Similarly, casual annual 
C4 weeds (e.g., Setaria viridis (green foxtail), Digitaria 
sanguinalis (large crabgrass)) that do not tolerate frost 
and thus do not currently survive the winter in the United 
Kingdom may become problematic in arable agriculture 
in a warmer future when this constraint is lifted, especially 
as they are well-adapted to high temperatures that some 
British native plants may not tolerate as well (Froud-Williams, 
1996). For insects in temperate regions, a major effect 

Box 3  9  	 Assisted colonization.

Species translocations for conservation purposes have been 
conducted for decades, but the vast majority are reintroductions 
or population enhancements of species within their historical 
range, whereas assisted colonization (variously termed “assisted 
colonization”, “assisted migration” and “managed relocation”; 
Hoegh-Guldberg et al., 2008; J. M. Mueller & Hellmann, 2008; 
Richardson et al., 2009) is concerned with moving species into 
areas beyond the range in which they have a recent evolutionary 
history. Assisted colonization could become a significant driver 
facilitating biological invasions in the future as climate change 
adaptation and ecosystem restoration strategies increasingly 
argue for species translocation (D. M. Hansen, 2015; Lunt et al., 
2013). Thus far, assisted colonizations of animals have typically 
involved relatively short-distance translocations, most often to 
islands (e.g., Freifeld et al., 2016; Griffiths et al., 2010; Scoleri et 

al., 2020). Since the mid-2000s there have been an increasing 
number of proposals to intentionally introduce plants and 
animals to favourable habitats beyond their historical ranges, 
with the goal of protecting such species against climate change 
and other environmental stressors (Seddon, 2010). 

It has been proposed that decisions regarding assisted 
colonization schemes can be guided safely by an assessment of 
the costs and benefits of translocation (Hoegh-Guldberg et al., 
2008), including the potential ecological or economic impacts 
of biological invasions. Others have argued that the ability of 
ecologists to forecast ecological costs is weak (Ricciardi & 
Simberloff, 2009). Some researchers suggest that the risks of 
ecological disruption can be reduced by moving species within 
the same continent (J. M. Mueller & Hellmann, 2008), especially 
where closely related species exist. In such situations the 
translocated species is less likely to encounter communities that 
lack eco-evolutionary experience with functionally similar taxa 
and thus the species’ abundance and impact are more likely 
to be constrained through species interactions; however, this 
rationale ignores risks of hybridization, competitive displacement 
and disease transmission (Arcella et al., 2014; Morales et al., 
2013; Simler et al., 2019). Given the global influence of climate 
change as a stressor, the issue of assisted colonization is 
relevant to biotas in all regions and terrestrial, freshwater and 
coastal marine realms.
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of climate warming is enhanced individual growth and 
development and consequent increased winter survival, 
allowing range expansion to more northerly latitudes (Bale 
et al., 2002). Thus several invasive alien insect species, 
many of which are crop pests and diseases, may expand 
their ranges northward and upward under climate change 
(Lehmann et al., 2020). In aquatic systems, substantial 
non-breeding populations of the Trachemys scripta (pond 
slider) have persisted for some time in regions where climate 
change could soon facilitate reproduction and subsequent 
establishment and spread (Rödder et al., 2009). Similarly, 
warming of North American lakes is likely to increase 
thermal suitability for species of fishes currently with a more 
southerly distribution, including many alien species, that 
could potentially expand their distribution poleward into 
alien regions, potentially as far as the Arctic (Ricciardi et 
al., 2020).

Several empirical studies support and confirm some 
of these projections. Higher temperatures, extended 
summer seasons, and increasing available thermal budget 
for growth are recognized as potential explanations for 
ongoing polewards shifts in species’ distributions (S. C. 
Mason et al., 2015; Parmesan & Yohe, 2003). There is 
evidence that alien species may be especially well-suited 
to exploit opportunities for range expansions offered by 
warming. For example, over the past two decades, alien 
plant species in the European Alps have colonized higher 
altitudes approximately twice as rapidly as native species 
(Dainese et al., 2017). As another example, the majority of 
alien species in the Mediterranean originate from the Red 
Sea (i.e., Lessepsian migrants; about 67 per cent of all alien 
species; section 3.3.1.3, Box 3.7), with a small proportion 
(about 7 per cent) from other tropical areas. These alien 
species have long been confined to the easternmost 
Levantine shores, and the warming of the Mediterranean is 
now facilitating their further spread (Lejeusne et al., 2010). 
Temperature has been found to limit key performance 
parameters in alien species across taxonomic groups and 
regions, including fecundity in mammals (D. J. Bell & Webb, 
1991), fish (Fobert et al., 2011) and birds (Shwartz et al., 
2009); growth in marine algae (Hales & Fletcher, 1989) and 
fish (Kornis et al., 2012); survival in amphipods (Ashton et 
al., 2007; Cowling et al., 2003) and mosquitoes (Roiz et al., 
2011) and growth, survival and fecundity in plants (Willis 
& Hulme, 2002). However, temperature sensitivity in such 
performance parameters does not automatically translate 
into increased performance in a warming climate. For 
example, in the United Kingdom, alien plants have a faster 
phenological response to warming than co-occurring native 
species, yet this has not translated into a faster spread 
(Hulme, 2011b).

As climate change progresses, some regions, biomes 
and taxonomic groups will be subjected to climates not 
previously encountered, and invasive alien species are 

projected to either decrease or increase (Bellard et al., 
2013b; Chapter 2, section 2.6). Bellard et al. (2013) 
project future hotspots of invasive alien species to be in 
biomes at higher latitudes where future climate change is 
projected to be less extreme (e.g., temperate mixed forests 
and woodlands) whereas biomes expected to shift into 
extreme climatic zones (e.g., tropical forest) may experience 
a decrease in number of invasive alien species. The ranges 
of invasive alien terrestrial and aquatic invertebrates, aquatic 
plants and microorganisms are projected to increase, 
whereas the ranges of invasive alien amphibians, birds and 
fungi could experience range contractions under future 
climate projections (Bellard et al., 2013b; Chapter 2, 
section 2.6).

3.3.4.2	 Precipitation change

Climate change has caused an increase in global average 
precipitation since the mid-twentieth century, which 
has been accelerating since the 1980s, but with great 
regional and temporal variability, so that precipitation is 
increasing in some regions, decreasing in others, with 
interannual variability and seasonality also changing (IPCC, 
2021). Few studies explicitly link biological invasions to 
precipitation change, and effects of precipitation change 
may relate both to water per se and to consequences for 
disturbance regimes or dispersal. Precipitation extremes 
cause disturbances which can create open sites suitable 
for colonization, especially in and along streams where 
precipitation extremes may also be associated with 
increased propagule pressure, leading to increased risk 
of biological invasions (Pyšek, Bacher, et al., 2010). For 
example, drought and changes in flow regimes of rivers and 
streams (which are of relevance for precipitation change) 
can facilitate the spread of invasive alien plant species along 
streams in Europe, both directly and through negatively 
affecting the native plant community (Catford et al., 2011, 
2014). As another example, invasive alien European Bromus 
spp. grasses in North America can exploit available soil 
moisture more efficiently and thus recover more rapidly than 
native vegetation after drought enabling them to invade 
areas formerly dominated by native woody species following 
periods of drought (Ricciardi et al., 2020). Precipitation 
changes may interact with temperature changes in affecting 
future ranges of invasive alien species. For example, the 
potential invaded range of Bactrocera dorsalis (Oriental 
fruit fly), a major pest throughout South East Asia that 
has invaded (and been eradicated from) a number of 
Pacific Islands and mainland areas in North America and 
elsewhere is projected to extend further polewards as cold 
stress boundaries recede, but also contract in areas where 
precipitation decreases substantially (Stephens et al., 2007). 
In North America, concurrent changes in precipitation and 
temperature are projected to extend the potential invaded 
range for many invasive alien species of forest ecosystems 
(Dukes et al., 2009). In particular, forest fungal pathogens in 
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Europe (123 taxa, of which 42 per cent are considered to 
be alien species) and North America (18 taxa) are sensitive 
to both low temperatures and drought, and are generally 
expected to extend their invaded ranges with increasing 
temperature and precipitation (Dukes et al., 2009; Santini 
et al., 2013). Precipitation change may also affect the 
distribution of invasive alien insects. Solenopsis invicta 
(red imported fire ant) was introduced to the United States 
from sub-Amazonian South America (native range) in the 
1930s or 1940s, and has since expanded throughout North 
America and to Australia and New Zealand along with a 
number of tropical islands. The potential invaded range of 
the red imported fire ant is limited by both low temperature 
and low precipitation, and future projections entail both 
expansions and contractions, the latter largely in areas 
where precipitation is projected to decrease (Morrison et 
al., 2004).

3.3.4.3	 Climate extremes

Anthropogenic climate change is causing increasing 
frequency and/or intensity of climate extremes, including 
temperature extremes, heavy precipitation and pluvial 
floods, river floods, droughts, storms (including tropical 
cyclones), as well as compound events (IPCC, 2021). 
High-temperature extremes (including heatwaves) have 
become more frequent and more intense across most 
land regions since the 1950s, and marine heatwaves have 
approximately doubled in frequency since the 1980s (IPCC, 
2021). The frequency and intensity of heavy precipitation 
events have increased since the 1950s over most land area, 
and agricultural and ecological droughts have increased 
in some regions due to increased land evapotranspiration 
(IPCC, 2021). Climate extremes can cause dramatic 
ecosystem destabilization and an abrupt shift towards an 
alternative ecosystem state (Jentsch et al., 2007), which 
may affect all stages of the biological invasion process 
(i.e., transport, introduction, establishment and spread; 
Chapter 1, section 1.4) (Hulme, 2017). However, global 
and quantitative assessments on the response of invasive 
alien species to extreme climatic events seem to be limited 
even for generally better-studied taxonomic groups such as 
plants (Orsenigo et al., 2014) and insects (Bale et al., 2002). 

There is evidence that climate extremes (e.g., heavy winds, 
hurricanes, storms and floods) enhance long-distance 
transport and spread of invasive alien plants, vertebrates, 
invertebrates and invasive alien species that are agricultural 
pests and pathogens (Aylor, 2003; J. K. M. Brown & 
Hovmøller, 2002; Diez et al., 2012; Hellmann et al., 2008; 
Nagarajan & Singh, 1990). In terrestrial ecosystems, extreme 
hurricanes in Northern and Central America resulted in 
the long-distance spread of invasive alien weeds (Masters 
& Norgrove, 2010), alien vertebrates (e.g., Iguana iguana 
(iguana) and Osteopilus septentrionalis (Cuban treefrog); 
van den Burg et al., 2019) and diseases (Xanthomonas 

axonopodis (gummosis: grasses); Masters & Norgrove, 
2010). The frequency of hurricanes positively relates with 
the large-scale pattern of spread of alien Phragmites 
australis (common reed) in the United States (Bhattarai & 
Cronin, 2014).

In freshwater and marine biomes, extreme hydrological 
events (sometimes caused by strong winds) such as 
storms and floods may facilitate the transport, spread and 
establishment of invasive alien aquatic organisms (Anufriieva 
& Shadrin, 2018). Severe floods may allow fishes to escape 
from farm ponds and culture cages into natural water 
bodies (Canonico et al., 2005). The Foe Indigenous People 
around Lake Kutubu in the Southern Highlands Province of 
Papua New Guinea have also observed the role of climate 
extremes in facilitating biological invasions. The shift from 
artisanal small-scale fishing to fish farming introduced 
alien fish (e.g., Cyprinus carpio (common carp)) and plants 
(Pontederia crassipes (water hyacinth)) to fish farms, which 
then escaped into Lake Kutubu during heavy rains of 2010-
2012 (P. T. Smith et al., 2016). 

In polar ecosystems, genomic analyses revealed that 
Durvillaea antarctica (cochayuyo) has recently travelled more 
than 20,000 km by storm-forced surface waves (or oceanic 
storm waves) and reached Antarctica from mid-latitude 
source populations (C. I. Fraser et al., 2018). In subarctic 
regions, extreme heatwaves cause hypoxia and high water 
temperatures, which seem to lead to widespread mortality 
of native freshwater fishes and facilitate the invasion of cool 
and warm water alien species (Rolls et al., 2017). 

Increased incidence and severity of heavy winds may also 
facilitate increased seasonal northward spread of plant pests 
and pathogens (Aylor, 2003; J. K. M. Brown & Hovmøller, 
2002; Hopkinson, 1999; Olfert et al., 2016, 2017), resulting 
in biological invasions beyond the current northern 
range limit of these species. For example, cereal rusts 
(Pucciniales) typically overwinter on cereals and grasses in 
the southern United States and northern Mexico, and the 
spores are blown northward in the spring or early summer 
by wind currents, affecting winter and spring cereal crops 
(Eversmeyer & Kramer, 2000; Xi et al., 2015). Increased 
incidence and severity of heavy winds under climate change 
may enhance transport of rust species into the United 
States and Canada, thus facilitating biological invasions 
(Eversmeyer & Kramer, 2000; Xi et al., 2015).

Extreme climatic events that cause catastrophic and 
widespread damage to ecosystems often increase the 
availability of resources such as water, nutrients, space 
and prey for alien species (Diez et al., 2012; Hellmann et 
al., 2008). In Australian rainforests, severe cyclones cause 
catastrophic disturbance by opening canopy gaps, thereby 
facilitating the rapid recruitment and spread of alien woody-
vines (e.g., Thunbergia spp., Mikania micrantha (bitter vine) 
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and Turbina corymbosa (Christmas vine); Camarero, 2019). 
Hurricane Sandy in the United States caused catastrophic 
coastal dune erosion and thereafter an alien Carex 
kobomugi (Asian sand sedge) established (Charbonneau 
et al., 2017). Also, heavy drought can cause fire activity 
(e.g., 2019-2020 mega-fires in Australia and 2019 California 
wildfires, Chapter 1, Box 1.4), resulting in enhancement 
of the spread of invasive alien trees from plantation forests 
(section 3.3.4.5).

Extreme climatic events may also often stress and cause 
catastrophic mortality of resident native species, resulting 
in decreasing biotic resistance of native communities to 
the establishment and subsequent spread of invasive alien 
species (Diez et al., 2012; Hellmann et al., 2008; section 
3.3.5). In semi-arid shrublands of Chile, a study based 
on 130 years of precipitation data showed that extreme 
drought, associated with El Niño effects, led to increased 
alien plant cover at the expense of native plants (Jiménez et 
al., 2011). Similarly, using a mesocosm experiment across 
a precipitation and continental gradient between Belgium 
and Israel, Jentsch et al. (2007) found that drier ecosystems 
showed decreased biomass production after extreme 
droughts, facilitating invasive alien species establishment. 
These climatic extreme events also affected the resilience of 
marshes and riparian ecosystems. In Mexico, the vegetation 
of San Jose del Cabo (estuary) is resilient to hurricanes, but 
the vegetation cover loss due to the increased runoff caused 
by stronger hurricanes generated clearings that favoured 
the establishment of invasive alien species such as Arundo 
donax (giant reed) and Tamarix sp. (tamarisk) (Shiba-Reyes 
et al., 2021). 

Extreme climatic events can also act as a driver affecting 
the decline of invasive alien species. For example, a heavy 
drought in North America between 1987 and 1988 has 
led to the declines of 10 alien insect herbivore species 
in the following few years (Ward & Masters, 2007). An 
extreme cold spell in southern Florida led to declines in the 
abundance of an alien species, Centris nitida (oil-collecting 
bee), previously introduced from Mexico and Central 
America (Downing et al., 2016).

3.3.4.4	 Carbon dioxide enrichment in 
air, water 

The concentration of atmospheric CO2 in 2019 was 45 per 
cent higher (410 ppm) than in 1750; and in part excess 
CO2 released from anthropogenic sources has been taken 
up by the oceans, ultimately leading to decreasing pH 
levels (IPCC, 2021). Responses to increasing atmospheric 
CO2 differ between species within terrestrial and 
aquatic environments.

For terrestrial plants, higher levels of CO2 cause an 
increase in water use efficiency and fertilization effects 

that can enable greater biomass production leading to an 
advantage of C4 rather than C3 plants (generally benefiting 
native relative to alien species; Nowak et al., 2004). 
Nevertheless, winners and losers depend on availability 
of nutrients and some fast-growing C3 species (such as 
annual grasses) may respond more strongly than slow-
growing C3 herbs or C4 plants (Poorter & Navas, 2003). 
In arid and semiarid ecosystems invasive alien annual 
grasses have a competitive advantage under elevated CO2 
(Chambers et al., 2014; S. D. Smith et al., 2000), whereas 
in savannahs, native grasses may be replaced by woody 
alien species (Bond & Midgley, 2000; Gritti et al., 2006). 
These performance effects can translate to increased 
spread of invasive alien plant species and increased CO2 
concentrations. For example, invasive alien Phragmites 
spp. (reed) benefit from higher CO2 concentrations and as 
a result increased dispersal and productivity allowing these 
species to compensate for transpiration water loss in the 
coastal marshes of North America (Eller et al., 2014). Similar 
patterns of increased performance at higher than ambient 
CO2 concentrations have been found for other invasive 
alien plants including Prunus laurocerasus (cherry laurel; 
Hattenschwiler & Körner, 2003) and Pueraria montana var. 
lobata (kudzu; Forseth & Innis, 2004). Terrestrial animal 
responses to the rise in CO2 will likely be indirect, based 
on the responses of plants, and thus are likely to be most 
evident for herbivorous invertebrates but will be dependent 
on the specific host plant, making generalizations difficult 
(Dukes, 2000). 

One-third of the anthropogenic CO2 has been absorbed 
by the oceans (J. Johnson et al., 2016; Sanford et al., 
2014). Together with warming and altered ocean circulation, 
which reduce subsurface oxygen concentrations, the rising 
atmospheric CO2 leads to ocean acidification (Doney et al., 
2012). The impacts of acidification are more pronounced 
in extreme regions such as in polar regions (Fabry et al., 
2009) and for coral reefs where calcareous corals and 
algae are replaced by noncalcareous algae (Hall-Spencer et 
al., 2008). In these regions, invasive alien species that are 
tolerant of high CO2 concentrations increase in abundance, 
as documented for macroalgal biological invasions in the 
northeast Atlantic (Brodie et al., 2014). In the Mediterranean 
Sea, invasive alien genera (e.g., Sargassum, Caulerpa and 
Asparagopsis) spread to sites where native coralline algae 
are disappearing due to acidified waters (Hall-Spencer et 
al., 2010).

3.3.4.5	 Fire regime changes

In addition to direct human-induced changes to fire 
regimes (section 3.3.1.5.2; Chapter 1, Box 1.4), weather 
conditions that favour fire occurrence (i.e., hot, dry and 
windy events) have become more common in some regions 
due to climate change, a trend that is expected to occur 
in even more regions in the future (IPCC, 2021). Climate 
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change is expected to lead to more extreme and frequent 
fires globally (Hoegh-Guldberg et al., 2018), and there is 
evidence that climate change during the last decades has 
already increased fire activity, for example in western United 
States (Abatzoglou & Williams, 2016; S. E. Mueller et al., 
2020). Likewise, recent increases in fire frequency and 
severity in eastern Australia, including the unprecedented 
estimated area of over 10 million hectares burnt during the 
2019-2020 season (Boer et al., 2020; R. H. Nolan et al., 
2020), are consistent with predicted changes in the fire 
regime under climate change (Clarke & Evans, 2019; Lewis 
et al., 2019). 

Fire may facilitate establishment and spread of invasive alien 
plants that exhibit highly effective post-fire regeneration, 
and presence of these species may in turn lead to changes 
in fuel properties that ultimately increase fire activity, thus 
promoting positive feedback mechanisms to the detriment 
of native species (Aslan & Dickson, 2020; Brooks et al., 
2004; Gaertner et al., 2014; Rodewald & Arcese, 2016; 
Serbesoff-King, 2003; Chapter 1, Box 1.4; Chapter 4, 
Box 4.5). Accordingly, by leading to longer fire seasons, 
shorter fire return intervals and/or higher fire intensity than 
were previously encountered, climate change may favour 
the establishment and spread of fire-adapted invasive alien 
species (Abatzoglou & Kolden, 2011).

The effect of climate change on fire regimes will likely be 
intensified in the future and drive the spread of Bromus 
tectorum (downy brome) in deserts and Mediterranean 
ecosystems in the western United States (Abatzoglou 
& Kolden, 2011; Balch et al., 2013). Higher fire activity 
under climate change may also drive the spread of 
the African grass Cenchrus cilliaris (buffel grass) in the 
central rangelands and eastern woodlands of Australia 
(D. W. Butler & Fairfax, 2003; G. Miller et al., 2010). The 
mechanism for the spread of invasive alien grasses under 
climate change both in the United States and Australia is 
an intensification of fire-invasive positive feedback loops 
promoted by invasive alien species in these ecosystems 
(i.e., grass-fire cycle), where increased production of 
biomass by invasive alien grasses leads to increased fire 
frequency, continuity and/or intensity and hence favours 
their spread (Balch et al., 2013; D. W. Butler & Fairfax, 
2003; Gaertner et al., 2014; G. Miller et al., 2010). In 
addition, fire-induced air currents associated with the 
recent extreme fires in Australia seem to have driven the 
introduction of invasive alien species to New Zealand, such 
as the pathogenic fungi Austropuccinia psidii (myrtle rust; 
Australian Government, 2021), and could possibly also 
favour the arrival of the Agrotis infusa (bogong moth) in the 
country (Warrant et al., 2016). 

There is evidence that increased fire activity under climate 
change may also directly drive the spread of invasive alien 
woody species. In Patagonia, a warmer and drier climate 

is implicated in the spread of alien pines and shrubs whose 
persistence is promoted by fire (Cavallero & Raffaele, 2010; 
K. T. Davis et al., 2019; Raffaele et al., 2016). In European 
and southern African Mediterranean ecosystems, changes 
in the fire regime under a warmer and drier climate change 
are expected to favour the spread of invasive alien tree 
species from the genus Acacia (e.g., Acacia longifolia 
(golden wattle); Souza-Alonso et al., 2017). 

There is very limited information on how changes in fire 
regimes under climate change may facilitate the spread 
of invasive alien animals. In freshwater ecosystems in the 
western United States, increased fire activity due to climate 
change may favour alien fishes, especially in degraded and 
fragmented landscapes (Dunham et al., 2003). In these 
ecosystems, larger and more frequent fires under climate 
change tend to increase water temperature and decrease 
stream stability and connectivity, thus driving the spread of 
generalist alien fishes to the detriment of native Salmonidae 
fishes (Isaak et al., 2010; Luce et al., 2012), although the 
effect of fire as a driver affecting invasive alien species in 
this region may be species-specific and less significant in 
comparison to other anthropogenic disturbances (Sestrich 
et al., 2011).

3.3.4.6	 Sea level rise

Global mean sea level increased 0.20 m from 1901 to 2018, 
with an annual increase of 3.7 mm per year from 2006 to 
2018 (IPCC, 2021). Sea level rise is caused by climatic 
factors affecting the thermal expansion of water and the 
melting of glaciers, permafrost and polar ice sheets (Hoegh-
Guldberg & Bruno, 2010; Oppenheimer et al., 2019; Rignot 
et al., 2018). Rising sea level will likely lead to increased 
impacts from extreme weather events and storm surges, 
increased coastal flooding, higher high tides and increased 
saltwater intrusion into freshwater systems, altering 
environmental conditions along coastal zones (Nicholls et 
al., 2014; Woodruff et al., 2013). Few studies have assessed 
the direct effect of sea level rise as a driver in the context 
of biological invasions. However, it is likely that marine 
invasive alien species able to disperse by ocean currents 
(e.g., Mytilus galloprovincialis (Mediterranean mussel)) may 
be introduced to new areas due to increased inundation 
of coastal areas (McQuaid & Phillips, 2000). In Hawaii, the 
combination of sea level rise and high tide events resulted 
in habitat creation, facilitating the spread of invasive alien 
fish (e.g., tilapias) from fishponds to nearby anchialine pools 
(Marrack, 2016).

Sea level rise, via the effect of saltwater intrusion into 
freshwater ecosystems and increased water salinity, may 
also shift selection pressures and facilitate the establishment 
of invasive alien species. Evidence from coastal areas in 
the United States (K. Williams et al., 1999), Australia (Traill 
et al., 2011) and China (W. Wang et al., 2015) show that 
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sea level rise may alter soil chemistry and native vegetation 
patterns in coastal wetlands or native forests, selecting 
for species with a higher tolerance to saline habitats and 
where present, allow invasive alien species to dominate. 
Increased tolerance of the alien haplotype of Phragmites 
australis (common reed) has allowed it to spread through 
native salt marshes in the Atlantic and Gulf Coastal areas 
(Bhattarai & Cronin, 2014; Vasquez et al., 2005). Similarly, 
Osteopilus septentrionalis (Cuban tree frog), an invasive alien 
species in the United States, is tolerant to increased salinity 
which can facilitate its spread and establishment in coastal 
environments (M. E. Brown & Walls, 2013). Verbrugge et al 
(2012) found that salinity tolerance of Corbicula fluminalis 
(Asian clam) and Potamopyrgus antipodarum (New Zealand 
mudsnail) was higher than for native species occurring in 
the River Rhine. However, models of changes in salinity 
due to rising sea levels in the freshwater ecosystem of the 
Everglades indicate a decrease in alien fish species biomass 
(Romañach et al., 2019) compared to native species.

In coastal systems, the effect of rising sea levels on soil 
moisture in coastal dune systems can disrupt sediment 
transfer impacting dune formation processes and vegetation 
patterns. For example, in New Zealand, increased soil 
moisture disrupts the formation of dunes (Thomas et al., 
2018) and allows for their colonization by plants, including 
the invasive alien grass Calamagrostis arenaria (marram 
grass). In Australia, invasive alien Thinopyrum junceiforme 
(sea wheatgrass) is able to take advantage of increased soil 
salinity (Hilton et al., 2006). 

Sea level rise could also drive the intentional introduction 
of invasive alien species for the purposes of climate 

change adaption to reduce impacts of coastal erosion and 
infrastructure damage. For example, Sporobolus species, 
introduced to reduce the effects of coastal erosion (Ge 
et al., 2015), have become widespread invasive alien 
species in China (An et al., 2007). The introduction of 
Calamagrostis arenaria (marram grass) in Australia and New 
Zealand are further examples of alien species introduced 
for dune stabilization for coastal protection. The need for 
improved coastal protection from rising sea levels could 
see alien species being utilized in many parts of the world. 
Alternatively, the construction of hard surfaces for coastal 
protection against sea level rise can also facilitate the 
establishment of invasive alien species of seaweed (Geraldi 
et al., 2014).

3.3.5	 Invasive alien species

Although studying the role of invasive alien species as a 
direct driver of change in nature affecting invasive alien 
species might sound like circular reasoning, there is 
increasing evidence of the role that invasive alien species 
may play in facilitating other alien species (Figure 3.21). The 
process by which facilitation among alien species potentially 
accelerates the accumulation of introduced species has 
gained its own term, “invasional meltdown” (Simberloff, 
2006; Chapters 1, 2, 4).

3.3.5.1	 Biotic facilitation

Invasive alien species can facilitate the establishment and 
spread of other invasive alien species through multiple direct 
and indirect ecological interactions (Box 3.10). Direct biotic 
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Invasive alien species can positively interact with other invasive 
alien species, facilitating their spread

Fe
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Invasive alien species can facilitate the establishment of other 
invasive alien species by modifying the ecosystem

Biological control to manage already established invasive 
alien species can lead to the introduction of other 
invasive alien species

Alien species transportation to new regions can be 
facilitated by other “carrier” alien species

Figure 3  21  	 Examples of the role of invasive alien species in facilitating additional invasive 
alien species across stages in the biological invasion process.

Invasive alien species may facilitate further biological invasions by acting as pathways for other invasive alien species, by motivating 
the deliberate introduction of additional alien species for biological control, by modifying the ecosystem thereby facilitating the 
establishment other alien species, or by facilitating spread. Biological invasions can also negatively impact ecosystem functioning and 
resistance, causing feedback via facilitation of the introduction and establishment of additional invasive alien species.
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facilitation often involves plant-animal interactions (e.g., 
pollination; e.g., Morales & Aizen, 2002), dispersal, (e.g., 
Mandon-Dalger et al., 2004), plant-fungal interactions (e.g., 
mycorrhizal symbiosis; Dickie et al., 2010), or animal-animal 
(e.g., ant-scale insect) mutualisms (Richardson, Allsopp, 
et al., 2007; Simberloff & Von Holle, 1999; Traveset & 
Richardson, 2014), or even multitrophic interactions like 
those between alien herbivores dispersing alien fungi (e.g., 
mycorrhiza of alien trees; Nuñez et al., 2013). However, 
alien species may also indirectly facilitate the establishment 
and spread of other invasive alien species, by modifying 
the biotic conditions of the recipient community (e.g., 
reducing competition or predation pressure by a third 
species, or increasing food resource availability), or abiotic 
attributes and ecosystem properties (e.g., by promoting 
habitat disturbance such as enhanced fire regimes; see 
section 3.3.4.5) increasing soil nutrients by nitrogen-fixing 
plants, etc.

The term “invasional meltdown” coined by Simberloff & 
Von Holle (1999), refers to the process by which alien 
species facilitate one another, magnifying ecological effects, 
leading to accelerating rates in the number of invasive 
alien species and magnification of impacts. In other words, 
invasional meltdown is the potential emergent result of a 
series of facilitations (Ricciardi, 2001). Therefore, although 
invasional meltdown has often been broadly used to refer 
to any kind of positive interaction among alien species in 
the peer-reviewed literature, this chapter refers to invasional 
meltdown sensu (Simberloff & Von Holle, 1999), and 
shows how this phenomenon is linked to facilitation among 
invasive alien species as a driver that may accelerate rates 

of biological invasions (Chapter 2), and synergistic impacts 
(Chapter 4). 

A recent review based on 150 empirical studies, Braga et 
al. (2018), confirmed overall broad support for facilitative 
interactions among alien species (63.3 per cent of the 
studies) across multiple types of interactions (direct or 
indirect, unidirectional, reciprocal, or multi-species), 
ecological levels (individual, population, community and 
ecosystem), taxonomic groups and major habitat types. This 
evidence points to biotic facilitation among alien species 
as a major driver facilitating the establishment and spread 
of invasive alien species. However, they also found some 
exceptions to this general pattern, and have identified 
biases and gaps (see below). This section reviews the role 
of biotic facilitation among alien species as a driver affecting 
the different stages of the invasion process (Braga, Gómez-
Aparicio, et al., 2018; Gavira-O’Neill et al., 2018; Jeschke et 
al., 2012). 

The transportation of alien species to new regions can be 
facilitated by other “carrier” alien species. For instance, 
plants relying on endozoochoric or ectozoochoric seed 
dispersal can be transported and introduced to new regions 
in the guts, fur, hoof or feathers of alien animals (Reynolds 
et al., 2015; Van Leeuwen, 2018; Diaz Velez et al., 2020). 
The alien mammal Axis porcinus (hog deer) disperses 
similar numbers of alien and native plant species’ seeds 
through its faeces, thus greatly facilitating the dispersal 
of alien species in south-eastern Australia (N. E. Davis 
et al., 2010), and horses transport alien seeds on their 
hooves (Gower, 2008). Indeed, facilitation is concomitant 

Box 3  10  	 Three-way invasional meltdown: invasive alien ungulates disperse invasive 
alien fungi that facilitate pine invasions.

One example of invasional meltdown that involves belowground 
mechanisms of facilitation, is that of alien ungulates dispersing 
alien ectomycorrhizal fungi, in turn facilitating the invasion by 
alien pine trees (Figure 3.22). Introduced pine trees have 
become invasive in many parts of the southern hemisphere and 
cause profound ecological, social and economic impacts. Pine 
tree establishment and growth are critically dependent on the 
interaction with ectomycorrhizal fungi, which provide nutrients, 
water and protection against pathogens, in exchange for plant 
carbon. Pine trees thus co-invade with alien ectomycorrhizal 
fungi. As ectomycorrhizal fungi disperse independently from pine 
trees, some ectomycorrhizal fungi species are able to disperse 
away from the original place of introduction, establish a spore 
bank, and make stands of native species more susceptible to 
pine invasions. In turn, invasive alien ungulates consume alien 
ectomycorrhizal fungal sporocarps and disperse the spores 
of some ectomycorrhizal fungi species through their faeces 
(Nuñez et al., 2013). This mechanism of dispersal is crucial for 

the pine-ectomycorrhiza symbiosis both in the alien and native 
ranges fungi, especially for those ectomycorrhizal fungi that 
produce hypogenous sporocarps (i.e., truffle-like fungi), which 
are proposed to exclusively rely on mammal-mediated dispersal 
(Figure 3.22). Invasive ungulates can disperse viable spores in 
high densities, far beyond the distance they typically disperse 
through wind (Horton, 2017). This scale of dispersal is important 
considering the scale at which biological invasion occurs. 
Although not all ectomycorrhizal fungi species survive this form 
of dispersal, evidence shows that those ectomycorrhizal fungi 
species that survive or even depend upon mammal-mediated 
dispersal are among the most invasive ectomycorrhizal fungi 
(Policelli et al., 2019). Dispersal limitation of ectomycorrhizal 
fungi might be determinant for invasions of Pinaceae. The 
absence of dispersal vectors, such as ungulates, could act as 
an impediment for viable ectomycorrhizal fungi propagules to 
reach sites far from the propagule source, in turn hindering the 
invasion by the alien plant host or increasing its lag time.
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Box 3  10  

Figure 3  22  	 Diagram of the three-way invasional meltdown between invasive alien pine 
trees, invasive alien ectomycorrhizal fungi and invasive alien ungulates.

Pine trees need ectomycorrhizal fungi to successfully invade (thick middle arrow). Pine seeds are mainly dispersed by wind 
(bottom arrow). Spores from ectomycorrhizal fungi can be dispersed through wind (upper dotted line) but some ectomycorrhizal 
fungi species present in the pine plantation produce sporocarps that are eaten by invasive alien ungulates (wild boar and deer; 
medium thick lines). Ungulates transport the invasive ectomycorrhizal fungi spores further from the invasion source population 
compared to wind. Spores from some invasive ectomycorrhizal fungi can form long-lasting spore banks in the soil, making 
native stands more susceptible to pine invasion. More evidence is needed about other potential mechanisms of fungal dispersal 
(here represented by the question mark, lower dotted line), such as bird dispersal, or human dispersal which could also be 
important, especially over long-distances. Source: Policelli et al. (2022), under license CC BY 4.0. https://doi.org/10.1007/978-
3-031-12994-0_2

with the uptake, transportation and introduction of 
invasive alien species that engage in obligated symbiosis 
with other organisms and in the co-introduction of alien 
parasites by their alien hosts (e.g., Arbetman et al., 2013). 
As an example, frugivorous birds have been shown to 
simultaneously disperse three interlinked alien species: 
the seeds of Ligustrum lucidum (broad-leaf privet), its 
weevil granivore and a parasite of the weevil (Chen et al., 
2021). However, despite the importance of transport and 
introduction within biotic facilitation (Figure 3.4), these 
initial two stages of the biological invasion process have 
been largely neglected in major studies and reviews about 
facilitation among invasive alien species or invasional 
meltdown (O’Loughlin & Green, 2017; Simberloff, 2006; 
Simberloff & Von Holle, 1999).

Once alien species have arrived in a new region, positive 
interactions with other alien species may be unidirectional 
or bidirectional. Unidirectional interactions include alien 
species facilitating any aspect of another’s survival, 
reproduction, resource acquisition, or other factor that 
enhances establishment, population growth, or spread 
while the latter has no detectable influence on the former 
(a commensal relationship). With bidirectional interactions, 
both species have a reciprocal positive effect (mutualism). 
Multispecies interactions may be through direct and/or 
indirect effects (reviewed in (Braga, Gómez-Aparicio, et 
al., 2018). According to Braga et al. (2018), most studies 
focused on unidirectional or multi-species interactions 
(58 studies each) and these generally found a high 
level of support for facilitation, while there were fewer 

https://doi.org/10.1007/978-3-031-12994-0_2
https://doi.org/10.1007/978-3-031-12994-0_2
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studies on reciprocal interactions (34 studies) and these 
generally found a lower level of support for facilitation 
(Braga, Gómez-Aparicio, et al., 2018). As an additional 
scenario, one alien species could facilitate the success of 
another at its own expense, such as through a predator-
prey or parasite-host relationship; such exploitations are 
likely quite common, but are also rarely considered in 
studies examining facilitations (but see Grosholz, 2005; 
Ricciardi, 2001). Empirical evidence exists for multispecies 
interactions that affect the success of an invasive alien 
species or trigger the expansion of an alien species. For 
example, Grosholz (2005) showed that the invasion by 
a predator, Carcinus maenas (European shore crab), 
reduced the abundance of a native clam, which was 
the crab’s preferred prey, by 10-fold,; this interaction 
released another introduced species, Gemma gemma 
(amethyst gemclam), from competition and thus allowed 
it to become superabundant, after having been present 
at low abundance for decades. However, while many 
studies have inferred invasional meltdown, few cases 
have demonstrated an accelerating rate of establishment 
or spread of invasive alien species and/or the synergistic 
impact of these invasive alien species. Heimpel et al. 
(2010) described a scenario of invasional meltdown where 
Aphis glycines (soybean aphid) increased the abundance 
of eleven invasive alien species including worms, shrubs, 
birds, beetles and animal and plant pathogens. A study by 
Ricciardi (2001) of the North American Great Lakes found 
that facilitative interactions among alien species were at 
least as common as antagonistic interactions, and that the 
rapid accumulation and synergistic effects of alien species, 
while best explained by increased propagule pressure (e.g., 
from shipping), was consistent with the prediction of the 
invasional meltdown hypothesis (Simberloff & Von Holle, 
1999). Christmas Island, mentioned previously, provides 
the best documented case of invasional meltdown to date. 
After being introduced to the island several decades ago, 
Anoplolepis gracilipes (yellow crazy ant), persisted for 
decades at low density before its population exploded in 
the late 1980s. The ants had an antagonistic relationship 
with Gecarcoidea natalis (Christmas Island red crab), 
a keystone omnivore. The ants caused a reduction in 
populations of the crab, which resulted in increased tree 
seedling density and reduced leaf litter on the forest floor. 
Further, the depletion of Gecarcoidea natalis promoted yet 
another invasive alien species, Lissachatina fulica (giant 
African land snail). Simultaneously, in the forest canopy, 
the higher density of ants promoted population growth of 
introduced honeydew-secreting scale insects through a 
mutualistic relationship, which resulted in fungal growth 
and dieback of trees. This ecosystem transformation 
occurred in a period of only a few years (Green et al., 
2011; O’Dowd et al., 2003).

Finally, Braga et al. (2018) identified biases in research effort. 
In particular, the majority of the studies focused on the 

individual and population levels (about 44 per cent each), 
with a lower representation of studies at the community 
(10.5 per cent) and ecosystem levels (1.5 per cent), and 
there are less studies addressing indirect effects (56 studies) 
than direct effects (87 studies). Regarding habitats, most 
evidence comes from terrestrial ecosystems (63.1 per 
cent) compared to fresh and marine ecosystems (21.5 and 
15.4 per cent, respectively). As for taxonomic groups, more 
studies focused on plants and algae (89 studies), followed 
by invertebrates (83 studies) and vertebrates (51 studies). 
In the future, taking the importance and prevalence of alien-
alien facilitation into account might lead to better prediction 
of the outcomes of biological invasions and effective 
prevention (Chapter 5). Moreover, while there have been 
many examples of invasive alien species facilitating one 
another, suggesting that invasional meltdown is possible 
in a broad range of ecosystems, there is thus far very little 
published evidence of an accelerated accumulation of 
invasive alien species attributable to these facilitations (but 
see O’Dowd et al., 2003; Ricciardi, 2001; Simberloff & Von 
Holle, 1999).

3.3.5.2. Unintended consequences of 
management through biological control 

Many empirical examples of the unintended consequences 
of management of biological invasions resulting in the 
introduction, establishment or spread of invasive alien 
species stem from the literature on early attempts at 
biological control (Chapter 5, section 5.6.2.3). Many 
of these historical high-profile cases report negative 
direct impacts on non-target native species by generalist 
predators or pathogens released as biological control 
agents (e.g., the release of cats and mongoose to control 
rodents, cane toads against agricultural pests and plant 
pests or diseases to control invasive plants). These 
examples are all from a time when biological control was 
implemented in an unregulated way, for example, with no 
requirement for risk assessment of the biological control 
agent (Chapter 5). A classic example is Cactoblastis 
cactorum (cactus moth) that was intentionally released 
on islands in the Caribbean in 1957 for the control of 
native Opuntia (pricklypear) species that were seen as a 
nuisance to tourists. However, the moth spread from the 
Dominican Republic to Florida, where it poses a threat 
to native Opuntia (Hinz et al., 2019), and to the Yucatán 
peninsula where it was successfully eradicated (Senasica, 
2019). It has currently spread across the south-eastern 
United States to Texas where it can enter Mexico again 
and threaten the over 100 native Opuntia species, many of 
which are endemic and constitute an important part of the 
Mexican diet and economy (Senasica, 2019). 

Insects have also been released to control other insects and 
in some cases these biological control agents have become 
invasive alien species. Examples include two species of 
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ladybird, Harmonia axyridis (harlequin ladybird) from Asia 
causing declines of native ladybirds in the United Kingdom 
and Belgium (Roy et al., 2012) and in other countries 
worldwide (Roy et al., 2012) and Coccinella septempunctata 
(seven-spot ladybird) from Europe impacting populations of 
native North American ladybirds (E. W. Evans et al., 2011). 
The release of Euglandina rosea (rosy wolf snail) in Hawaii 
to control Lissachatina fulica (giant African land snail) also 
failed to lead to desired management outcomes but instead 
resulted in the intentional introduction of an invasive alien 
species (Cowie, 2001). 

Rhinella marina (cane toad) was introduced into 
Queensland, Australia in 1935 from Hawaii to control insect 
pests of sugar cane and became an invasive alien species 
with direct and possible indirect impacts on non-target 
native Australian vertebrates (R. Shine, 2010). This is an 
example where science was ignored and a political decision 
was made to introduce Rhinella marina (M. D. Day et al., 
2021). Mammals have also been released as biological 
control agents with unintended consequences. Herpestes 
javanicus auropunctatus (small Indian mongoose) was 
introduced initially to control alien invasive rodents and 
snakes in the West Indies, Hawaiian islands and Japan, 
and has resulted in mammal and reptile extinctions (Hays & 
Conant, 2007). In aquatic environments, Gambusia affinis 
(western mosquitofish) and Gambusia holbrooki (eastern 
mosquitofish), native to the fresh waters of the United 
States, have been introduced worldwide as biological 
control agents of mosquito larvae, but are implicated in the 
decrease and loss of non-target native invertebrates as 
well as fish and amphibian populations (Azevedo-Santos 
et al., 2017). In the marine realm, the sea urchin Evechinus 
chloroticus (kina) released as an augmentative biological 
control agent against the invasive Undaria pinnatifida (Asian 
kelp) showed substantial non-target effects on benthic 
communities, however these were localized and reversible 
(Atalah et al., 2013). Conservation actions may also have 
unintended consequences in facilitating invasive alien 
species, as illustrated by the creation of beaver dams during 
the reintroduction of Castor canadensis (North American 
beaver) in Verde River, Arizona, United States, which shifted 
desert fish assemblages toward dominance by alien species 
(P. P. Gibson et al., 2015; Reaser, 2003). 

A global review of non-target impacts of weed biological 
control agents found that the proportion of intentionally 
released biological control agents causing non-target 
effects declined from 18.2 per cent prior to the 1960s to 
9.9 per cent in the period 1991–2008 (Hinz et al., 2019). 
Similarly, an analysis of all non-target effects of weed 
biological control programmes from 1969 to 2014 showed 
a risk factor of less than 1 per cent (Moran & Hoffmann, 
2015). There was no evidence of non-target impacts from 
plant pathogens used for biological control (Suckling & 
Sforza, 2014).

3.4	 ADDITIONAL DIRECT 
DRIVERS – NATURAL 
DRIVERS AND BIODIVERSITY 
LOSS

3.4.1	 Natural hazards

Natural large-scale disturbances, such as hurricanes, 
earthquakes and tsunamis can facilitate the onward spread 
of alien species from an existing invaded range to new 
regions (Carlton et al., 2017; section 3.3.3.3, Box 3.8) as 
well as encourage their wider spread within regions where 
they are already present as aliens (Bellingham et al., 2005; 
Figure 3.23). Natural drivers have thus facilitated the wider 
establishment and spread of alien plants and animals within 
and beyond their known invaded range through acting as 
agents of secondary dispersal (e.g., Lovette et al., 1999; 
Toepfer, 2012; Lee et al., 2014; Massa et al., 2014). 

The roles of natural drivers apply to all regions and all 
realms. Natural disturbances such as hurricanes (section 
3.3.4.3) have played a role in assisting the dispersal of alien 
animals (Andraca-Gómez et al., 2015; Censky et al., 1998; 
Johnston & Purkis, 2015), plants (Bhattarai & Cronin, 2014) 
and microbes (Feehan et al., 2016), leading to expansion of 
their historical invaded ranges. A classic example of onwards 
dispersal of alien species via natural drivers is the crossing 
from Africa to the Americas by the Bubulcus ibis (cattle 
egret), whose introduction, establishment and further spread 
throughout the Americas has been linked to multiple weather 
events (Massa et al., 2014). Wind and ocean currents offer 
new opportunities for colonization within and beyond the 
invaded range of both marine and terrestrial organisms 
(Munoz et al., 2004); rafting during extreme weather 
events is a common example by which non-flying alien 
animals can be transported between islands, as has been 
documented for Iguana iguana (iguana; Censky et al., 1998). 
As species’ thermal barriers are being altered or lifted by 
climate change, ocean currents are contributing to the range 
expansion of alien species and colonization of previously 
inhospitable regions such as the Arctic (Chan et al., 2019) 
and Antarctica (C. I. Fraser et al., 2018). Disease outbreaks 
among Strongylocentrotus droebachiensis (green sea urchin) 
in the northwest Atlantic Ocean have been attributed to 
Paramoeba invadens, a pathogenic amoeba that is intolerant 
of the typical winter sea surface temperatures in the region. 
Evidence suggests that the amoeba originates in southern 
surface waters transported to the north Atlantic coast, and 
that disease outbreaks have occurred during hurricanes and 
unusual warm winter sea temperatures (Feehan et al., 2016). 
Molecular and oceanographic evidence suggests that ocean 
currents regularly disperse rafting species thousands of 
kilometres, and that Southern Ocean coasts are biologically 
well-connected (C. I. Fraser et al., 2022). If warm-adapted 
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taxa frequently disperse to Antarctic waters, global warming 
could allow the region to become increasingly colonized by 
new species delivered via ocean rafting, especially during 
storms (C. I. Fraser et al., 2018). These cases illustrate the 
capacity of natural drivers to facilitate colonization events, 
but also suggest an increasing influence of anthropogenic 
climate change as an amplifier of such dispersal 
opportunities, by, for example, altering or strengthening 
ocean currents, or by creating temporary hydrological 
connections (section 3.3.4). 

The relative importance of natural drivers such as natural 
hazards in the range dynamics of alien species, however, 
are likely to be relatively minor. Natural long-distance 
dispersal events have evidently been sufficient to colonize 
remote oceanic islands in the prehistoric past, but are likely 
orders of magnitude less frequent than human-assisted, 
long-distance dispersal events (Ricciardi, 2007). Natural 
hazards typically move small numbers of propagules and 
are dependent on weather patterns and other environmental 
constraints. This is in contrast to modern human-assisted 
biological invasions in which enormous numbers of 
individual organisms and a broad diversity of species can 
be moved to virtually any region of the planet over short 
time scales (Ricciardi, 2007). The spread of alien species 
often involves a combination of human-assisted and natural 
drivers, of which the latter may be dominant at small spatial 
scales (Chan et al., 2019; Medley et al., 2015). 

3.4.2	 Biodiversity loss and 
ecosystem resilience

It is estimated that 25 per cent of all species globally 
are threatened by extinction and that 1 million species 

may become extinct in the following decades due to 
human interference, especially land- and sea-use change 
(section 3.3.1) and direct exploitation of natural resources 
(section 3.3.2) (IPBES, 2019). While this biodiversity loss 
has been the dependent variable in most previous IPBES 
assessments (IPBES, 2019), for invasive alien species it 
can also be seen as a driver that may facilitate biological 
invasions since reduced taxonomic or functional diversity of 
native ecosystems may reduce their biotic resistance and 
thereby facilitate the establishment and spread of invasive 
alien species (Levine et al., 2004; Figures 3.3 and 3.24). 
A wide range of biotic interactions may confer resistance 
to biological invasions in native communities, including 
competition, predation, herbivory and disease, and all of 
these may be involved in constraining the introduction, 
establishment and spread of invasive alien species (Alofs & 
Jackson, 2014; Elton, 1958; Levine et al., 2004). 

Studies from terrestrial systems show that the presence 
and diversity of native vegetation, along with phylogenetic 
distance between the invasive alien species and resident 
community, can constrain plant invasions, implicating 
different modes of plant-plant competition for space as a 
powerful mechanism underlying biotic resistance to invasive 
alien species. For example, Byun et al. (2015) analyzed the 
interplay between abiotic constraints, propagule pressure 
and biotic resistance by conducting experiments to explore 
the Phragmites australis (common reed) invasion process, 
and found that maintaining native plant cover could 
confer invasion resistance, even when abiotic conditions 
changed (Byun et al., 2015). Going et al. (2009) found that 
competition from a resident annual plant community had 
strong negative effects on the biomass and reproduction of 
invasive alien grass, such as Avena barbata (slender oat), 
Bromus diandrus (great brome) and Hordeum murinum 
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Introduction

Extreme weather events such as floods or storms may 
facilitate the establishment and spread of invasive alien 
species to other regions and within the region

Natural drivers (e.g., ocean currents, tsunami) may 
facilitate the transport and introduction of alien 
species to new areas via rafting

Figure 3  23  	 Examples of the role of natural hazards in facilitating invasive alien species 
across stages of the biological invasion process. 

Natural hazards can facilitate biological invasions by acting as agents of secondary dispersal beyond and within the invaded range. 
Examples are chosen to represent relationships found across the invasion stages. 
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(mouse barley), and that removing the resident communities 
increased the biomass and seed production of the invasive 
alien species by two-fold to ninefold. Elton’s diversity-
invasibility hypothesis proposes that taxonomic diversity in 
native communities confers additional resistance to invasive 
alien species because less niche space is available to 
alien species (Elton, 1958). In support of this hypothesis, 
Maron & Marler (2007) found that plant assemblages with 
higher plant species richness displayed lower invasibility 
(Chapter 1, section 1.3.2) than assemblages with lower 
species richness, and Zheng et al. (2018) found that the 
invasion success of Chromolaena odorata (Siam weed) 
correlated negatively with both biomass and species 
richness of the native community. A third idea related to 
biotic resistance is Darwin’s naturalization hypothesis, which 
builds on Darwin’s (1859) position that alien species will 
be more successful in a native community if they are more 
distantly related to native residents, because relatedness 
may indicate niche similarity (Chapter 1, section 1.3.2; 
Violle et al., 2011). In support of this hypothesis, Zheng et 
al. (2018) experimentally established that success of the 
invasive tropical shrub Chromolaena odorata increased 
with functional distance to the native community. Similarly, 
Iannone et al. (2016) found, in a large-scale observational 
study of invasive alien species in forests across the eastern 
United States, that tree biomass and evolutionary diversity, 
but not species richness, was negatively associated with the 
establishment and dominance of the invasive alien species, 
and thus that evolutionary diversity is indicative of biotic 
resistance. In an experimental study explicitly designed 
to distinguish Darwin and Elton’s hypotheses, Feng et al. 
(2019) found support for both ideas, as the effects of both 
phylogenetic and functional distance became stronger as 
species richness increased, and further analyses indicated 
that both competitive inequalities and niche differences 

between invasive alien and native communities may 
contribute to these responses.

Observed relationships between the taxonomic or functional 
diversity of native and invasive alien plants may be caused 
by mechanisms beyond direct plant-plant competition. For 
example, observed biotic resistance from native vegetation 
against invasive alien plant species may operate via soil 
pathogens that negatively affect the invasive alien species 
(Knevel et al., 2004; van Ruijven et al., 2003). Similarly, a 
study from south-western United States by St. Clair et al. 
(2016), found that native rodents suppressed invasion by 
Bromus tectorum (downy brome) while promoting native 
plant diversity after fire, providing strong biotic resistance to 
invasive alien plants through preferential seed and seedling 
predation on invasive alien species. 

A meta-analysis of marine experiments revealed the same 
general trend of diversity-mediated biotic resistance as 
was observed in terrestrial systems; high native primary 
producer diversity in marine systems confers significant 
resistance to alien primary producers through competition, 
whereas low-diversity communities in the same marine 
systems often fail to do so (Kimbro et al., 2013). However, 
unlike terrestrial systems, biotic resistance in freshwater 
and marine environments might to a larger extent be 
driven by consumption (Alofs & Jackson, 2014). Resident 
species at the top of the food chain can prevent invasion 
by alien species which are lower in the food chain. In 
freshwater systems in the southern United States, Parker 
& Hay (2005) found that native consumers (including 
crayfish, grasshoppers and slugs) preferred alien plants as 
a food source over native plants, conferring resistance to 
biological invasion. In another example, in China the native 
crab Helice tientsinensis effectively inhibits Sporobolus 
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Introduction

Loss of biodiversity and ecosystem resilience (e.g., loss of 
consumers in marine systems) can facilitate the establishment 
and spread of invasive alien species

Loss of biotic interactions such as competition and 
predation in native communities due to loss of biodiversity 
can facilitate the introduction of invasive alien species

Figure 3  24  	 Examples of the role of biodiversity loss in facilitating invasive alien species 
across stages of the biological invasion process.

Biodiversity loss can facilitate biological invasions by reducing ecosystem resistance to invasion, which may facilitate the introduction, 
establishment and spread of invasive alien species.
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alterniflorus (smooth cordgrass) invasion in anthropogenic 
ditches, high marshes and estuarine mangrove forest by 
grazing seedlings and suppressing their density and survival 
(Ning et al., 2019). In rainforest of Christmas Island, Indian 
Ocean, Gecarcoidea natalis (Christmas Island red crab) 
can kill the introduced Lissachatina fulica (giant African 
land snail), restricting the distribution of giant African land 
snails and thus conferring biotic resistance to biological 
invasions in undisturbed habitats on the island (Lake & 
O’Dowd, 1991).

3.5	 MULTIPLE, ADDITIVE 
OR INTERACTING EFFECTS 
OF DRIVERS AFFECTING 
INVASIVE ALIEN SPECIES

The evidence that the majority of the Earth’s ecosystems 
are subject to complex threats from several concurrent, 
interacting and exacerbating drivers of change in nature 
is unequivocal (IPBES, 2019). The net effect of drivers is 
often not additive, as drivers can reinforce or mitigate each 
other’s effects (i.e., be synergistic or antagonistic; Fontúrbel, 
2020; Jackson et al., 2016; Pyšek et al., 2020). Generalizing 
from studies of single drivers in isolation may therefore yield 
misleading conclusions (Bowler et al., 2020). Interactions 

between multiple drivers of change are expected to 
jeopardize ecosystem functioning and biodiversity, and are 
a key concern for conservation and management (Cote et 
al., 2016). As a special case, novel ecosystems (Chapter 1, 
Box 1.5), which contain new species combinations and/
or altered ecosystem functioning (Hobbs et al., 2006, 
2009; Morse et al., 2014; Seastedt et al., 2008) can be 
more susceptible to biological invasions than more native 
ecosystems (Ogutu-Ohwayo et al., 2016).

Associations amongst invasive alien species and other 
drivers of change in nature are generally understudied, 
and the degree to which biological invasions are affected 
by additive or multiplicative processes and interactions 
among drivers is therefore difficult to assess (Figure 3.25, 
Chapter 1, section 1.3.3). A recent review found that 
only 16 per cent of published research on invasive alien 
species examined associations with at least one other direct 
or indirect driver of change in nature, and less than 3 per 
cent considered associations with two or more additional 
drivers (Hulme, 2022). This section acknowledges the 
limited information on interactions between invasive alien 
species and other drivers of change in nature, and refers to 
a number of illustrative, rather than exhaustive, examples 
to highlight the importance of taking such interactions into 
account (Box 3.11).

Indigenous Peoples and local communities recognize 
that most drivers of change on their lands do not act in 
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Figure 3  25  	 Schematic representation of the links between indirect and direct drivers of 
change in nature in relation to their potential effect on invasive alien species 
(see Figure 3.3). 

The size of the arrows represents the available evidence in the scientific literature for the importance of the different links, as assessed 
though a bibliometric analysis of the literature (the absolute number of articles retrieved is reflected in the size of each arrow). Adapted 
from Hulme (2022), https://doi.org/10.1111/cobi.13817, under license CC BY 4.0.
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Box 3  11  	 Multiple interacting drivers trigger plant invasions in mountains.

In the last two decades, evidence has highlighted the increasing 
number of alien plants establishing in mountain regions, despite 
mountains across the world differing greatly in terms of their 
biodiversity, climate, geology, land-use and other socioecological 
factors (e.g., T. Becker et al., 2005; Dainese et al., 2014; Guo, 
Fei, et al., 2018; Khuroo et al., 2007; Kueffer et al., 2013; 
Marini et al., 2012). In a standardized survey along elevational 
gradients in nine regions on four continents, more than 300 alien 
plant species were observed (Haider et al., 2018). 

Historically, agriculture and domestic grazing were probably the 
first and most extensive drivers that facilitated plant invasions 
in mountains. For example, species typical for European 
grasslands are widespread in the alien flora of mountains 
worldwide (McDougall et al., 2011). However, as mountains 
have become more heavily developed, drivers such as 
infrastructure and anthropogenic land-use changes (including 
urbanization and the development of corridors such as roads, 
trails and railways) have synergistically supported the upslope 
movement of alien plants introduced at low and mid-elevations 
(Alexander et al., 2011; Lembrechts et al., 2017; Liedtke et 

al., 2020; Rashid et al., 2021; Yang et al., 2018). Corridors 
provide a conduit for rapid movement of propagules aided by 

the continuous movement of vehicles and construction material 
(Rew et al., 2018). Furthermore, the typically ruderal alien 
species benefit from the disturbed habitat conditions resulting 
from roadside construction and maintenance (Lembrechts et 

al., 2016; Pickering & Hill, 2007; Seipel et al., 2012). 

In recent decades, and because of technological advances 
and higher economic and development pressures, mountain 
ecosystems have experienced a new phase of extensive 
land-use changes and infrastructure development, which has 
triggered the spread of invasive alien plants to even higher 
and more remote areas (Kalwij et al., 2015; Rew et al., 2018). 
Tourism in mountain areas has exponentially increased across 
the world (reviewed by Río-Rama et al., 2019), increasing the 
development pressure in mountainous and alpine ecosystems. 
In most regions, there has been an increase in human 
settlements including housing and urbanization for tourism and 
recreation, as well as the expansion of infrastructure such as 
roads, railroads, powerlines and telecommunication towers. 
Overall, increasing land development, traffic and visitation 
rates have multiplied the chances for the introduction and 
establishment of invasive plant propagules at high elevations 
(McDougall et al., 2011).

Figure 3  26  	 Monte Baldo hosts an increasing number of invasive alien species.

An increasing number of alien plants have been establishing in mountains like Monte Baldo throughout the European Alps 
(Dainese et al., 2014). Photo credit: Katzwiekatzkann, WM Commons – under license CC BY 3.0.
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isolation in facilitating invasive alien species.8 For instance, 
the interaction between economic and sociocultural 
drivers has been identified by Indigenous Peoples and 
local communities as responsible for the introduction and 
establishment of invasive alien species, as exemplified by 
the complexity and variability of societal and ecological 
processes facilitating the spread and establishment of 
Prosopis juliflora (mesquite; Box 3.6). Indigenous Peoples 
and local communities from Botswana, Ethiopia, Jordan 
and Kenya report that the main cause of the dispersal 
and spread of Prosopis juliflora is wildlife and livestock 
(Al-Assaf et al., 2020; Bekele et al., 2018; Haregeweyn et 
al., 2013; IPBES, 2020; Mosweu et al., 2013; Wakie et al., 
2016), which are linked to both sociocultural and economic 
drivers (pastoralist livelihoods). The Afar from Ethiopia now 
also use Prosopis juliflora as fuel wood, animal fodder 
and construction materials (Haregeweyn et al., 2013) for 
economic reasons, which also contribute to its spread and 
establishment. In the Ramnad area of Tamil Nadu, India, 
sociocultural and land-use change led local communities 
to adopt charcoal-making, which promoted the spread 
of Prosopis juliflora through the reduction of grazing land 
and livestock holdings (Chandrasekaran & Swamy, 2016). 
Similar observations have been made for other species. 
For example, Indigenous Peoples and local communities 
in Ghana, West Africa and Himalayan India have observed 
the invasion of Chromolaena odorata (Siam weed; 
Amanor, 1991). Most of the Indigenous Peoples and local 
communities identify multiple drivers, such as the movement 
of humans and machinery, trade, land-use change, 
infrastructure development such as road construction 
and tourism, as important in facilitating the spread of this 
invasive alien species on their lands (Amanor, 1991; Braimah 
& Timbilla, 2002; Kosaka et al., 2010; Timbilla & Braimah, 
1993; Uyi & Igbinosa, 2013).

8.	 Data management report available at: https://doi.org/10.5281/
zenodo.5760266

3.5.1	 Land-use change and climate 
change

Most of the current knowledge on interactive effects 
of climate change and land-use change on biological 
invasions is informed by modelling studies designed to 
assess potential changes in species’ distribution, with few 
experimental studies examining mechanisms based on 
demographic responses (e.g., L. C. Ross et al., 2008). 
Modelling studies suggest that the relative importance of 
land-use change and climate change in facilitating biological 
invasions is highly variable and often species-specific or 
scale dependent (Febbraro et al., 2019; Manzoor et al., 
2021). A general insight emerging from this work is that 
incorporating land-use change scenarios into climate 
change models can considerably alter the predicted 
outcomes of future biological invasions.

Climate change acts over broad regional and temporal 
scales, whereas land-use changes can have a much more 
local and immediate effect in response to commercial or 
land management decisions. For example, at the global 
scale, the future distribution of two major invasive alien plant 
species depended primarily on how their niches responded 
to climatic changes, with land-use change having a minor 
effect on distribution at this scale (Gong et al., 2020). 
However, at smaller scales, several studies show that while 
future changes in temperature or precipitation patterns will 
exert a large influence on the establishment and spread of 
invasive alien plants, the rate of spread is often limited by 
the availability of suitable habitat (Taylor et al., 2012), such 
as either cultivated or grazed land (J. V. Murray et al., 2012; 
L. C. Ross et al., 2008), urban areas (Nobis et al., 2009) 
or the expansion of native ecosystems (Manzoor et al., 
2021). Interestingly, in some cases, the response of native 
vegetation to future climatic changes can enhance biological 
invasions. For example, a study from Wales found that the 
invasive forest understory shrub Rhododendron ponticum 

Box 3  11  	

Climate change is expected to facilitate the expansion of 
invasive alien species to higher elevations both through direct 
and indirect effects. Climate change will reduce climatic barriers 
for generalist alien plants (Pauchard et al., 2016), especially 
in regions which are not water-limited. Range shifts towards 
higher elevations have been reported, and alien plants appear 
to be moving up in elevation faster than native species (Dainese 
et al., 2017). Increased disturbance due to, for example, higher 
fire frequency and intensity and insect and pathogen outbreaks 
triggered by climate change, will also play a role in promoting 
invasive alien species, especially in the middle elevations of 
mountains where forests will be more prone to invasion by 
woody plants (Franzese & Raffaele, 2017; Jactel et al., 2020; 

Liebhold et al., 2017). By reducing snow cover, climate change 
will promote the displacement of mountain ski facilities and 
resorts to higher elevations and into previously undeveloped 
areas. In addition, summer use of high elevation mountain 
resorts may be boosted in search for cooler places or “last 
chance tourism” (e.g., Kilungu et al., 2019). The interactive 
effects of multiple drivers of change in nature affecting plant 
invasions are generally underestimated and primarily focus on 
climate change. However, interactions between climate change, 
infrastructure development, social values and land-use change 
will be informative because simple projections based solely on 
climate will be unreliable (Dainese et al., 2017).

https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266


THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

334

(rhododendron) is likely to decline under most climate and 
land-use scenarios, largely due to declines in coniferous 
forest cover, but is projected to increase under a scenario 
where ecosystem conservation leads to a substantial 
increase in coniferous forest cover (Manzoor et al., 2021). 

Increased fire activity may act synergistically with other 
climatic and land-use changes to drive the establishment 
and spread of invasive alien plant species (sections 
3.3.1.5.2, 3.3.4). For example, interactions among increased 
temperature, decreased precipitation and more frequent 
fires in recent decades have driven an upward spread 
of fire-adapted C4 invasive alien grasses (e.g., Melinis 
minutiflora (molasses grass)) along an elevation gradient 
in Hawaii (Angelo & Daehler, 2013). Higher atmospheric 
CO2 levels have increased the productivity of invasive 
alien annual grasses in the western United States (Ziska 
et al., 2005) and are predicted to favour the post-fire 
growth of African invasive alien grasses to the detriment of 
Australian native grasses (Tooth & Leishman, 2014). In the 
future, warmer minimum temperatures and other climatic 
changes in the western United States may also favour 
the establishment and spread of fire-adapted invasive 
alien grasses in previously unsuitable sites (Abatzoglou & 
Kolden, 2011; Martin et al., 2015), although contractions 
of suitable habitat may also occur due to more extreme 
drought conditions (Albuquerque et al., 2019). There is also 
concern that the interaction of climate change, fire activity 
and land management may promote grass-fire cycles and 
hence the spread of fire-adapted invasive alien grasses in 
disturbed forest ecosystems (Kerns et al., 2020). Likewise, 
climate change, fragmentation and increased fire frequency 
have been shown to act synergistically to drive the spread 
of Lantana camara (lantana) in temperate forests in the 
Western Himalaya (Mungi et al., 2018). 

Few studies have investigated the interactions between 
land-use changes and climate change for invasive alien 
animals, invertebrates and microorganisms. Yet, the 
findings of existing studies often describe a prevalence 
of non-additive effects, reflecting those described above 
for plants. In an example from Italy, Febbraro et al. (2019), 
found that the potential distributions of four invasive alien 
squirrels (Sciurus carolinensis (grey squirrel), Callosciurus 
finlaysonii (Finlayson’s squirrel), Callosciurus erythraeus 
(Pallas’s squirrel) and Tamias sibiricus (Siberian chipmunk)) 
were reduced when the interactions between land-use and 
climate changes were included in models. In this case, 
climate-only models fail to account for lack of connectivity 
between habitats and limited overall habitat suitability, and 
may lead to an overestimate of the potential suitable habitat 
(Febbraro et al., 2019). In Korea, the potential spread of an 
invasive alien insect Thrips palmi (melon thrips) in agricultural 
areas was shown to be influenced by rising temperatures 
in winter. Increased winter temperatures enabled a longer 
overwintering period, allowing the species to spread further 

across increasingly connected agricultural areas (Hong et 
al., 2019). 

Climate change and land-use changes may also interact 
by creating positive feedback loops, reinforcing biological 
invasions. For example, in the tropical dry forests of Bolivia 
experimental fires were shown to enhance the abundance 
of the invasive alien African grass Megathyrsus maximus 
(Guinea grass) in plots subjected to selective logging 
compared to unlogged areas, suggesting that increasing fire 
risk under climate change may interact with deforestation 
resulting from land-use change to promote the spread of 
this species (Veldman et al., 2009). Similarly, in dryland areas 
in South Africa, degraded landscapes and road corridors 
invaded by alien grasses may alter the fuel characteristics 
sufficiently for fires to become a threat to an otherwise 
fire-absent vegetation type (Rahlao et al., 2009, 2014). In 
these disturbed environments, land-use change and climate 
change interact to favour biological invasions.

3.5.2	 Land-use change, climate 
change and nutrient pollution

While many studies comment upon the role of land-use 
change, climate change and nutrient pollution in the context 
of biological invasions, few explicitly capture interactions 
between these drivers or suggest causality for specific 
alien species introductions or stages of the biological 
invasion process. In fact, in many instances, invasive alien 
species are considered as a driver, rather than the response 
affected. In lieu of direct observations, paleoecological 
records may provide evidence for the interactive effects of 
land-use or sea-use change, nutrient pollution and climate 
change coinciding with an increase in invasive alien species. 
The analysis of a marsh sediment core spanning the last 
1,100 years from Tivoli Bay in the Hudson River shows 
that climate shifts and other anthropogenic drivers (i.e., 
land-use change and nutrient input) occur simultaneously, 
with a fivefold expansion of invasive alien plant species 
such as Typha angustifolia (lesser bulrush), Phragmites 
australis (common reed) and Lythrum salicaria (purple 
loosestrife) (Sritrairat et al., 2012). This study suggests that 
the increase in the number of invasive alien species is linked 
to European settlement impacts in this region, including 
higher disturbance, increased nutrients and sedimentation, 
along with warmer climate, however an explicit causal link 
between the different drivers and establishment of invasive 
alien species cannot be made.

A contemporary study of the seed recruitment of the 
invasive alien forbs Bellis perennis (common daisy), Lolium 
perenne (perennial ryegrass), Poa pratensis (smooth 
meadow-grass), Taraxacum officinale (dandelion), Trifolium 
pratense (red clover) and Trifolium repens (white clover) 
beyond their current invaded range in the subarctic Andes 
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found that the species produce more biomass and flowers 
at higher nutrient levels and warmer temperatures and 
establish, grow and flower more in disturbed habitats 
than in undisturbed habitats (Lembrechts et al., 2016). 
The study found no differences between the responses 
of these species when expanding in their invaded range 
in the Andes compared to expanding in their native range 
in the Scandes, suggesting that both plant invasions and 

natural range expansions in cold-climates are likely to 
increase with a combination of warmer climate, increased 
disturbance and increased nutrients (Lembrechts et 
al., 2016).

In aquatic systems, the invasive alien Phragmites australis 
(common reed) is expanding throughout the Great Lakes of 
the United States (Great Lakes Phragmites Collaborative, 

Box 3  12  	 Land-use change, climate change and nutrient pollution interact to drive the 
introduction, establishment and spread of Pontederia crassipes across Africa.

Pontederia crassipes (water hyacinth) is a fast-growing 
floating aquatic plant native to South America that has spread 
throughout vital freshwater bodies and wetlands of Africa, 
North America, Europe, Asia and Oceania since the late 
1800s (Navarro & Phiri, 2000). Across Africa, this species has 
shown true exponential expansion by spreading over a large 
proportion of the water bodies with infestations getting worse 
as there is an increase in extreme climatic events in major 
water bodies like Lake Victoria in East Africa, Lake Nyasa in 
the Nile basin (especially around Lake Tana), the Zambezi River 
basin in southern Africa and the Tano lagoon and River Niger 
in West Africa. Connectivity among diverse water bodies has 
further facilitated the spread of water hyacinth in the region. Its 
spread is linked to eutrophication emanating from poor land-

use management practices and is facilitated by environmental 
degradation and extreme climatic (i.e., temperatures, wind 
and floods) events (Navarro & Phiri, 2000; Téllez et al., 2008; 
Thamaga & Dube, 2018). These extreme events facilitate the 
transport and introduction of water hyacinth in many freshwater 
ecosystems, and are also expected to alter natural surface 
water flow regimes, potentially further increasing the likelihood 
of water hyacinth and other invasive alien species establishing 
and spreading (Diez et al., 2012; IPBES, 2019). Water hyacinth 
is expected to continue expanding into suitable habitat found 
in African ecosystems, with the rate and extent of the spread 
depending on disturbance from climate change and the nutrient 
pollution levels of the water bodies (Diez et al., 2012; IPBES, 
2019; Navarro & Phiri, 2000). 

Figure 3  27  	 Pontederia crassipes (water hyacinth) in Lake Victoria, Kisumu, Kenya.

The free-floating invasive alien plant hinders small boats from docking and prevents fishing activities along the landing beaches. 
Photo credit: Mwe17, WM Commons – under license CC BY-SA 4.0.
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2022), with its introduction, establishment and spread 
promoted by road networks, agricultural activities that 
increase nutrient availability and climate change (Mazur 
et al., 2014). In Lake Victoria, Africa, the distribution of 
the invasive alien Pontederia crassipes (water hyacinth) 
rapidly expanded during the 1980s, a period linked to 
eutrophication and climate warming (Hecky et al., 2010; 
Ogutu-Ohwayo et al., 2016; A. E. Williams et al., 2005; 
Box 3.12 . While currently its spread is reduced, fears 
remain that land-use changes in the catchment area, along 
with continued nutrient loading and climate warming, will 
result in a resurgence of water hyacinth (Box 3.12). In 
the late 1980s, the Baltic Sea experienced a bloom of 
Mnemiopsis leidyi (sea walnut) and a collapse of anchovy 
stocks, both of which were linked to a complex interaction 
of increased eutrophication, a changing regional climate 
with more severe winters and fishing pressures (Oguz et 
al., 2008). Changing salinity arising from the new Suez 
Canal (section 3.3.1.3, Box 3.7) opening in conjunction 
with climate change is facilitated the expansion of 
Brachidontes pharaonis (variable mussel)’s distribution 
across the Mediterranean Basin, with this expansion also 
being enhanced by eutrophication associated with local 
urbanization (Sarà et al., 2018). 

3.5.3	 Trade, urbanization and land-
use change

Although international trade can directly introduce 
invasive alien species in ballast water, contaminants 
of commodities or stowaways in containers (section 
3.2.3.1), it also interacts with other drivers facilitating 
biological invasions including: direct exploitation of natural 
resources, pollution, climate change, land-use change and 
urbanization (Figure 3.28). To illustrate aspects of these 
interactions, the following section examines the implications 
of the interactions between trade, land-use change 
and urbanization.

International trade is an important driver of urbanization 
since it encourages the agglomeration of economic 
activities (and hence labour) in specific urban areas, 
particularly areas that are associated with international 
transport hubs such as marine ports, airports or national 
borders (Tripathi, 2020). Cities that have a high number 
of global trade links tend to be highly urbanized and 
urbanization also increases with the level of agricultural 
imports and with exports of non-agricultural commodities 
(Thia, 2016). Urban areas also represent hotspots of 
alien species richness, which in part can be explained by 
the high rate of intentional introductions of alien species 
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Figure 3  28  	 Schematic illustration of how international merchandise trade interacts with 
other drivers of change in nature to influence the introduction and spread of 
invasive alien species. 

The thick arrow indicates the direct influence of international merchandise trade on invasive alien species, and thin arrows indicate 
how international merchandise trade affects other drivers which again may facilitate the introduction and spread of invasive 
alien species. Dotted lines represent interactions among drivers of change in nature. Adapted from Hulme (2021b), https://doi.
org/10.1016/j.oneear.2021.04.015, under license CC BY 4.0.
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either for amenity value (e.g., street trees) or as pets (e.g., 
parrots) that subsequently escape, but also by the higher 
international connectivity of large cities that facilitates 
unintentional introductions of alien species via ports 
and airports (Shochat et al., 2010). In the marine realm, 
urbanized maritime infrastructure associated with ports 
(e.g., breakwaters, jetties and seawalls) does not function 
as a surrogate for natural rocky habitats but instead 
facilitates the establishment and spread of alien species 
(Bulleri & Chapman, 2010; section 3.3.1.4). For example, 
in coastal North America approximately 90 per cent of the 
alien species inhabiting hard artificial substrata have been 
reported from docks and marinas (Mineur et al., 2012). 
Similarly, it can be expected that urbanization driven by 
international trade will lead to further development of land-
based transport infrastructure such as rail and roads which 
may also facilitate the spread of alien species beyond the 
initial port of entry. The growth of urban areas also results 
in land-use change as natural and agricultural areas are 
fragmented and converted to housing. This environmental 
disturbance favours the persistence of generalist human-
commensal species from around the world (Gavier-Pizarro 
et al., 2010).

The extensive clearing of tropical forests in recent 
decades is in part driven by increased international trade 
in agricultural commodities and this trend is expected to 
continue due to further trade liberalization (Schmitz et al., 
2015). Increasing global demands for meat, animal feed 
and oil seed products have led to major changes in land-
use in developing countries (Pendrill et al., 2019). There is 
also a link between international trade in wood products 
(particularly roundwood timber) and declining national 
forest stocks, especially in developing countries in the 
tropics such as Indonesia and Cameroon (Kastner et al., 
2011). In addition, international trade increases demand 
for new products as in the case of the expansion of oil 
palm plantations in Latin America, which has occurred at 
the expense of other land-uses including tropical forests 
(Furumo & Aide, 2017). The resulting fragmentation of 
tropical forests also increases their vulnerability to biological 
invasions (Waddell et al., 2020). Furthermore, new crops 
such as Elaeis guineensis (African oil palm) can themselves 
spread beyond cultivated areas to become invasive alien 
species in regions where they are not native (Zenni & 
Ziller, 2011).

3.5.4	 Urbanization and pollution

Urbanization and pollution interact to facilitate biological 
invasions; invasive alien species are disproportionally found 
in urbanized areas with higher pollution compared to less 
polluted urban areas or polluted natural ecosystems. While 
urbanization promotes the transport and introduction and of 
invasive alien species both intentionally and unintentionally 

(section 3.2.2.4), pollution contributes to improve the 
chances of establishment and spread of an invasive alien 
species, which tend to be facilitated by nutrient-rich habitats 
(section 3.3.3.1). For example, in reef ecosystems, alien 
faunal distributions are linked to the presence of heavy 
metals, local population density and proximity to city ports; 
with invasive alien species being more common in areas 
with higher levels of pollution, while native species are 
less common under these conditions (Stuart-Smith et al., 
2015). In mangrove ecosystems in Nigeria, pollution and 
urbanization create forest gaps that enhance biological 
invasions, for example of Nypa fruticans (nipa palm; Nwobi 
et al., 2020). 

Urban areas generate and disseminate many types of 
pollutants, including nitrogen. Alien species are generally 
more tolerant to nitrogen pollution than native species 
(section 3.3.3.1), and in nitrogen polluted freshwater 
ecosystems in Hawaii, native goby species have declined 
while alien species are increasing (Lisi et al., 2018). 
Urbanization generates runoff to aquatic ecosystems, which 
can carry many pollutants, and modifies their dynamics. 
An example is how pollution of freshwater environments 
following the application of road de-icing salts facilitates the 
survival and establishment of the invasive alien Corbicula 
fluminea (Asian clam) in New York, the United States, as 
this species is more tolerant to road salts than other native 
freshwater organisms (Coldsnow & Relyea, 2018).

Pollution can act directly by conferring advantages to 
more tolerant invasive alien species, but also by creating 
a competitive advantage for them by negatively affecting 
native populations. Human settlements generate domestic 
wastewater, agricultural fertilizer runoff, and effluents 
enriched with organic nutrients that, in coastal urban 
areas, often end up directly in the sea. In South Africa, 
these inputs of organic pollutants are associated with 
the bloom of Ulva lactuca (green laver) in Saldanha Bay 
(Mead et al., 2013, section 3.3.3.1). In the Mediterranean 
Sea, high levels of urbanization are also linked with the 
degradation of coralligenous assemblages, compared to 
sites within natural protected areas and areas with lower 
rates of urbanization. This difference is, at least partially, 
associated with the increase of opportunistic alien species 
(e.g., algal species), which are more tolerant to urban-
related pollution (Montefalcone et al., 2017). In South East 
Australia, the heavily urbanized Port Jackson Estuary is 
one of the world’s waterways most polluted by heavy 
metals and organic compounds as a result of antifouling 
paint, and this threatens the native Saccostrea glomerata 
(Sydney rock oyster), giving the more tolerant invasive alien 
Magallana gigas (Pacific oyster) a competitive advantage, 
and the invasive oyster, which also takes advantage of 
artificial substrates to establish has become more abundant 
(Scanes et al., 2016). In coastal urbanized areas, copper, 
which is one of the primary active ingredients in antifouling 
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hull paints, has become a common pollutant that increases 
in concentration as vessel traffic increases. A study 
carried out in Massachusetts proved that the invasive alien 
Botrylloides violaceus (violet tunicate) poses a competitive 
threat to the native Aplidium glabrum (tunicate) with regard 
to surface area growth when copper pollution is present. 
Botrylloides violaceus proved to be more tolerant to 
copper pollution (Osborne & Poynton, 2019). In Tasmania, 
expanding urbanization close to estuaries has resulted 
in an increase in pollutants from anthropogenic sources 
(e.g., marinas, storm-water drains, sewage outfalls and 
fish farms) that affect nearby benthic assemblages. Alien 
species were more abundant in sites near marinas and 
sewage outfalls (Fowles et al., 2018). Increased focus on 
controlling pollution from marinas and sewage outfalls may 
thus limit the spread of alien species (Fowles et al., 2018). 
In Lane Cove Valley, Australia, invasive alien plants are 
linked to areas polluted by phosphorus and heavy metals, 
which are pollutants linked with urbanization, and especially 
to areas where soil has also been previously disturbed (S. J. 
Riley & Banks, 1996). 

Plastics are also a common waste product in urban areas, 
and exposure to plastics can change the behaviours of 
species. In Chile, Pinochet et al. (2020) studied invasive 
alien bryozoan species, such as Bugulina flabellata and 
Bugula neritina (brown bryozoan), that are frequently found 
in urbanized areas globally. These species tend to prefer 
plastic substrates, rather than wood or concrete, and 
exposure to plastic substrates could enhance their spread 
(section 3.3.3.4). 

Finally, there are other types of pollution less frequently 
studied that are also linked to urbanization such as noise 
and light pollution. There are a few studies that assess 
the link between noise and light pollution in urban areas 
and invasive alien species. For example, the invasive 
alien Hemidactylus frenatus (common house gecko) in 
north-eastern Australia occupies a broader range of light 
environments than does the native gecko Gehyra dubia 
(dubious dtella). Experimental removal of the invasive alien 
gecko from places with light pollution, did not change the 
selection by native geckos for darker locations, which 
suggests cities are opening niches for invasive alien species 
(Zozaya et al., 2015).

3.6	 SYNTHESIS AND 
CONCLUSION

3.6.1	 Literature used in this 
chapter and identification of 
knowledge gaps
A diverse strategy was adopted to identify and summarize 
the literature used in Chapter 3 (sections 3.1.3 and 3.1.4).9 
The varying approaches to reviewing the literature not only 
recognized the biases and gaps within the scientific literature 
linking invasive alien species with other drivers of change 
in nature (Hulme, 2022; Box 3.13), but also acknowledged 
the complexities in establishing cause-effect relationships 
between drivers and the transport, introduction, 
establishment and spread of invasive alien species 
(sections 3.1.2 and 3.1.4, 3.1.5). Based on these search 
strategies, Chapter 3 summarizes the information from 
1,183 scientific papers and other sources9 across indirect, 
direct, and other drivers of change in nature for the role of 
a total of 44 drivers in facilitating the transport, introduction, 
establishment and spread of invasive alien species across 
biomes, realms and IPBES regions (sections 3.2 and 3.3, 
3.4, 3.5). Sections 3.2, 3.3, 3.4, 3.5 and 3.6.2 appraise and 
summarize the current state of knowledge on the role of 
drivers in facilitating biological invasions, whereas sections 
3.1 and 3.6.1 outline the background and search strategies 
and summarize the knowledge base for the chapter. 

Across the 1,183 studies identified and used in this report 
(Figure 3.29):

	 30.4 per cent reported on indirect drivers of change in 
nature (sociocultural 2.2 per cent, demographic 9.5 per 
cent, economic 10.4 per cent, technology 5.9 per cent, 
governance 2.4 per cent);

	 72.1 per cent on linked to direct drivers of change in 
nature (land- and sea-use change 29.3 per cent, direct 
exploitation of natural resources 7 per cent, pollution 
12.1 per cent, climate change 17.2 per cent, invasive 
alien species 6.5 per cent);

	 5.8 per cent on linked to other drivers (biodiversity loss 
3.9 per cent, natural drivers 1.9 per cent). 

Despite targeted searches to address how two or more 
drivers of change in nature interact to facilitate biological 
invasions (sections 3.1.5, 3.5) fewer than 20 per cent of 
these studies reported on the role of more than one driver in 
facilitating biological invasions (Boxes 3.12 and 3.13). 

9.	 Data management report available at: https://doi.org/10.5281/
zenodo.5529309

https://doi.org/10.5281/zenodo.5529309
https://doi.org/10.5281/zenodo.5529309
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Most studies were on invasive alien plants (52.8 per cent), 
which represents almost twice as many as for invasive alien 
vertebrates (28.9 per cent) or invertebrates (29.2 per cent), 
with fewer studies having been conducted on invasive 
alien microbes and fungi (12.3 per cent). More than half 
of the identified studies were from the terrestrial realm 
(66.3 per cent), whereas freshwater and marine systems 
were represented by, respectively, 20.2 per cent and 
23.7 per cent of the studies. Plants dominated studies of 
terrestrial invasive alien species, whereas all macroscopic 
taxonomic groups were relatively evenly represented in the 
studies reviewed from the aquatic realms, with vertebrate 
studies being most numerous in the freshwater realm and 
invertebrate studies most numerous in the marine realm 
(Figure 3.30A). 

Reviewed studies mostly focused on drivers in the Americas 
(45 per cent), followed by Europe and Central Asia (36.6 per 
cent), with fewer studies from the Asia-Pacific region (34.5 
per cent, noting that 23.2 per cent were from Oceania) and 
Africa (26 per cent). This trend was relatively consistent 
across all taxonomic groups (Figure 3.30B). 

For the majority of the studies analyzed in this report 
(1044 sources), it was possible to link drivers to one or more 
stages of the biological invasion process, with the majority 
of studies linking drivers to the establishment (70.5 per 
cent), spread (66.4 per cent) and introduction (53.5 per 
cent) of invasive alien species, whereas fewer sources 
explicitly linked drivers to transport (33.8 per cent). These 
numbers add up to considerably more than 100 percent, 
illustrating that most studies link drivers to more than one 
stage within the biological invasion process. The availability 
of studies on drivers varied across stages of the biological 
invasion process. Studies of the role of indirect drivers of 
change in nature in facilitating biological invasions tended 
to focus on links to transport and introduction of invasive 
alien species (Figure 3.31A). This trend was especially 
evident for sociocultural and economic drivers, for which 
studies on their role in transport and introduction made up 
for two thirds (65 per cent) of studies on these two drivers 
across all stages of the biological invasion process. This 
pattern was consistent across all realms and taxonomic 
groups but is especially strong for microbes. In contrast, 
studies of direct (anthropogenic and other) drivers, reported 
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Figure 3  29  	 Overview of the literature used for this assessment of the drivers of change in 
nature affecting biological invasions.

The number of studies (y axis) in the literature base for Chapter 3 reporting on each driver of change in nature (x axis) in affecting 
biological invasions. The total number of studies is 1185. The underlying data for this figure is available at https://doi.org/10.5281/
zenodo.5529309
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predominantly on links to the establishment and spread 
stages, a pattern that was especially evident for pollution, 
climate change, invasive alien species, biodiversity loss and 
ecosystem resilience, and for natural drivers, for all of which 
studies on their role in establishment and spread made 
up more than 75.9 per cent of all studies (Figure 3.31B 
and C). These patterns were less consistent across realms 
and taxonomic groups, however, as stronger links between 
direct or other drivers and establishment and spread were 
found in the terrestrial realm than in freshwater, whereas 
this pattern was largely absent in marine systems. Likewise, 
the link between indirect drivers and the early stages of 
biological invasion and direct drivers and later stages was 
strong for alien plants, but less evident for invertebrates and 
vertebrates, whereas studies of microbes predominantly 

reported on links to transport and introduction across all 
drivers. Three groups of drivers, demographic drivers, 
land- and sea-use change and direct exploitation of natural 
resources, stood out as studied in relation to all stages 
of the biological invasion process (Figure 3.31A and B). 
This was less evident for land-use and direct exploitation 
of natural resources in the terrestrial realm and for plants, 
where studies of establishment and spread dominate, and 
for demographic drivers for microbes, where studies of 
transport and introductions, dominated. 

Information on the roles of drivers in facilitating biological 
invasions was largely sourced from primary studies (50.4 per 
cent), followed by reviews (40.9 per cent), whereas only a 
small number of studies were formal meta-analyses (3.6 per 
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Figure 3  30  	 Overview over the literature used for this assessment of the role of drivers of 
change in nature in affecting biological invasions across realms, IPBES regions 
and taxa.

The number of studies in the literature base for Chapter 3 (y axis) reporting on the role of drivers of change in nature in facilitating 
invasive alien species categorized by realms vs. taxonomic groups (panel A.; x axis) and by IPBES regions vs. taxonomic groups 
(panel B.; x axis) (n = 1202 papers).The underlying data for this figure is available at https://doi.org/10.5281/zenodo.5529309
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Figure 3  31  	 Overview of the literature used within this chapter and specifically the role 
of drivers of change in nature in affecting invasive alien species across the 
biological invasion process.

Summary of the literature extracted for Chapter 3 for assessing the role of drivers across biological invasion stages, showing the 
proportion of the studies of each driver that addresses the different stages in the biological invasion process. Note that studies used 
in the chapter that do not explicitly state stages of the biological invasion process affected are excluded from this figure, and that 
each study can address more than one stage of the biological invasion process (total of 1,183 papers). Chi-square analysis indicated 
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cent). This suggests further structured synthesis and reviews 
are required to support the knowledge on the drivers 
facilitating biological invasions (Box 3.13). 

The outcomes of the chapter review with respect to data 
gaps and biases in the evidence available for assessing the 
role of drivers of change in nature in the context of biological 
invasions, are largely consistent with both the systematic 

review of scenarios and models10 (Chapter 1, section 
1.6.7.3) undertaken as part of this assessment (Box 3.14) 
and the bibliometric analysis of research effort undertaken 
by Hulme (2022) on drivers in relation to biological invasions 
(Box 3.13). 

10.	Data management report available at https://doi.org/10.5281/
zenodo.5706520

Figure 3  31  	

that the number of studies reporting effects on the transport and introduction of invasive alien species is statistically higher for indirect 
than direct drivers of change in nature (p<0,001), whereas the opposite is true for the establishment and spread stages. The number 
of studies is shown on the y axis, while the indirect (panel A.), direct (panel B.) and other drivers (panel C.) of change are shown on 
the x axis. For the number of studies for each driver, see Figure 3.29. The underlying data for this figure is available at: https://doi.
org/10.5281/zenodo.5529309

Box 3  13  	 Impacts of direct and indirect drivers of change in nature on biological 
invasions are currently much less understood than other areas of conservation 
science.

A recent assessment of the research effort into the role of 
indirect and direct drivers of change in nature facilitating 
invasive alien species concluded that the current knowledge 
is limited, and focuses on tractable drivers over those that 
require an interdisciplinary approach, with bias towards 
developed economies (Hulme, 2022). Between 2000 and 2020, 
27,462 peer-reviewed journal articles were published addressing 
biological invasions of which less than 5,000 (or 18 per cent) 
examined the role of one or more drivers of change in nature. In 
contrast, out of a corpus of 110,087 research papers targeting 
biodiversity and ecosystem services, almost 40,000 (or 36 per 
cent) described the role of one or more drivers. Thus, the drivers 
affecting biological invasions remain less understood compared 
to other areas of conservation science.

Research on drivers of change in nature facilitating biological 
invasions reflects a strong bias towards direct drivers with 
only a small fraction of studies addressing indirect drivers 
(Hulme, 2022). While there have been calls for increased 
interdisciplinarity in the study of biological invasions, the 
percentage of articles addressing indirect drivers of change 
in nature has shown no significant increase over the last two 
decades, leading to an increasing bias in articles towards direct 
drivers of change in nature (Hulme, 2022). Drivers deemed likely 
to be important for biological invasion by invasive alien species, 
such as governance and direct exploitation of natural resources, 
were shown to be poorly supported by research effort. The 
considerable literature addressing national and international 

policies for conserving biodiversity (Le Preste, 2017) is not 
matched by similar studies tackling the governance of problems 
arising from invasive alien species (Hulme, 2021a). 

Compared to developed economies, there were only about 
half as many articles affiliated with institutions in developing 
economies. This may significantly limit the opportunity for 
prevention and projection of future risk of invasive alien species 
in Africa, Asia and Latin America. Given the future importance 
of indirect drivers such as tourism, trade and infrastructure 
projects on the likely risk of introducing invasive alien species to 
developing economies (Hulme, 2015a), the paucity of studies on 
indirect drivers is particularly troubling. Developing economies 
harbour most of the world’s biodiversity (Adenle et al., 2015) but 
also face significant threats from indirect drivers of change in 
nature such as international trade (Lenzen et al., 2012) as well 
as direct drivers in the form of invasive alien species (Early et 

al., 2016). Developing economies have also been identified as 
sources of many of the world’s invasive alien species that have 
the potential to reach nearly all terrestrial biomes (Measey et al., 
2019). Thus, there is an imperative to improve the knowledge 
of drivers of change in nature in developing economies not only 
to protect their own national natural heritage but also prevent 
further biological invasions globally. The similarity between the 
results from the diverse literature review strategy in Chapter 3 
and a systematic bibliometric analysis (Hulme, 2022) support 
the view that Chapter 3 adequately captures current knowledge 
of the drivers in facilitating invasive alien species. 

https://doi.org/10.5281/zenodo.5706520
https://doi.org/10.5281/zenodo.5706520
https://doi.org/10.5281/zenodo.5529309
https://doi.org/10.5281/zenodo.5529309
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Box 3  14  	 Representation of drivers in scenarios and models.11

Previous IPBES assessments have evaluated how various tools 
and techniques such as scenarios and models have been used 
to better understand the impacts of drivers on nature, nature’s 
contributions to people and good quality of life (IPBES, 2016b, 
2018e, 2018c, 2018d, 2019). For this assessment a systematic 
review was undertaken to evaluate the patterns and trends 
in published research on invasive alien species that included 
both scenarios and models (Chapter 1, section 1.6.7.3). In 
total 778 papers were reviewed (from an initial set of 30,299). 
Drivers were included as a scenario feature within the review 
with information captured on the number and type of driver. 
The results of the review showed that most papers focused on 

only one driver (77 per cent of 778 papers). Climate change 
was the most commonly included driver (62 per cent of all 
observations; Figure 3.32). The studies that focused on two 
or more drivers often included climate change or invasive alien 
species. Many of the drivers identified in Chapter 3 (Table 3.1) 
were poorly represented, as drivers such as demographics, 
governance, pollution, direct exploitation of natural resources, 
values and technology accounted for less than 2 per cent of 
the observations. The lack of studies focusing on interactions 
amongst drivers is a gap that could limit understanding of the 
outcomes of biological invasions alongside other drivers of 
change in nature. 

The dominance of climate change as a driver in most studies 
is explained by the prevalence of correlative models which 
invariably include climate change scenarios (e.g., scenarios 
from the Intergovernmental Panel on Climate Change; IPCC) 
as a factor to project the occurrence or potential distribution 
of species. The majority of papers focused on exploratory 
scenarios, that examine a range of plausible futures based on 
the potential trajectory of key underlying scenario features. The 
results of these studies provide some insights in relation to 

future directions for the development of scenarios and models 
in invasion science (e.g., Lenzner et al., 2019; Roura-Pascual 
et al., 2021). Future studies may be able to address the current 
gaps and include the other cross-cutting themes highlighted 
in this assessment such as Indigenous and local knowledge 
(Glossary) and good quality of life (e.g., Obermeister, 2019), 
which would improve our understanding of the patterns and 
trends in drivers of change in nature and how these affect 
biological invasions.
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Figure 3  32  	 Representation of drivers (per cent) of the observations for each driver 
across the papers included in the scenarios and models review noting some 
papers included multiple observations. 

The number of studies is shown on the y axis, and the different drivers of change in nature are shown on the x axis. A data 
management report for this figure is available at https://doi.org/10.5281/zenodo.5706520 

11.	Data management report available at https://doi.org/10.5281/zenodo.5706520
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3.6.2	 Synthesis 

The relative importance of drivers of change in nature 
in facilitating biological invasions was quantified based 
on a consensus approach involving an expert-based 
assessment by the authors of the chapter for each invasion 
stage across and within realms (terrestrial, freshwater, 
marine) and broad taxonomic units (microbes, plants, 
invertebrates, vertebrates).12

Overall, the expert-based consensus approach assessed 
economic drivers as the most important in facilitating 
biological invasions worldwide (average 21 per cent 
importance, across all realms and taxonomic units, and 
stages of the invasion process), followed by land- and 
sea-use change (16 per cent), demographic drivers (10 per 
cent), climate change (9 per cent), sociocultural drivers 
and policies, governance and institutions (each 8 per cent), 
pollution (7 per cent), direct exploitation of natural resources 
and invasive alien species (each 5 per cent), biodiversity 
loss, natural hazards and science and technology (each 
4 per cent). The major drivers identified are consistent with 
indigenous and local knowledge (Box 3.15).

The consensus approach further reveals a clear shift in 
relative importance of the drivers over the stages of the 
biological invasion process (Figure 3.34). The transport 
and introduction of invasive alien species are primarily 
facilitated by economic drivers, followed by land- and 
sea-use changes, with some evidence for an additional 
role of sociocultural drivers, demographic drivers, and 
policies, governance and institutions. In contrast, land- and 
sea-use change is the overriding driver responsible for the 
establishment and spread of invasive alien species, followed 
by climate change, pollution, and to some extent economic 
drivers and biodiversity loss. Thus, indirect drivers are 
identified as the most important in the early stages of the 
biological invasion process while direct drivers dominate in 
the later stages.

Patterns are relatively consistent across realms, but with 
some variation (Figure 3.34A). Economic drivers and 
natural drivers are considered relatively more important and 
sociocultural and policy, governance and institutional drivers 
less important for facilitating the transport of invasive alien 
species in the marine realm, whereas demographic drivers 
are more important for the transport of invasive alien species 
into the terrestrial realm. There is little difference between 
realms in the relative importance of drivers facilitating the 
introduction stage. Policies, governance and institutional 
drivers are more important in facilitating the establishment 
of invasive alien species, while sociocultural drivers and 
biodiversity loss are less important in the marine realm, 

12.	Data management report available at https://doi.org/10.5281/
zenodo.7861162

whereas demographic drivers are relatively more important 
and direct exploitation of natural resources less important 
in the terrestrial realm. Finally, the spread of invasive alien 
species is relatively less affected by demographic drivers in 
the marine realm, more affected by sociocultural drivers in 
freshwater systems, and less affected by pollution but more 
affected by biodiversity loss in the terrestrial realm. 

There is more variation across taxonomic units than realms 
(Figure 3.34B). Sociocultural drivers are consistently more 
important for facilitating alien plants early in the invasion 
process and for vertebrates across all stages, and less 
important for microbes and invertebrates. This pattern 
likely reflects the importance of intentional introductions 
of plants and animals for human amenity values, both 
linked to subsistence and to cultural values (sections 
3.2.1, 3.2.3.2, 3.2.3.3, 3.3.1.1). Demographic drivers are 
relatively more important for the transport of microbes than 
other taxonomic groups, whereas economic drivers are 
relatively less important for the introduction of plants and 
more important for the spread of plants and vertebrates 
than for the other taxonomic groups. This latter finding is 
likely linked to the relatively higher importance of land-use 
changes for the introduction of plants along with intentional 
introductions of alien vertebrates for hunting and farming 
(sections 3.3.1.1, 3.3.2.1.1, 3.3.2.1.2). Pollution is 
assessed as relatively more important for the introduction 
of microbes and less important for the establishment of 
invasive alien vertebrates and the spread of invasive alien 
invertebrates and vertebrates. In contrast, climate change 
is deemed relatively more important for the introduction, 
establishment and spread of microbes compared to other 
taxonomic groups.

These patterns illustrate some of the complexity in how 
drivers of change in nature facilitate biological invasions. The 
variation across stages, taxonomic units and realms is partly 
related to the biophysical characteristics of the specific 
processes and systems. As examples, trade and travel 
operate mainly through both the intentional and unintentional 
transport of invasive alien species across regions; harvesting 
and restocking for harvesting are more important in aquatic 
than terrestrial systems (sections 3.2.3.1, 3.3.2.1) and 
respond to variation in human impacts (such as, land- and 
sea-use being more important for plants and pollution 
within aquatic systems and less important for vertebrates; 
sections 3.3.1.1, 3.3.3).

https://doi.org/10.5281/zenodo.7861162
https://doi.org/10.5281/zenodo.7861162
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Box 3  15  	 Identification of drivers by Indigenous Peoples and local communities.13

The IPBES framework acknowledges diverse knowledge 
sources in assessments, and in particular the central position of 
Indigenous Peoples and local communities in providing situated 
understanding of biological invasions. Assessment authors thus 
carried out an extensive cross-chapter review of literature to 
identify Indigenous and local knowledge related to invasive alien 
species (Chapter 1, section 1.6.7.1). In total 131 studies were 
reviewed, and data on drivers was collated, including both the 
number and type of driver identified along with any comments or 
additional information. 

In most cases, Indigenous Peoples and local communities 
identified at least one driver that had facilitated the invasion of 
the reported alien species (84 per cent of 131 papers). Land-

use change was the most commonly included driver (identified 
in 40 per cent of all papers), but Indigenous Peoples and 
local communities generally judge indirect drivers of change in 
nature as relatively important in facilitating biological invasions, 
with economic drivers (32 per cent), policies, governance and 
institutions (24 per cent) and sociocultural drivers (21 per cent) 
as the three next-ranked drivers (Figure 3.33). In the majority of 
studies (68 per cent), Indigenous Peoples and local communities 
identified more than one driver facilitating biological invasions, 
the average number of drivers being 2.25 (range 1-7). Of the 
studies, 72 per cent reported on the spread of invasive alien 
species, 18 per cent on their establishment, and 11 per cent 
on their introduction, with no studies reporting on the transport 
stage of the invasion process.
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Figure 3  33  	 Representation of the role of each driver in the studies included in the 
literature review on Indigenous Peoples and local communities and 
invasive alien species (numbers of reported cases across 131 references) in 
facilitating biological invasions, noting most papers included multiple cases. 

The number of studies is shown on the y axis, and the different drivers of change in nature are shown on the x axis. Data 
management report available at https://doi.org/10.5281/zenodo.5760266

13.	Data management report available at https://doi.org/10.5281/zenodo.5760266
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3.6.3	 Conclusions 
Indirect and direct drivers of change in nature play significant 
but varying roles across all four stages in the biological 
invasion process (Figure 3.34). There is a clear shift from 
the early stages (transport and introduction), where indirect 
drivers of change in nature play overriding roles, and the 
later stages (establishment and spread), where direct 
drivers dominate. The transport and introduction of invasive 
alien species are primarily facilitated by economic drivers 
(section 3.2.3), in particular, international trade, primarily 
though maritime commerce, which has caused both 
intentional and unintentional transport and introduction of 
many invasive alien species in both terrestrial and aquatic 
realms, followed by land- and sea-use change (section 
3.3.1), with other drivers playing smaller but still significant 
roles (Figure 3.34). Land- and sea-use change is the 
overriding driver for the establishment and especially spread 
of invasive alien species, followed by climate change, 
pollution and to some extent demographic and economic 
drivers (Figure 3.34).

There is variation in relative importance of drivers across 
realms and taxonomic groups, partly related to the 
biophysical characteristics of the specific systems (such as 
better connectivity in aquatic than terrestrial systems) and 
partially related to variation in human impacts. Sociocultural 

drivers are consistently more important for plants and 
vertebrates than for microbes and invertebrates across all 
stages of the invasion process (Figure 3.34). This pattern 
probably reflects the importance of intentional introductions 
for human amenity value. Recent research on the role of 
drivers of change in nature in facilitating biological invasions 
has focused on the direct drivers, climate change and 
land-use change, whereas economic drivers are the most 
studied indirect driver. The importance of governance and 
sociocultural perspectives in shaping biological invasion 
remains understudied. Strong biases also occur in the 
biomes and taxonomic groups examined, with the majority 
of studies dealing with terrestrial temperate ecosystems 
relative to other biomes, and plants relative to other 
organismal groups (section 3.6.1). The evidence base 
for the role of direct and indirect drivers on invasive alien 
species is largely drawn from developed nations, particularly 
Europe, the United States and Canada as well as Australia 
and New Zealand. While most indirect and direct drivers 
of change in nature affect biological invasions across all 
regions and ecosystems, the magnitude of their effects will 
differ and the lack of detailed information for the Arctic and 
developing nations, especially sub-Saharan Africa, tropical 
Asia and South America, is of concern. 

Figure 3  34  	 Assessment of the relative importance of indirect and direct drivers of change 
in nature in facilitating invasive alien species across stages of the biological 
invasion process, by A) biome (terrestrial, freshwater, marine) and B) taxa 
(microbes, plants, invertebrates, vertebrates). 

Separately for each realm and taxonomic unit, the Chapter 3 experts (coordinating lead and lead authors, fellows), scored the relative 
importance of each driver (out of 100 points) for each of the four stages of the invasion process. The scores of all panel members 
were then averaged to produce an overall consensus assessment, based on which the authors were allowed to adjust their individual 
scores (i.e., using a Delphi method approach). A data management report for this figure is available at https://doi.org/10.5281/
zenodo.7861162
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Intensification of drivers and the acceleration of biodiversity 
loss and ecosystem degradation will have consequences 
for biological invasions in the future. It is becoming clear 
that climate change will increasingly shape future trends in 
invasive alien species, potentially with a significant temporal 
lag (Chapter 2, section 2.2.1), and will modify the role 
that other direct and indirect drivers might play in facilitating 
biological invasions. Furthermore, ecosystems may become 
more vulnerable to biological invasions as invasive alien 
species themselves decrease biotic resistance to further 
biological invasions and/or biodiversity is lost (sections 
3.3.5, 3.4.2). All these concurrent changes in drivers and 
ecosystems are indicative that past patterns of biological 
invasions may not be effective in informing future invasion 
patterns. Of particular concern is the lack of understanding 
as to how different drivers of change in nature interact to 
affect biological invasions across the invasion stages. 

Few drivers act in isolation (sections 3.1.5, 3.5), and there 
are potentially many interactions among drivers that are 
likely to lead to future biological invasions scenarios never 
previously experienced. For example, international trade also 
influences other drivers of change in nature that facilitate 
biological invasions by intensifying urbanization around 
major trade ports, driving resource extraction to meet 
international market demands and increasing atmospheric 
and aquatic pollution (section 3.5). Similarly, land- and sea-
use change has led to changes in disturbance regimes and 
habitat degradation, which can decrease biotic resistance 
to the establishment and spread of invasive alien species 
(section 3.3.1). Increasing and expanding trade, travel and 
urbanization are major drivers implicated in the introduction 
and spread of invasive alien species worldwide that at the 

same time facilitate ecosystem degradation, which in itself 
is a direct driver facilitating biological invasions (section 
3.1.2). However, fewer than 5 per cent of published studies 
examining the role of drivers in facilitating biological invasion 
addressed more than one driver (section 3.6.1).

Intensification in many co-occurring drivers of change in 
nature in combination with interactive effects amongst 
drivers increase the risk of positive feedbacks exacerbating 
biological invasions in the future. Addressing these 
complexities can be achieved through interdisciplinary 
collaborations including scientists and policymakers. For 
example, future scenarios can be used to explore how 
economic, policy and demographic changes alongside and 
in response to climate change, land- and sea-use change, 
or pollution might lead to greater risk of biological invasions 
(i.e., the patterns described in Chapter 2). Such scenarios 
could then enable identification of the specific conditions, 
situations and combinations of drivers that are key in 
facilitating biological invasions, and that would therefore be 
critical to address in order to reduce threats and impacts 
from invasive alien species (Chapter 4). Only by investing 
in building these links between science and policy can risks 
of unintended policy outcomes, that lead to environmental 
degradation and biodiversity loss, be identified and avoided 
(Chapters 5, 6). Better orientation and coordination of 
national and international research on drivers in relation to 
both their actual importance as well as their policy relevance 
in relation to biological invasions by invasive alien species is 
therefore key to addressing biological invasions in the future.
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Chapter 4

IMPACTS OF INVASIVE  
ALIEN SPECIES ON NATURE, 
NATURE’S CONTRIBUTIONS  
TO PEOPLE, AND GOOD  
QUALITY OF LIFE

EXECUTIVE SUMMARY
 1 Invasive alien species impact nature at all 
ecological levels, from native individuals, populations, 
species, to communities and ecosystems (well 
established) {4.3.1}. Although some invasive alien species 
can have both positive and negative impacts (well 
established) {4.3, 4.4, 4.5, 4.6}, the overall negative impacts 
of invasive alien species far exceed any positive impacts on 
nature and humans (established but incomplete) {4.3.1, 
4.4.1, 4.5.1, 4.6.1, 4.6.3}. Almost three-quarters (71 per 
cent) of the documented impacts on nature adversely affect 
native species (well established) {4.3.1}. The magnitude of 
impacts of invasive alien species varies depending on the 
geographic and environmental context (well established) 
{4.3.1, 4.3.2, 4.3.3, 4.4.1, 4.4.2, 4.4.3, 4.5.1, 4.5.2, 4.5.3, 
4.6.1, 4.6.2, 4.6.3, 4.6.4, 4.6.5}. The most commonly 
observed impacts on nature are changes in ecosystem 
properties, reductions in the performance of native species 
and declines in local populations of both plants and animals 
(well established) {4.3.1.3}. The most frequently observed 
mechanisms of impacts are competition, physical and 
chemical changes of the invaded ecosystems and trophic 
interactions through predation and herbivory (well 
established) {4.3.1.3}. In terrestrial ecosystems, most 
studies of impacts on nature are documented from plants 
and occur in forests, grasslands and human-dominated 
habitats (well established) {4.3.2.1}. Few impacts on nature 
are documented from very cold (tundra and high mountain 
habitats), very dry (deserts and xeric shrub lands) or flooded 
terrestrial habitats (wetlands – peatlands, mires, bogs) (well 
established) {4.3.1}. No impacts have been documented in 
the cryosphere and the deep-sea (established but 
incomplete) {4.3.1} (Table 4.2). The magnitude of negative 
impacts of invasive alien species often varies with the 
invaded biomes and species, and impacts are sometimes 
exacerbated or attenuated by the interaction of invasive 
alien species with other drivers such as climate change, 
changes in land- and sea-use, or pollution (established but 
incomplete) {4.3.1} (Box 4.5). The number of documented 
impacts of invasive alien species has risen in parallel with the 
documented number of alien species (established but 

incomplete) {4.3.1}. About 7 per cent of alien plants, 17 per 
cent of alien vertebrates, 23 per cent of alien invertebrates, 
and 12 per cent of alien microbes are known to be invasive, 
but their numbers are likely an underestimate (established 
but incomplete) {4.2}.

 2 Invasive alien species have contributed to local 
or global extinctions of native species (well 
established) {4.3.1} (Box 4.4). Of all invasive alien species 
with documented impacts, 6 per cent (218 invasive alien 
species) have been associated with the local extinction of at 
least one native species (established but incomplete) 
{4.3.1}. Invasive alien species are a significant factor that 
directly or indirectly caused 60 per cent of documented 
global animal and plant extinctions (established but 
incomplete) (Box 4.4) and have caused 1,215 documented 
local extinctions of 255 native species across all taxa 
(established but incomplete) {4.3.1}. These local extinctions 
have been documented in marine (23.2 per cent) freshwater 
(14.5 per cent) and terrestrial realms (62.1 per cent) (well 
established) {4.3.1}. Invasive alien animals (vertebrates 
51 per cent, invertebrates 32.5 per cent) are more often 
implicated in causing local extinctions than invasive alien 
plants (15.3 per cent) and microbes (1.2 per cent) (well 
established) {4.3.1}. 

 3 Impacts of invasive alien species are more 
harmful to isolated ecosystems, such as islands, than 
elsewhere (established but incomplete) {4.3.1.1}. 
Documented negative impacts on native species on islands 
are far more frequent than positive impacts (40.5 per cent 
vs. 4.5 per cent) (well established) {4.3.1.1}. Of the global 
extinctions caused by invasive alien species, the 
overwhelming majority occurred on islands and other 
isolated ecosystems (established but incomplete) {4.3.1} 
(Box 4.4). Local extinctions are more frequently 
documented from islands than from non-island locations 
(9.2 per cent vs. 4.0 per cent) (well established) {4.3.1}. Of 
the top ten invasive alien species documented to have 
caused local extinctions on islands, five are domesticated or 
synanthropic species: Rattus spp. (rats), Capra hircus 
(goats), Mus musculus (house mouse), Felis catus (cat), but 
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also other vertebrates such as Anas platyrhynchos (mallard) 
(well established) {4.3.1.1}. 

 4 Invasive alien species pose a substantial threat 
to the conservation of native biodiversity, 
landscapes and seascapes in protected areas 
(established but incomplete) {4.3.1.2}. Invasive alien 
species impact areas protected for nature conservation, 
with impacts of similar magnitude and frequency occurring 
both inside and outside protected areas (established but 
incomplete) {4.3.1.2}. Impacts on nature in protected 
areas constitute 19.3 per cent of the total number of 
documented impacts on nature (established but 
incomplete) {4.3.1.2}. Reports of negative impacts on 
native species in protected areas are far more frequent 
than positive impacts (33.2 per cent vs. 6.3 per cent) 
(established but incomplete) {4.3.1.2}. 

 5 Invasive alien species cause impacts on all 
categories of nature’s contributions to people (well 
established) {4.4}. A large majority (80 per cent) of 
documented impacts on nature’s contribution to people are 
negative and harm people by decreasing ecosystem 
services (well established) {4.4.1}. The most commonly 
observed negative impact of invasive alien species to 
nature’s contributions to people is a reduction of human 
food supply (well established) {4.4.1}, which is caused by all 
taxa, in all regions and realms (well established) {4.4.2, 
4.4.3}. Other important impacts of invasive alien species on 
nature’s contributions to people are on habitat maintenance 
(16 per cent records) and on the provision of materials, 
companionship and labour (14 per cent records). In 
terrestrial systems, the most common invasive alien species 
causing impacts are plants, particularly in cultivated areas 
and in temperate and boreal forests (well established) 
{4.4.2.1}. In inland waters, 70 per cent of the documented 
impacts on nature’s contributions to people are from inland 
surface waters and water bodies/freshwater (well 
established) {4.4.2.2}, and most of them are caused by 
invasive alien vertebrates (well established) {4.4.2.2}. In 
marine systems, the impacts are mostly caused by invasive 
alien invertebrates and predominate in shelf ecosystems 
(well established) {4.4.2.3}.

 6 Impacts of invasive alien species on human 
health vary from nuisance to poisoning, disease and 
death (well established) {4.5.1}. Zoonotic diseases 
transmitted by invasive mosquitos inflict misery, chronic 
disease and death (well established) {4.5.1.3}. Invasive alien 
plants can be highly allergenic or phytotoxic (well 
established) {4.5}. Several invasive ant species have been 
documented as causing serious allergic or toxic reactions 
(well established) {4.5.1.3}. Health impacts caused by 
venomous and poisonous invasive alien marine species 
have frequently been documented in the Mediterranean Sea 
(well established) {4.5.1.3}.

 7 Global cumulative damages due to invasive alien 
species totalled more than US$ 1.738 trillion between 
1970 and 2020 (established but incomplete) (Box 4.13). 
In 2017 alone, documented aggregate global costs of 
biological invasions were estimated to reach US$162.7 
billion, exceeding the 2017 gross domestic product of 52 of 
the 54 countries on the African continent, and more than 
twenty times higher than the combined total funds available 
in 2017 for the World Health Organization and the United 
Nations (established but incomplete) (Box 4.13). In 2019, 
global annual costs of biological invasions were estimated to 
exceed $423 billion, with variations across regions, but this 
is likely a gross underestimation (established but incomplete) 
(Box 4.13). North America (53 per cent) and Asia (13 per 
cent) were associated with the highest documented costs, 
which is partly driven by cost data incompleteness for most 
taxa and regions of the world (well established) (Box 4.13). 
Agriculture is the economic sector most frequently 
documented as affected by invasive alien species and 
specifically by insects which are often categorized as pests 
(established but incomplete) (Box 4.13). 

 8 Invasive alien species cause impacts on good 
quality of life that affect the opportunities for people 
to live a fulfilled life (established but incomplete) {4.5}. 
The majority of the 3,783 documented impacts on good 
quality of life are documented as negative for people (about 
85 per cent) (established but incomplete) {4.5.1}. Most 
negative impacts (56 per cent) on good quality of life are the 
result of changes to “material and immaterial assets” by 
invasive alien species (established but incomplete) {4.5.1, 
4.5.2, 4.5.3}. Invertebrates are documented as causing the 
highest number of negative impacts on good quality of life 
(51 per cent of negative impacts) (established but 
incomplete) {4.5.3}. Conversely, plants (responsible for 
42 per cent of positive impacts) are more likely to result in 
positive impacts on good quality of life (established but 
incomplete) {4.5.3}. Negative and positive impacts on 
society are most often documented in Asia-Pacific (41 per 
cent of negative impacts and 53 per cent of positive 
impacts), and in cultivated areas (29 per cent of negative 
impacts and 26 per cent of positive impacts) (established 
but incomplete) {4.5.2.1, 4.5.3}. Although there is very little 
systematic research on gender differences in impacts of 
invasive alien species, the available data suggest that some 
invasive alien species may cause gender-differentiated 
impacts (established but incomplete) {4.5.1}.

 9 Indigenous Peoples and local communities 
report more negative than positive impacts caused by 
invasive alien species, especially on water resources, 
human health and health of livestock and access to 
traditional lands (well established) {4.6.1}. Indigenous 
Peoples and local communities report ten times more 
negative than positive impacts caused by invasive alien 
species on nature (92 per cent negative, 8 per cent positive) 
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(well established) {4.6.1}. Impacts on nature, often affect the 
deep kinship connection that many Indigenous Peoples and 
local communities have with nature (well established) 
{4.6.3}. When considering nature’s contributions to people, 
reports are more balanced (55 per cent negative to 45 per 
cent positive) (well established) {4.6.2}. Two-thirds (68 per 
cent) of the impacts on the good quality of life of Indigenous 
Peoples and local communities have been documented as 
negative, compared to one-third (32 per cent) that have 
been documented as positive (well established) {4.6.3}. 
Invasive alien species have frequently been documented to 
cause the loss of access to and mobility within traditional 
lands, leading to harder labour requirements (well 
established) {4.6.3}. Negative impacts on the health of 
Indigenous Peoples and local communities can be direct 
(e.g., injury) and indirect, including general feelings of 
despair and stress. Some invasive alien species can provide 
some benefits, including income and development of local 
industry (well established) {4.6.3, 4.6.4}, but Indigenous 
Peoples and local communities highlight that seemingly 
positive impacts are not often considered wholly positive by 
their communities, especially when communities had little 
agency or choice in responding to the invasive alien species 
(well established) {4.6.2, 4.6.3, 4.6.4}. There are many 
cases where Indigenous Peoples and local communities 
have adapted to the negative impacts of invasive alien 
species (well established) (4.6.3). Whilst more negative 
impacts have been documented on cultural values and 
practices, involvement of Indigenous Peoples and local 
communities in the use and management of invasive alien 
species is, in some cases, also documented as an 
opportunity for skills development and knowledge transfer 
(established but incomplete) {4.6.5}. 

 10 There are substantial geographic and taxonomic 
gaps in the documentation, quantification and 
understanding of impacts (established but incomplete) 
{4.7.2}. The quality and quantity of information available on 
impacts of invasive alien species for different taxa, units of 
analysis, regions and realms differ greatly, and research 
efforts are unevenly distributed across regions, temporal 
scales, and taxa (well established) {4.7.2}. These biases can 
be observed across all realms, especially in marine 
ecosystems, where the extent and timing of research efforts 
on marine invasive alien species lag behind terrestrial studies 
(established but incomplete) {4.7.2}. About 95 per cent of 
the sources listed in the dataset are in English, severely 
underrepresenting studies only available in non-anglophone 
sources (well established) {4.7.2}. 

4.1	 INTRODUCTION
“The cardoon (Cynara cardunculus) has a far wider 
range: it now occurs in these latitudes on both sides 
of the Cordillera, across the continent. I saw it in 
unfrequented spots in Chile, Entre Rios, and Banda 
Oriental. In the latter country alone, very many (probably 
several hundred) square miles are covered with one 
mass of these prickly plants and are impenetrable 
by man or beast. Over the undulating plains, where 
these great beds occur, nothing else can live. Before 
their introduction, however, I apprehend the surface 
supported as in other parts a rank herbage. I doubt 
whether any case is on record, of an invasion of so 
grand a scale of one plant over the aborigines.”  
(Darwin, 1839). 

At the time Charles Darwin wrote this, European powers 
vied to import, grow and disseminate “exotic” plants and 
animals. The earliest “jardins d’acclimatation” were erected 
on the order of the King of France at the time, Louis 
XV, to accommodate edible, medicinal and decorative 
plants elsewhere; breadfruit from the South Pacific was 
shipped to French Guiana, and coffee plants to the Antilles 
and Brazil (Bailey, 2018). This was the continuation of a 
process rooted in prehistorical millennia. Zooarchaeological 
and archaeobotanical studies reveal the spread of the 
Near Eastern suite of domesticates, cultivated plants 
and synanthropic biota across Europe, Asia and Africa 
(Bortolus et al., 2015; Colledge et al., 2013; Chapter 1, 
Figure 1.3). Austronesian people transported their 
domesticated animals, including dogs, pigs, chickens and 
the synanthropic Rattus exulans (Pacific rat) to isolated 
archipelagos of Remote Oceania long before the sixteenth 
century (N. Amano et al., 2021; Crabtree, 2016; Giovas, 
2006). The direct and indirect impacts of these species 
on island ecosystems (Glossary), through agricultural 
deforestation and the introduction of mammalian predators, 
have only recently come to the fore: palaeoecological data 
reveal losses of many species (Drake & Hunt, 2009; Fillios et 
al., 2012; Prebble & Wilmshurst, 2009).

Despite vast numbers of terrestrial, inland waters, and 
marine introductions over millennia, written documentation 
of their impacts was rare until the twentieth century. For 
example, Sporobolus alterniflorus (smooth cordgrass) 
occupying subtropical and temperate salt marshes along 
the Atlantic coast of South America may have been 
introduced in the eighteenth or early nineteenth century, 
but remained a “hidden invasion”; its impacts on coastal 
geomorphology and biodiversity have been overlooked and 
undocumented (Bortolus et al., 2015). Studies that actually 
document impacts of invasive alien species have been 
limited to 3515 invasive alien species, about 10 per cent of 
all alien species (Glossary) according to the Global Register 
of Introduced and Invasive Species (GRIIS). 
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Charles Elton evinced great interest in biological invasions 
(Glossary) as early as the 1930s. Studying a bevy of 
introduced species in the United Kingdom, from Ondatra 
zibethicus (muskrat) to Rattus norvegicus (brown rat), he 
denounced them as a zoological catastrophe. Elton’s seminal 
contribution (Elton, 1958) highlighted the impacts of invasive 
alien species – animals, plants, pathogens, terrestrial, aquatic 
and marine – and raised public awareness of biological 
invasions as a conservation issue (Simberloff, 2010). Still, it 
was not until the 1980s, when the Scientific Committee on 
Problems of the Environment (SCOPE) convened a series 
of workshops, that contemporary invasion biology was 
launched (Mooney & Drake, 1989; Simberloff et al., 2013) 
and soon established that invasive alien species could 
have severe and lasting impacts on ecosystem functions, 
and that nearly every type of ecosystem had been affected 
(Lodge, 1993; Chapter 1, Figure 1.2). The mode, rate, 
order and crypticity of introduction, the inherent complexity 
in interactions between invasive alien species population 
and host community and ecosystem, and their interactions 
with the environment are each context-driven and difficult to 
assess (Jarić et al., 2019; Parker et al., 1999; Vanderhoeven 
et al., 2017; Chapter 1, section 1.5). 

Invasive alien species cause a wide array of economic 
damage, disrupting the production of goods and services. 
For example, invasive alien species can reduce timber 
and agricultural output (T. P. Holmes et al., 2009; Paini et 
al., 2016), damage infrastructure (Fritts, 2002), impact the 
operations of public utility companies (Elliott et al., 2005; 
Magara et al., 2001), and disrupt navigation (Ashe & Driscoll, 
2013; Bryson et al., 2008; Grewell et al., 2016; Lindgren et 
al., 2013; Mallison et al., 2001). Invasive alien species are also 
notorious for altering nature’s contributions to people and 
good quality of life (Glossary), which affects property values 
(Olden & Tamayo, 2014), tourism (Mejía & Brandt, 2015), 
and outdoor recreation (Lauber et al., 2020). Human health 
can be profoundly affected, too (Juliano & Lounibos, 2005; 
Kemp et al., 2000; World Health Organization & Convention 
on Biological Diversity, 2015). Significant costs are also 
associated with invasive alien species prevention and control 
efforts (Glossary), including clearing costs (Marais et al., 
2004) and increased costs of transportation (e.g., road-right-
of-way maintenance costs, hull maintenance, inspection 
stations, ballast water treatment system costs, etc.). Invasive 
alien species are sometimes associated with economic 
benefits, having been deliberately introduced for aquaculture 
(De Silva et al., 2009), forestry and landscaping (Knowler & 
Barbier, 2005; Richardson, 1998), cultural reasons (Pejchar & 
Mooney, 2009), or recreational pursuits such as sport fishing, 
yet there is general agreement that their net economic effect 
is overwhelmingly negative (Bradshaw et al., 2016; Diagne, 
Leroy, et al., 2021; Zenni et al., 2021). 

Though related literature has increased in recent years, 
research on the economic benefits and costs of invasive 

alien species is in its infancy. Perhaps more concerning, 
researchers are still trying to understand the links among 
biological invasions and economic activities, some of 
which are indirect and difficult to quantify (B. A. Jones & 
McDermott, 2018; B. A. Jones, 2016; Charles & Dukes, 
2007). As a result, few long-term studies examine economic 
impacts over time (Essl et al., 2011; Cuthbert, Pattison, 
et al., 2021). As invasive alien species continue to spread 
and understanding about the economic implications 
of invasive alien species increases, it is safe to assume 
that the estimate of sustained damages will continue to 
rise. Perceptions of the costs and benefits of introduced 
species are varied (Jubase et al., 2021; R. T. Shackleton, 
Richardson, et al., 2019; Verbrugge et al., 2013; Chapter 1, 
section 1.5.2). A limited number of invasive alien species 
are exploited commercially, though some of those have had 
substantial negative impacts in recipient ecosystems. In 
1999, the International Union for the Conservation of Nature 
(IUCN), through its Invasive Species Specialist Group (ISSG), 
established the list of “100 of the world’s worst invasive alien 
species” to increase public awareness (GISD, 2013). Geraldi 
et al. (2019), examined media attention to the aquatic 
and marine species on the IUCN list and concluded that 
coverage was low and short-lived; an important observation 
given the influence of media on societal environmental 
perceptions. Listed by the IUCN (but unexamined by Geraldi 
et al., 2019) are Oncorhynchus mykiss (rainbow trout) and 
Salmo trutta (brown trout), which have been introduced 
worldwide for the main purpose of recreational fishing 
and have subsequently resulted in significant losses of 
biodiversity (Cambray, 2003). Yet, the growing popularity 
of sport fishing and angling delivers significant economic 
benefits to tourism, rending these and similarly introduced 
invasive fish “sacrosanct” amongst some stakeholders (J. 
E. Jackson et al., 2004; Lewin et al., 2006). Despite this 
inherent complexity, this chapter provides a global analysis 
and synthesis of the environmental, economic and social 
impacts of invasive alien species from available evidence 
(published peer-reviewed literature, grey literature, and 
information from Indigenous and local knowledge systems; 
Glossary and Box 4.1). This assessment only reflects 
documented impacts; however, the total impact of invasive 
alien species remains unknown.

The chapter flows from an unprecedented assessment 
of impacts, through which an impact database has been 
compiled. Section 4.1 introduces the major concepts 
underpinning the analysis of impacts; section 4.2 presents 
the methodology employed to record and analyse impacts in 
the chapter; section 4.3 presents the analysis and synthesis 
of impacts on nature; section 4.4 covers impacts on 
nature’s contributions to people; and section 4.5 describes 
impacts on good quality of life. For each section, the team 
of authors have presented general patterns, impacts by 
realm and units of analysis, impacts by region, and impacts 
by invasive alien species taxon. Section 4.6 presents a 
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summary of some impacts as perceived by Indigenous 
Peoples and local communities; and section 4.7 discusses 
the future direction of impacts and their analysis, including 
the use of scenarios and modelling, and the knowledge 
gaps that can animate future improvements in methodology. 
Recording and analysing the impacts of invasive alien 
species will inform future efforts toward prevention and 
management (Glossary) of biological invasions.

4.1.1	 Types of impacts: nature, 
nature’s contributions to people, 
good quality of life 

The impacts of invasive alien species on nature, nature’s 
contributions to people, and good quality of life are all 
context-dependent, and range along a continuum from 
nearly indiscernible to region-wide changes (Chapter 1, 
Figure 1.1 for definitions). 

Impact on nature, formerly “ecological impact”, is defined 
as a measurable change to the properties of an ecosystem 
(Ricciardi et al., 2013), and implies that all introduced 
species can have an impact, even when not yet established 
or widespread (Glossary), which may vary in magnitude, 
simply by integration into the ecosystem. Impact can be 
measured at the level of an organism (e.g., effects on 
individual mortality and growth), a population (abundance), 
a community (species richness, evenness, composition, 
trophic structure), an ecosystem (physical habitat, nutrient 
cycling, contaminant cycling, energy flow), or a region 
(species richness, beta diversity). Individual, population 
and community-level impacts are most commonly studied 
(Jeschke et al., 2014; Ricciardi et al., 2013). 

Impact on nature’s contributions to people (Chapter 1, 
Box 1.12) comprises positive contributions as well as 

negative impacts, e.g., exacerbating fire hazards, soil 
erosion, allergenic pollen, zoonotic diseases, poisoning 
and envenomation (Vaz et al., 2017). Regardless of taxon, 
ecosystem and region, invasive alien species alter nature‘s 
contributions to people by affecting populations, community 
dynamics, ecosystem processes, and abiotic variables. 
Yet, despite awareness of the susceptibility of nature‘s 
contributions to people to alteration by invasive alien 
species, research has lagged behind and impacts are often 
overlooked or underappreciated, leaving threats to people 
unquantified (Charles & Dukes, 2007). 

Each constituent of good quality of life (Chapter 1, 
Table 1.4) is vulnerable to alteration by invasive alien species. 
Changes to the constituents of good quality of life such as 
material and immaterial assets (e.g., the provisioning of food 
and fuel), safety, health, economic and cultural practices, 
social relations, or freedom of choice and action can affect 
peoples’ lives (Box 4.9 in section 4.3.2.1, for example). 

Appreciation of the extent and intensity of impacts is 
essential for prioritizing appropriate policy and governance 
(Glossary) responses to invasions. Attention of policymakers, 
stakeholders and the public is focused on a subset of 
introductions perceived as “harmful”, having resulted in 
extinction or extirpation of native species and/or striking 
changes to ecosystem functioning, nature‘s contributions to 
people and good quality of life (Simberloff et al., 2013). 

4.1.2	 Directionality of impacts: 
nature, nature’s contributions to 
people, good quality of life 

Impact directionality (i.e., whether impacts of invasive alien 
species are assessed as “negative” or “positive”) is partly 
grounded in subjective perceptions embedded within 

Box 4  1  	 Rationale of the chapter.

The chapter focuses on the impacts of invasive alien species 
on nature (Glossary) and nature’s contributions to people and 
a good quality of life, as defined in the conceptual framework of 
the Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services (IPBES; Chapter 1, sections 1.6.1), 
including non-economic values (e.g., cultural, social and shared, 
recreational, scientific, spiritual and aesthetic values).

Guiding questions: 
•	 Which native taxa, nature’s contributions to people and 

components of good quality of life are most negatively and 
positively impacted by invasive alien species? 

•	 Which units of analysis and regions are most negatively 
and positively impacted by invasive alien species? 

•	 Which invasive alien species caused local and global 
extinctions and which native species (Glossary) and 
taxonomic groups are affected?

•	 What are the global monetary costs of invasive alien species?
•	 How do people, including Indigenous Peoples and local 

communities, assess the magnitude of impacts of invasive 
alien species? 

•	 What are our knowledge gaps and biases in the type and 
distribution of impacts across taxa, regions, units of analysis? 

Keywords: 
positive and negative impacts, invasive alien species, nature’s 
contributions to people, good quality of life, native taxa, 
Indigenous Peoples and local communities, units of analysis.
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economic, cultural and social contexts. Perception of 
impacts as positive or negative depends on value systems 
and values can vary even within the same economic, cultural 
and social context (R. T. Shackleton, Richardson, et al., 
2019). Thus, there are different ways of defining whether 
nature or its elements are harmed or benefit. 

Nature and its elements have intrinsic value, and one 
could argue that this value can be damaged by invasive 
alien species. Extinctions and extirpations caused by the 
unintentional introductions of rats, snakes, gypsy moths, and 
chestnut blight, can be considered negative impacts (Czech 
& Krausman, 1999; Butchart et al., 2006; Kochalski et al., 
2019). Local population losses and niche contraction of native 
species may not induce immediate extirpation, but they augur 
reduction of genetic diversity, loss of functions, processes, 

and habitat structure, increasing the risk of decline and 
extinction (Glossary; Galil, 2007). When studies document 
cases of rising species richness or abundance of native 
species following introductions of an invasive alien species 
(Irigoyen et al., 2011; McQuaid & Griffiths, 2014; Thomsen, 
2010), they can be considered as positive impacts on nature. 
However, this assessment recognises that the purported 
benefits can be predicated on provision of novel habitat 
(e.g., polychaete and oyster reefs in muddy habitats, algal 
meadows) by transforming entire habitats to the detriment 
of the pre-existing community. In many communities, some 
native species suffer from the introduction of invasive alien 
species while others may benefit.

In this assessment, impacts on nature are defined as 
negative when a native species suffers disadvantage, 

Box 4  2  	 Environmental and Socio-Economic Impact Classification for Alien Taxa: EICAT 
and SEICAT.

The International Union for Conservation of Nature (IUCN) 
EICAT framework was developed to categorize and assess 
negative impacts caused by alien taxa on native taxa (IUCN, 
2020). The framework assesses how much a native species 
is affected by an invasive alien species. Other types of 
environmental impacts such as changes caused by alien taxa 
to abiotic ecosystem properties (e.g., soil or water chemistry) 
are considered under the framework only if such changes lead 
to a decrease in attributes of native biodiversity. 

The EICAT classifies impacts in a 5-step semi-quantitative 
scale based on the level of biological organization affected 
(individuals ➝ populations ➝ communities), and the magnitude 
and reversibility of these impacts (Blackburn et al., 2014). The 
five steps reflect an increase in the order of magnitude of the 
particular impact so that a new level of biological organization 
is involved. Minimal Concern – negligible impacts, and no 
reduction in performance of a native taxon’s individuals; Minor 
– performance of individuals reduced, but no decrease in 
population size; Moderate – native taxon population decline; 
Major – native taxon local extinction (i.e., change in community 
structure), which is naturally reversible; and Massive – 
naturally irreversible local or global extinction of a native taxon 
(Figure 4.1; IUCN, 2020; Volery et al., 2020). Impacts of 
invasive alien species can be caused through 10 mechanisms 
(Figure 4.1). The EICAT is conceptually and structurally related 
to the IUCN Red List of Threatened Species, with the Red 
List categorizing a focal native species based on its risk of 
extinction, and the EICAT categorizing a focal alien taxon based 
on the degree to which it has negatively impacted native taxa 
(Van der Colff et al., 2020).

The SEICAT assesses negative impacts of invasive alien 
species on good quality of life (Bacher et al., 2018). It follows an 
approach similar to the EICAT. In particular, it classifies changes 
in human activities caused by invasive alien species into one 

of 5 magnitudes. These are: Minimal Concern – negligible 
impacts, and no reduction in individual peoples’ activities; Minor 
– normal activities are more difficult, but no decrease in activity 
size, i.e., all people still carry out the activity; Moderate – 
decline in activity size, i.e., fewer people participate in an activity; 
Major – local disappearance of an activity from all or part of the 
area invaded by the invasive alien species, which is naturally 
reversible; and Massive – local irreversible disappearance of an 
activity from all or part of the area invaded by the invasive alien 
species (Bacher et al., 2018). Changes in human activities can 
be caused through impacts on five constituents of good quality 
of life (Box 4.3). The framework is based on the capability 
approach of welfare economics (Robeyns, 2005; Sen, 1999) 
and thus avoids ambiguities in interpreting impacts based on 
monetary approaches (Hoagland & Jin, 2006). 

The EICAT and the SEICAT have been used to compare impact 
magnitudes of alien taxa at various spatial scales, across 
geographic regions and taxonomic groups (e.g., Evans et 

al., 2016, 2020; Canavan et al., 2019; Galanidi et al., 2018; 
Kesner & Kumschick, 2018; Volery et al., 2021), and to facilitate 
evidence-based prioritization and other management decisions 
(Rockwell-Postel et al., 2020). Widespread application of both 
schemes is expected to reduce data biases and data gaps 
on the impacts of invasive alien species on nature and good 
quality of life. Recently, the EICAT framework was expanded 
to include a classification for positive impacts of invasive alien 
species for nature (EICAT+; Vimercati et al., 2022) but this 
was not available at the time when data for this chapter were 
gathered. EICAT+ might allow comparison of positive and 
negative environmental impacts in a common framework for 
a better understanding of the consequences of invasive alien 
species and to better inform conservation decisions. For a 
comprehensive understanding and efficient management, 
the reporting of both negative and positive impacts is critical 
(Vimercati et al., 2020). 
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following the Environmental Impact Classification for Alien 
Taxa (EICAT, Box 4.2) approach developed by IUCN 
(2020), and as positive when a native species benefits from 
ecosystem changes due to the introduction of an invasive 
alien species (Vimercati et al., 2022). However, not every 
ecosystem change can be assigned a unique directionality. 
For example, abiotic characteristics of ecosystems (e.g., 
changes in soil or water chemistry, structural complexity) 
can increase or decrease due to the impacts of an invasive 
alien species, but it is not straightforward to assign an impact 
direction (positive or negative) because these changes 
might have different consequences for different species. 
Moreover, abiotic ecosystem changes can sometimes be 
quantified as either an increase or a decrease of an indicator 
(e.g., an increase in the concentration of hydrogen ions 
(H+) is equivalent to a decrease of the pH). Thus, in this 
report, impacts describing abiotic changes in ecosystem 
characteristics are classified as negative or positive only if 
the consequence of these changes is documented to harm 
or benefit a native species. Abiotic ecosystem changes are 
not assigned a directionality when it is unknown if a native 
species suffers or benefits from these changes. Invasive alien 
species can benefit or harm people, which determines the 
directionality of impacts on nature’s contributions to people 
and good quality of life. Directional changes in nature’s 
contributions to people (i.e., increases or decreases of the 

parameters that are measured, Chapter 1, Box 1.12) may 
be positively or negatively associated with changes in good 
quality of life. For this report, benefits in nature’s contributions 
to people are documented as an increase in services and/or 
decrease in disservices, whereas deleterious changes would 
do the opposite (Vaz et al., 2017). By contrast, in this report, 
directionality in good quality of life is assessed by changes 
in constituents of good quality of life (Bacher et al., 2018; 
Chapter 1, Table 1.4) which are directly associated with 
humans profiting or suffering from the impacts of an invasive 
alien species. This follows the Socio-Economic Impact 
Classification for Alien Taxa (SEICAT; Box 4.2) approach, 
which recognizes that different people may perceive impacts 
by invasive alien species in different ways (Bacher et al., 
2018). Invasive alien species may cause a range of impacts 
with different directionality (“negative” and “positive”) on 
native species of the resident community, on categories of 
nature’s contributions to people, and on components of 
good quality of life. For example, a negative impact of an 
invasive alien species on a native predator may profit its 
native prey; an invasive alien species may increase food 
production at the expense of soil deterioration; or an invasive 
alien rangeland plant like Echium plantagineum (Paterson’s 
curse) may profit bee keepers due to its proliferous nectar 
production, but be toxic to livestock and thus detrimental to 
farmers (Harris, 1984). Thus, impacts on nature can be at 

Box 4  2  	
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Figure 4  1  	 EICAT and SEICAT categories and the relationship between them. 

The five impact categories (from minimal concern to massive) can be used to assess negative impacts caused by invasive 
alien species (which are a subset of alien species). Source: IUCN (2020), https://doi.org/10.2305/IUCN.CH.2020.05.en, under 
license CC BY-NC 4.0.
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odds with impacts on nature’s contributions to people and 
good quality of life. For instance, Gambusia affinis (western 
mosquitofish) has been widely introduced as a biological 
control agent (Glossary) to manage mosquito populations 
but also preys on rare indigenous fish, amphibians and 
invertebrates (Englund, 1999; Leyse et al., 2004; Segev et 
al., 2009; Rupp, 1996). 

Occasionally, invasive alien species impact all three 
(Table 4.1) – nature, nature’s contributions to people and 
good quality of life – as is the case with Acacia mearnsii (black 
wattle), in South Africa. This highly invasive alien species 
manifests significant negative impacts on water resources 
(losses estimated at 577 million m3 annually), biodiversity, 
and the stability and integrity of riparian ecosystems, while 
supplying an industry of tanning agents and providing 
rural communities with firewood and building materials. 
Plantation owners, small growers and rural communities 
benefit economically from the products of invasive alien 
wattles, whereas most sectors of society bear the social and 
monetary costs of loss in water and biodiversity, and increase 
in fire risk and erosion (de Wit et al., 2001).

When interpreting invasive alien species impacts, care 
should be taken to examine them in a comprehensive 
manner, addressing nature, nature’s contributions to people, 
good quality of life, and their directionality. Reporting all 
types of impacts, positive and negative, separately allows a 
comprehensive picture of impacts by invasive alien species 
and avoids some impacts being masked by tallying or 
calculating “net impacts”. For example, economic benefits 
are often gained by a few people or sectors while costs, 
often long-term ones, are borne by many others (Gozlan & 
Newton, 2009; Kelsch et al., 2020). 

The IPBES invasive alien species assessment acknowledges 
that the outcomes of assessments of the positive impacts 
of invasive alien species do not balance or offset their 
negative impacts, which may be irreversible (Lockwood et 
al., 2023). Positive and negative stacked bar charts in this 
chapter do not imply that positive and negative impacts can 
be summed.

4.1.3	 Impacts and Indigenous and 
local knowledge 

Some Indigenous Peoples and local communities, because 
of their holistic and interconnected relationships with 
nature (M. C. C. Holmes & Jampijinpa, 2013) and close 
dependence on nature for livelihoods and support systems 
(Mungatana & Ahimbisibwe, 2012), experience impacts of 
invasive alien species that go beyond changes to distinct 
species or habitats, to include both negative and positive 
economic, social and cultural impacts, including on good 
quality of life (Vaarzon-Morel, 2010; Sundaram et al., 2012; 

Jevon & Shackleton, 2015; K. Smith et al., 2010; dos Santos 
et al., 2014; Atyosi et al., 2019; Martínez & Manzano-García, 
2019; R. T. Shackleton, Shackleton, et al., 2019). For some 
Indigenous Peoples and local communities, an impact of 
invasive alien species may change material assets, such 
as food and materials to sustain livelihoods (K. Smith et al., 
2010), as well as some immaterial values, including cultural 
practices (Monterroso et al., 2011), opportunity for learning 
and teaching on traditional lands (Bach et al., 2019), and 
persisting spiritual identities (Fischer, 2007), all of which 
underpin their health and well-being (Sangha et al., 2015). 

Reviews, such as the one conducted by Pfeiffer and Voeks 
(2008), highlight the importance of time scale in assessing 
impacts, and estimate that where an invasive alien species 
has been present for at least 3 generations (100 years 
plus), Indigenous Peoples and local communities may 
incorporate the invasive alien species into rituals, practices 
or as a resource. However, other studies (R. T. Shackleton 
et al., 2017) and frameworks (C. M. Shackleton et al., 2007) 
focused on sustainable livelihoods more broadly, suggest 
that if an invasive alien species is left unchecked over 
time, the negative impact on livelihoods and vulnerability 
of communities increases with longer exposure to the 
invasive alien species. For example, the Botswana San once 
embraced Prosopis juliflora (mesquite), planted by forestry 
officials in the 1980s, as a useful resource but, by the 
1990s, its spread threatened animals, water sources and 
movement through the bush. Thus, the San people have 
since worked actively to eradicate (Glossary) it (Bach et al., 
2019; Fischer, 2007; Monterroso et al., 2011; Mosweu et 
al., 2013; Sangha et al., 2015; K. Smith et al., 2010).

The nature of research on impacts of invasive alien species 
for Indigenous Peoples and local communities has also 
developed over time. Early studies often documented the 
knowledge and use of invasive alien species by Indigenous 
Peoples and local communities (i.e., ethnobotanical studies 
looking at medicinal or food use of alien plants; Bye, 
1981), while more complex impacts were not documented. 
As Indigenous and local knowledge has been elevated 
within mainstream arenas to inform global biodiversity 
policies (e.g., Local Biodiversity Outlooks; Forest Peoples 
Programme et al., 2016, 2020), studies of Indigenous and 
local knowledge on broad ecological, social and cultural 
impacts have increased, including co-designed studies 
with Indigenous Peoples and local communities (e.g., 
Sloane et al., 2021; S. Russell et al., 2020). However, this 
recent rise in the number and complexity of studies does 
not mean that impacts have only recently been felt. For 
invasive alien species that arrived and spread centuries 
ago, the information about first impacts may not have 
been passed down through the generations of Indigenous 
Peoples or local communities, particularly if the introduced 
species is not part of ancestral or “Dreaming” stories and 
customs (Crowley, 2014; Salmón, 2000). Therefore, cultural 
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stories and knowledge transferred in modern times may be 
more on how to use and adapt to invasive alien species, 
rather than documented negative impacts (e.g., rabbits in 
Australia, feral pigs in Hawaii, wild horses in North America, 
water hyacinth in waterways in Asia and Africa; Pfeiffer & 
Voeks, 2008; Collin, 2017). 

Given the complexity of impacts considering time-scale and 
the diversity of Indigenous Peoples and local communities 
and their livelihoods, Pfeiffer and Voeks (2008) proposed 
a framework of invasive alien species impacts as either 
“impoverishing, augmenting, or facilitating” culture. Fitting 
within this framework, some studies recognize negative 
impacts of invasive alien species to the livelihoods of 
Indigenous Peoples and local communities (Kent & Dorward, 
2015; Ngorima & Shackleton, 2019), others acknowledge 
the positive impacts such as facilitation of inter-generational 
culture retention (Maldonado Andrade, 2019), and some 
studies highlight the adaptation of some Indigenous Peoples 
and local communities to invasive alien species (P. L. 
Howard, 2019).

In this chapter, Indigenous and local knowledge sources 
have been included as data in the main impacts database 
(section 4.2) and, in addition, section 4.6 includes a 
supplementary review of impacts directly documented by 
Indigenous Peoples and local communities from 124 peer-
reviewed sources, which fills some information gaps in the 
mainstream database methods (section 4.6).2 

4.2	 METHODOLOGY
Authors of this chapter have systematically reviewed 
relevant available information to understand the impact of 
invasive alien species on nature, nature’s contributions to 
people and good quality of life, at a global level for a large 
number of organisms and habitats. 

Some regions of the world have notably more information 
in scientific publications than others (Nuñez et al., 2019; 
Nuñez & Amano, 2021). Therefore, methods for reviewing 
literature varied within this chapter, with tailored criteria 
and systematic approaches for literature searches being 
adopted for different regions and taxa. The specific 
methodologies are presented in more detail in the data 
management report.3 Reviewed information included 
scientific literature (papers, books) and grey literature 
(institutional reports, reports of agencies and other relevant 
sources), including from Indigenous and local knowledge, 
and databases of invasive alien species (e.g., Centre for 

2.	 Data management report available at: https://doi.org/10.5281/
zenodo.5760266

3.	 Data management report available at: https://doi.org/10.5281/
zenodo.5766069

Agriculture and Bioscience International (CABI)’s Invasive 
Species Compendium and the Global Invasive Species 
Database (GISD), the IUCN Red List of Threatened Species, 
or the InvaCost database).

From each analysed document, gathered data included:

	 The geographical location of the impact.

	 The corresponding IPBES unit of analysis (Chapter 1, 
section 1.6.5 for a description of all 17 units of 
analysis), recording whether the impacted area was on 
an island or in a protected area.

	 The name of the invasive alien species, and the name 
(if possible) and taxonomic group (plant, invertebrate, 
vertebrate, and microbe) of native species affected, 
as described in the document, and if the species was 
intensively used for multiple purposes by humans.

	 The mechanism, magnitude (only for negative impacts) 
and direction of impacts on nature (section 4.1.2), at 
the local population level.

	 The mechanism and direction of impacts on nature’s 
contributions to people (section 4.1.2, Box 4.3 
and Chapter 1, Box 1.12). This doesn’t include 
the magnitude of impacts on nature’s contributions 
to people, as no standard methodology has been 
developed to date to assess it.

	 The direction, magnitude (only for negative impacts) of 
impacts and affected constituents of good quality of life 
(section 4.1.2).

	 The relation to Indigenous and local knowledge.

Authors did not collect data on the synergistic effects of 
other drivers of change in nature such as climate change 
(Box 4.5, in section 4.3.1), evolutionary aspects (Box 4.8, 
in section 4.3.1.4) or information on the interactions with 
other native or alien species (Box 4.5, in section 4.3.1). 

The database of impacts developed through this chapter 
contains data on 24,129 reports of impacts caused by 
3,515 invasive alien species, representing 10.9 per cent of 
all alien species (ranging from 5.5 per cent to 22.4 per cent, 
depending on the taxonomic groups, Table 4.1). There 
were no studies of impacts for many alien species and the 
real percentages of invasive alien species causing impacts 
is likely to be higher than documented in this chapter. 
All numbers presented in this chapter are based on this 
single database compiled specifically for this chapter if not 
stated otherwise.

https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
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Of the 3,515 invasive alien species that were found to cause 
impacts, 1,673 (48 per cent) cause impacts on nature, 
1,530 (44 per cent) on nature’s contributions to people, and 
1,032 (29 per cent) on good quality of life. Invasive alien 
species frequently cause more than one type of impact: 
556 invasive alien species (16 per cent) cause impacts 
on both nature and nature’s contributions to people, 
235 species (7 per cent) on both nature and good quality 
of life. About 5 per cent of all invasive alien species cause 
impacts on all three categories. 

There are similar numbers of impacts documented from the 
Americas (8,163 reports), Europe and Central Asia (7,481), 

and Asia-Pacific (6,016), but considerably fewer reports 
from Africa (1,725) (Figure 4.2). Of all the documented 
impacts, 4,679 are from islands, and 3,324 from protected 
areas. Most documented impacts are from the terrestrial 
realm (18,011, 74.6 per cent) with considerably fewer from 
aquatic realms (inland waters: 3,299, 13.7 per cent; marine: 
2,352, 9.7 percent); 467 of the documented impacts were 
from studies that did not specify the realm (Figure 4.2). 
Invasive alien species have been documented to cause 
impacts across all units of analysis, but most reports 
are from temperate and boreal forests and woodlands, 
inland waters and cultivated areas (including cropping, 
intensive livestock farming; Table 4.2). There are very few 

Box 4  3  	 Important terms and concepts used in this chapter.

Constituents of good quality of life are material and 
immaterial assets; safety; health; social and cultural relationships; 
freedom of choice and action (Chapter 1, Table 1.4).

Impacts on ecosystem properties are changes to (abiotic) 
ecosystem parameters e.g., soil variables, while it remains 
unknown how native species are affected by these changes 
(section 4.1.1).

Impacts on good quality of life (Chapter 1, section 1.6.7.2) 
can be positive or negative through changes in constituents of 
good quality of life; measured as changes in peoples’ activities 
following the SEICAT approach (Bacher et al., 2018). 

Impact magnitudes:
•	 Impact magnitudes on nature follow the EICAT system 

from the IUCN (2020) namely impacts on performance 
of native individuals, population declines, local or 
global extinctions.

•	 Impact magnitudes on good quality of life are classified 
according to the SEICAT approach (Bacher et al., 2018) 
namely human activities are more difficult, some people stop 
certain activities, and activity is locally abandoned.

Mechanisms include negative impacts on native species and 
follow the EICAT system from the IUCN (2020):
•	 Competition – the alien taxon competes with native taxa 

for resources (e.g., food, water, and space), leading to 
deleterious impact on native taxa.

•	 Predation – the alien taxon predates on native taxa, 
leading to deleterious impact on native taxa.

•	 Hybridization – the alien taxon hybridizes with native taxa, 
leading to deleterious impact on native taxa.

•	 Transmission of disease – the alien taxon transmits 
diseases (alien or native) to native taxa, leading to 
deleterious impact on native taxa.

•	 Parasitism – the alien taxon parasitizes native taxa, 
leading to deleterious impact on native taxa.

•	 Poisoning/toxicity – the alien taxon is toxic, or allergenic 
by ingestion, inhalation or contact, or allelopathic to plants, 
leading to deleterious impact on native taxa.

•	 Bio-fouling or other direct physical disturbance – the 
accumulation of individuals of the alien taxon on the 
surface of a native taxon (i.e., biofouling), or other direct 
physical disturbances not involved in a trophic interaction 
(e.g., trampling, rubbing, etc.) leads to deleterious impact 
on native taxa.

•	 Grazing/herbivory/browsing – grazing, herbivory or 
browsing by the alien taxon leads to deleterious impact on 
native taxa.

•	 Chemical, physical, structural impact on ecosystem 
– the alien taxon causes changes to the chemical 
characteristics of the native environment (e.g., pH; nutrient 
and/or water cycling), the physical characteristics of the 
native environment (e.g., disturbance or light regimes), 
or changes to the habitat structure (e.g., changes in 
architecture or complexity), leading to deleterious impact 
on native taxa.

•	 Indirect impacts through interactions with other 
species – the alien taxon interacts with other native 
or alien taxa (e.g., through any mechanism, including 
pollination, seed dispersal, apparent competition, 
mesopredator release), facilitating indirect deleterious 
impact on native taxa. 

Nature’s contributions to people are composed of 
18 categories (Chapter 1, Box 1.12; Díaz et al., 2018). Note 
that changes in nature’s contributions to people do not always 
directly translate into positive or negative changes for people 
(e.g., if people do not use the increase in nature’s contributions to 
people, then there is no actual contribution). Nature’s contributions 
to people impacts are documented as positive or negative without 
assignment of magnitude, i.e., positive means an increase in 
nature’s contributions to people, negative a decrease.

Positive impacts are assigned as positive when an entity 
profits from the change, i.e., a native species (impacts on 
nature) or humans (nature’s contributions to people, good quality 
of life impacts).

Unit of analysis have been adopted by this assessment to 
classify “habitats” (Chapter 1, section 1.6.5).
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Table 4  1  	 Number of established alien species and invasive alien species identified in this 
assessment by taxonomic group.

Data sources for the numbers of established alien species from different taxonomic groups: Chapter 2, Table 2.3). A subset of 
established alien species are known to cause adverse impacts; they are termed invasive alien species. A data management report for 
the database of impacts developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069

Taxonomic group

Plants Invertebrates Vertebrates Microbes All taxa

Number of established alien species 19,365 8,282 3,242 1,257 32,146

Number of established alien species with 
documented impacts

1,061 1,852 461 141 3,515

Percentage of invasive alien species 5.5% 22.4% 14.2% 11.2% 10.9%

Table 4  2  	 Number of documented impacts across IPBES units of analysis.

A data management report for the database of impacts developed through this chapter is available at https://doi.org/10.5281/
zenodo.5766069

IPBES units of analysis Number of impact records

Tropical and subtropical dry and humid forests 2,664

Temperate and boreal forests and woodlands 3,849

Mediterranean forests, woodlands and scrub 1,248

Tundra and high mountain habitats 205

Tropical and subtropical savannas and grasslands 1,106

Temperate grasslands 2,147

Deserts and xeric shrublands 579

Urban/semi-urban 1,480

Cultivated areas (incl. cropping, intensive livestock farming etc.) 3,032

Aquaculture areas 144

Wetlands – peatlands, mires, bogs 728

Inland surface waters and water bodies/freshwater 3,107

Shelf ecosystems (neritic and intertidal/littoral zone) 2,295

Open ocean pelagic systems (euphotic zone) 7

Coastal areas intensively used for multiple purposes by humans 649

Cryosphere -

Deep-sea -

https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
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documented impacts from the open ocean, and no reports 
from the deep sea and the cryosphere were found. Twenty 
per cent of all impacts are reported from islands.

The most frequently documented impacts of invasive 
alien species are caused by plants (10,091 documented 
impacts), followed by invertebrates (8,180 documented 
impacts) and vertebrates (5,182 documented impacts), with 

invasive alien microbes having the lowest number of impact 
reports (676 documented impacts) (Figure 4.2). These 
include all types of impacts (nature, nature’s contributions 
to people, good quality of life) and all directions (positive, 
negative, and those that cannot be assigned a direction). 
Of the 13,898 documented impacts of invasive alien 
species on ecosystems properties, most affected native 
plants (6,376 documented impacts), followed by native 

Figure 4  2  	 Number of invasive alien species with documented negative and positive 
impacts on nature, nature’s contribution to people and good quality of life, by 
taxonomic group, realm and IPBES region. 

Numbers and bars above indicate invasive alien species with positive impacts, numbers and bars below the x axes indicate species 
with negative impacts. Positive and negative stacked bar charts do not imply that positive and negative impacts can be summed. 
A data management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069
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invertebrates (4,629 documented impacts) and vertebrates 
(3,576 documented impacts), with impacts on native 
microbes being considerably less often documented (312). 

4.3	 IMPACTS OF INVASIVE 
ALIEN SPECIES ON NATURE

4.3.1	 General patterns

Invasive alien species impact nature globally, and the 
majority of documented impacts are negative. This chapter 
documents more than 15,000 impacts on nature caused 
by 3,515 invasive alien species (section 4.2). Only a subset 
of these can be classified with a direction as being either 
negative, neutral or positive for native species (section 
4.1.2). Of all the documented impacts with an assigned 
direction, 85 per cent (10,822) can be considered as 
negative impacts (caused by 1,623 species), and only 
15 per cent (1,976) can be considered as positive impacts 
(caused by 361 species). Impact on ecosystem properties 
caused by 1,560 invasive alien species cannot be classified 
as either positive or negative impacts.

The vast majority of impacts were documented after the 
year 2000 (Figure 4.3), which is likely to be a consequence 

of an increase in impacts correlated with the increase in 
number and occurrence of invasive alien species globally 
(Chapter 2, section 2.2.1), but is also due to an increase 
in research on the impact of invasive alien species. 
Negative impacts on nature have been documented since 
the beginning of the twentieth century with an almost 
exponential increase through time, while positive impacts of 
invasive alien species only started being documented in the 
1970s (Figure 4.3).

Invasive alien species most often documented 
causing impacts on nature

Invasive alien species with most records of negative 
impacts on nature include many vertebrates, e.g., terrestrial 
mammals such as Rattus Rattus (black rat), Rattus exulans 
(Pacific rat), Felis catus (cat), and Vulpes vulpes (red fox); 
Rhinella marina (cane toad); or marine and inland waters 
fishes such as Pterois volitans (red lionfish) and Cyprinus 
carpio (common carp). The ten most-often documented 
invasive alien species with negative impacts on nature 
include several ant species such as Solenopsis invicta (red 
imported fire ant), Linepithema humile (Argentine ant), and 
Anoplolepis gracilipes (yellow crazy ant); and Procambarus 
clarkii (red swamp crayfish). Examples of plants with 
many documented negative impacts on nature include 
Reynoutria japonica (Japanese knotweed) and Lantana 
camara (lantana).
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Figure 4  3  	 Number of reported negative and positive impacts (y axes) on nature over time 
(x axis), from published literature since 1900 (note the logarithmic scale). 

A data management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069
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Most positive impacts on nature are caused by plants and 
invertebrates. Terrestrial plants, such as Solidago gigantea 
(giant goldenrod), Reynoutria japonica (Japanese knotweed), 
or Carpobrotus spp. (iceplant), and trees like Acacia longifolia 
(golden wattle) are abundant nectar sources for many native 
insect species. Marine species such as Caulerpa cylindracea 
(green algae) provide habitat for native species. Aquatic 
invertebrates such as Magallana gigas (Pacific oyster), 
Dreissena spp. (zebra and quagga mussels), Ficopomatus 
enigmaticus (tubeworm), or Didemnum vexillum (carpet 
seas quirt) also impact positively nature by creating habitat, 
and sometimes providing food, for native species. Although 
there are no vertebrates among the top ten invasive alien 
species with most records of positive impacts on nature, 
those with the most frequent documented positive impacts 
are Neogobius melanostomus (round goby), which provides 
food for native species (Hempel et al., 2016; Rakauskas 
et al., 2020), and Rhinella marina (cane toad), which 

indirectly favors native medium-sized predators by reducing 
populations of their competitors and/or top predators (Brown 
et al., 2011; Doody et al., 2013).

A total of 280 (8 per cent) invasive alien species have 
been documented to cause both negative and positive 
impacts on nature (section 4.1.2). Among these are many 
of the species that most often have been documented 
causing negative impacts, such as Dreissena spp. (zebra 
and quagga mussels), Reynoutria japonica (Japanese 
knotweed), or Rhinella marina (cane toad). 

Local extinctions

Some invasive alien species cause local extinctions of 
native populations. Six per cent (218 species) of all invasive 
alien species with documented impacts have caused a 
total of 1,215 local extinctions of native populations. Local 

Table 4  3  	 Number of local extinctions caused by invasive alien species by taxonomic 
group and realm.

Number of documented local extinctions caused by invasive alien species for invertebrates, microbes, plants and vertebrates in 
different realms. Two local extinctions (plant, microbe) could not be assigned to a realm. A data management report for the database 
of impacts developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069

Number of local 
extinctions in the 

marine realm

Number of local 
extinctions in the 
terrestrial realm

Number of local 
extinctions in the 

inland waters realm 

Number of local 
extinctions in all 

realms

Local extinctions 
caused by invasive 
alien plants 

98 53 35 187

 
Local extinctions 
caused by invasive 
alien invertebrates

134 210 50 394

 
Local extinctions 
caused by invasive 
alien vertebrates

48 480 91 619

 
Local extinctions 
caused by invasive 
alien microbes

2 12 0 15

All taxa 282 755 176 1,215

https://doi.org/10.5281/zenodo.5766069
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extinctions have occurred in all realms, but most extinctions 
have been documented in the terrestrial (62.1 per cent) 
realm, followed by the marine (23.2 per cent) and inland 
waters (14.5 per cent) realms (Table 4.3). Overall, invasive 
alien animals have caused the most local extinctions of 
native species (vertebrates 51.0 per cent, invertebrates 
32.5 per cent) in the terrestrial realm; whereas invasive alien 
plant species (15.3 per cent) and microbes (1.2 per cent) 
have caused fewer local extinctions (Table 4.3). In contrast, 
in the marine realm, invasive alien invertebrates (47.5 per 
cent) and plants (34.8 per cent) are more often documented 
to be the cause for local extinctions than invasive alien 
vertebrates (17.0 per cent; Table 4.3).

Invasive alien vertebrates dominate the list of species 
causing local extinctions, e.g., Felis catus (cat), Rattus 
Rattus (black rat), Rattus exulans (Pacific rat), Vulpes vulpes 
(red fox), and Capra hircus (goats), but also the marine 
fish Pterois volitans (red lionfish). Ants also often lead to 
local extinctions, particularly species such as Linepithema 
humile (Argentine ant), Anoplolepis gracilipes (yellow 
crazy ant), and Solenopsis invicta (red imported fire ant). 
Plants that frequently lead to local extinctions are Caulerpa 
cylindracea (green algae) and Pontederia crassipes (water 
hyacinth). Microbes are less frequently implicated in local 
extinctions; pathogens that have caused local extinctions 
are Batrachochytrium dendrobatidis (chytrid fungus), 
Austropuccinia psidii (myrtle rust), Ceratocystis platani 
(canker stain of plane), Cryphonectria parasitica (blight 

of chestnut), the Haplosporidium nelsoni (MSX oyster 
pathogen), and Morator aetatulas (sacbrood virus) that 
affects honeybee larvae. 

Global extinctions

Where invasive alien species caused global extinctions 
(Box 4.4), the impacted native species often had a 
restricted spatial distribution with immutable borders. Thus, 
species endemic to islands, mountain ranges, or isolated 
lakes and river systems seem to be particularly at risk of 
global extinction caused by invasive alien species. Examples 
include Boiga irregularis (brown tree snake), which caused 
the local extinction and serious reduction of populations of 
most of the Guam’s resident 25 bird species (Wiles et al., 
2003), leading to the global extinction of Myiagra freycineti 
(Guam flycatcher). Several global extinctions were attributed 
to the invasive alien Euglandina rosea (rosy predator snail), 
a predatory snail native to Central America and southern 
United States of America, introduced to many pacific 
islands to control Lissachatina fulica (giant African land 
snail) (Gerlach et al., 2021). This terrestrial predatory snail 
led to the global extinction of several, mostly tree-inhabiting 
island-endemic snails of the genus Partula (Coote & Loève, 
2003). The invasive alien Rattus Rattus (black rat) has been 
documented as the only cause of the global extinctions of 
Nesoryzomys darwini and Nesoryzomys indefessus (rice 
rats) endemic to the protected areas of the Galapagos 
Islands (Tirira & Weksler, 2017, 2019).

Box 4  4  	 Global extinctions caused by invasive alien species.

Invasive alien species have a range of impacts on nature which 
can ultimately lead to the global extinction of native species. 
The IUCN Red List synthesized information about species 
extinctions as well as their associated threats, which provides 
a basis to study the impact of invasive alien species in terms 
of extinctions. The IUCN Red List documented 327 animal 
and plant species as globally extinct or extinct in the wild 
with invasive alien species mentioned as one of the causes of 
extinctions, with an additional 205 species that are considered 
possibly extinct (average 50 years since the last specimen 
was seen). Invasive alien species are the only cause attributed 
to 16 per cent of all species extinctions documented in that 
database (K. G. Smith, 2020). Invasive alien species are also 
categorized as a significant contributing factor (i.e., having 
caused significant decline to the majority of the species’ ranges) 
in nearly 60 per cent of extinctions, while in the remaining 
cases the role of invasive alien species as driver of extinctions 
is unknown and most likely minor compared to other drivers 
of change. By focusing on species extinctions in which the 
primary cause has been identified, invasive alien species are 
by far the most frequently mentioned driver. Note that most of 
the species that have gone extinct due to invasive alien species 
were also harmed by wildlife exploitation and/or cultivation and 

those threats are likely to act in combination on insular species 
(Leclerc et al., 2018). 

Among the extinctions in which invasive alien species are 
categorized as a significant cause (n=186), the overwhelming 
majority occurred on oceanic or continental islands (90 per 
cent). The risk of extinctions was greater on islands presumably 
because the species had reduced geographical range 
(Glossary), small population size, and reduced pressure from 
native predators compared to continental species (J. G. Cox 
& Lima, 2006; Boxes 4.6, 4.7). For instance, naïve island 
birds, that have never encountered mammalian predators such 
as rodents and Felis catus (cat), are particularly vulnerable 
(Dueñas et al., 2021; Medina et al., 2011; Whitworth et al., 
2013; Figure 4.4). Extinction hotspots where invasive alien 
species are documented as the main cause are located in the 
Asia-Pacific region (73 per cent), followed by the Americas 
(15 per cent) and Africa (14 per cent). Vertebrates (62.4 per 
cent), invertebrates (26.3 per cent) and plants (11.3 per cent) 
suffered most extinctions as a consequence of invasive alien 
species, with birds (74 species) most vulnerable. (H. P. Jones 
et al., 2008; Spatz et al., 2014; Szabo et al., 2012). This threat 
continues to the present (Butchart, 2008; Dueñas et al., 2021).
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Figure 4  4  	 Examples of extinct birds due to invasive alien cats on islands.

On islands, Felis catus (cat) has caused the extinction of Anthornis melanocephala (Chatham bellbird; left), Cyanoramphus 
novaezelandiae erythrotis (Macquarie Island parakeet; middle), and Microgoura meeki (Choiseul pigeon; right). Photo credits: 
Lynx Edicions, Jan Wilczur (left); Norman Arlott (middle); John Cox (right) – Copyright.

The number of mollusc extinctions documented by the IUCN 
Red List may underestimate the role of invasive alien species. 
A recent re-evaluation attributed at least 134 inland waters 
species extinctions exclusively to the introduction of the 
notorious predatory alien snail, Euglandina rosea (rosy predator 
snail; Régnier et al., 2009). This species was intentionally 
introduced in the 1950s to the 1970s as a biological control 
agent for Lissachatina fulica (giant African land snail) in many 
Pacific islands. It also feeds on other snails and consequently 
a third of the species within the snail family Partulidae 
(Gastropoda) in the Pacific Islands are now extinct, the rest 

being at risk of extinction (Gerlach, 2016). Inland waters fish 
are also particularly affected by invasive alien species, with 
8 native fish species documented as extinct worldwide due 
predominantly to interactions with various invasive alien fish 
and an additional 37 fish extinctions attributed to invasive alien 
species as one of several causes. Note that the same taxa 
are affected (i.e., birds, gastropods, fishes, mammals and 
angiosperms) when considering all the extinct species where 
invasive alien species are cited as one of the causes, but not 
necessarily the main one (Figure 4.5). 
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Box 4  4  

At least 44 invasive alien species are implicated in the 
186 extinctions documented by the IUCN as caused by invasive 
alien species, with rodents and Felis catus (cat) involved in more 
than a third of all extinctions. The large majority of the invasive 
alien species are represented by alien mammals that were 
responsible for the extinctions of native birds and mammals, while 
most of the amphibians are threatened by Batrachochytrium 

dendrobatidis (chytrid fungus; Pounds et al., 2006).

Despite the fact that the IUCN Red List is recognized as the 
world’s most comprehensive information source on the global 
conservation status of species, it should be emphasized that 
the attribution of factors driving extinctions relies on evidence 
from published literature (including peer review) in addition to 
expert opinion and thus is subject to data gaps in observations 
and to some level of uncertainty (IUCN, 2022; Salafsky et 

al., 2008). The scientific literature frequently lacks specific 

Figure 4  5  	 Number of extinct species, including extinct in the wild (EX-EW), by classes.

These bar plots only show classes represented by at least 10 extinct species, with A) all extinct species (EX-EW) where invasive 
alien species (IAS) are cited as one of several causes (but not necessarily the main one) and B) all extinct species (EX-EW) 
where invasive alien species (IAS) are considered as the main cause of extinction. A data management report is available 
at https://doi.org/10.5281/zenodo.5762737
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Figure 4  6  	 Number of records of species extinct or extinct in the wild (EX-EW) since 
1500, with their last seen date indicated. 

Information was available for 276 extinct species. Data source: IUCN (2021). 
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Global extinctions due to invasive alien species are not 
restricted to islands. Batrachochytrium dendrobatidis 
(chytrid fungus) is a pathogen of a wide range of amphibians 
and can be found in the Americas, Africa, Western Europe, 
South-East Asia and Australia (M. C. Fisher & Garner, 
2020). Its origin is still disputed, but it has been widely 
transported and introduced by humans, initially probably 
with the global use of Xenopus laevis (African clawed frog) 
for medicinal purposes starting in the 1950s (Kay & Peng, 
1992). Batrachochytrium dendrobatidis has contributed to 
the severe global decline of amphibians generally (M. C. 
Fisher & Garner, 2020), and has caused the global extinction 
of several native harlequin toads of the genus Atelopus from 
the mountains of Central America (La Marca et al., 2005), 
most likely because climate warming increased the habitat 
suitability for the pathogen (Pounds et al., 2006; Box 4.5). 

Global extinctions due to invasive alien species have also 
occurred in aquatic realms. As an example, Lates niloticus 
(Nile perch) was introduced from its native range in Lake 
Albert to Lake Victoria to improve local fisheries but led to 
the global extinction of many cichlid fish species endemic 
to Lake Victoria (Goudswaard et al., 2008). It remains 
controversial whether the introduction of Lates niloticus has 
profited local fishermen (Box 4.10). 

No global extinctions due to invasive alien species were 
documented in the marine realm; this might be partly 
because immutable dispersal borders are less frequent 
in the marine realm. Yet, one should also take into 
consideration that it is far more difficult to document 
impacts and their causality in marine environments due to 
accessibility challenges (Ojaveer et al., 2015).

Box 4  5  	 Invasive alien species impacts can worsen when interacting with other drivers 
of change.

Invasive alien species occur in interaction with other major 
drivers of biodiversity change, such as climate change, 
land- and sea-use change, pollution and over exploitation of 
natural resources (IPBES, 2019a; Chapter 3, section 3.5). 
Interactions may be classified as additive, antagonistic or 
synergistic with examples of all outcomes evident from studies 
on the interactions between invasive alien species and other 
drivers. Research on multiple drivers of biodiversity change 
is challenging, with drivers operating at different temporal 
and spatial scales (Bonebrake et al., 2019). Additionally, the 
interdisciplinary skills and resources required to study multiple 
drivers may not be available in all regions of the world. A recent 
metanalysis, assessing 458 cases from 95 published studies 
(with 74 of these being laboratory or mesocosm experiments) 
on individual and combined effects of drivers of change on 
invasive alien species, demonstrated that synergistic interactions 
were documented for more than 25 per cent of the studies 
(Lopez et al., 2022). However, it is notable that in most cases 

the impacts of invasive alien species were not exacerbated 
by the other drivers, but the combined impacts of the other 
drivers with invasive alien species were typically no worse than 
the impacts from invasive alien species alone. Documented 
synergistic interactions mostly lead to the deterioration of 
ecosystems (Lopez et al., 2022). There are several studies that 
have provided evidence on the synergistic effects of invasive 
alien species and other drivers of biodiversity change, here we 
highlight four examples of these phenomena (Figure 4.7).

Climate change and invasive alien plants increase 
fire frequency and intensity
In a scenario of climate change, where vast areas of the Earth 
will not only be warmer but drier, and the number of lightning 
events is expected to increase, invasive alien plants may 
worsen the situation by adding additional highly flammable 
fuel (Aslan & Dickson, 2020; Turbelin & Catford, 2021). For 
example, Pinus spp. (pine) invading grasslands and forests 

information on already extinct species. This is particularly true 
for extinctions that occurred before the 1950s for which clear 
information is scarce (Figure 4.6; see also Sayol et al., 2020). 
A recent systematic review, of manipulative experimental 
or comparative observational (before-after; control-invaded 
plots; BACI design; Kumschick et al., 2015), on current 
extinction threat confirmed findings from the IUCN Red List 
on the strong impact of invasive alien species on threatened 
species (Dueñas et al., 2021). Yet, the most prevalent threats 
across near-threatened and threatened species worldwide are 
overexploitation and agricultural activity (Maxwell et al., 2016). 
It is thus crucial to emphasize that the number of extinctions 

or the number of species at risk of extinction are not the only 
reliable metrics to study the impacts of invasive alien species. 
The IPBES Global Assessment of Biodiversity and Ecosystem 
Services synthesized 11 biodiversity indicators including 
local species richness, mean body length and the IUCN Red 
List indices (Purvis et al., 2019). Using those indices, the 
relative importance of invasive alien species may vary across 
ecosystems, taxa, and measure of biodiversity (Bellard et al., 
2022). As a consequence, the contribution of invasive alien 
species to explain the current biodiversity crisis should be 
carefully discussed considering the specific context, taxa, and 
metrics to avoid oversimplifications. 
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of South America may increase fire intensity and frequency 
(Cóbar-Carranza et al., 2014; Paritsis et al., 2018; Chapter 1, 
Box 1.4). Similar effects have been documented in the South 
African fynbos (O’Connor & van Wilgen, 2020).

Climate change and alien mosquitoes threaten the 
health of humans and animals
For some vector-borne diseases, climate change may increase 
the range and the density of the invasive alien species vector 
(Glossary) with profound implications for human health. For 
example, Anopheles spp. (mosquitoes) that carry malaria 
have been documented to advance into higher latitudes of 
the Americas and Europe (Tjaden et al., 2018; Brugueras et 

al., 2020). Climate change has also been implicated in the 
rapid decline of amphibians as it interacts with the invasive 
pathogenic Batrachochytrium dendrobatidis (chytrid fungus), 
which may explain population reductions and even extinctions 
(J. M. Cohen et al., 2019).

Pollution and invasive organisms can transform 
water bodies
Change in nutrient levels due to pollution can increase 
populations of aquatic invasive alien species in inland waters 
and marine ecosystems reducing native species diversity 
(Crooks et al., 2011). Some aquatic invasive alien plants, 
such as Pontederia crassipes (water hyacinth), thrive in highly 
polluted eutrophicated habitats, worsening the consequences 
for local fisheries, infrastructure and transport (Villamagna & 
Murphy, 2010; Kleinschroth et al., 2021).

Hunting and invasive alien vertebrates can bring 
populations of native species in islands or forests 
to extinction (steep population reductions)
A combined effect of hunting and invasive alien predators may 
cause faster local reductions in populations of endangered 
vertebrates such as birds, amphibians and mammals (e.g., 
New Zealand birds in Innes et al., 2010). Furthermore, hunting 
can also be a source of new introductions of game animals 
(Carpio et al., 2017), but in some cases, hunting may also be an 
effective tool to control invasive alien species (Jean Desbiez et 

al., 2011).

Interactions amongst three or more drivers 
including invasive alien species
Conceptualization and quantification of impacts of the 
interaction of three or more drivers is a highly complicated 
endeavour (e.g., birds in Doherty et al., 2015; bats in Frick et al., 
2020; deer and earthworms in Frelich et al., 2006). However, 
evidence suggests that measures including research could 
address these complex interactions to concurrently reduce the 
threats of multiple drivers on biodiversity. Evidence suggests 
that while invasive alien species can exacerbate the impacts of 
other drivers of biodiversity change, the impacts of invasive alien 
species are generally no worse when acting in combination with 
other drivers of change such as climate change, pollution, over 
exploitation or land and sea use change (Lopez et al., 2022). 
Indeed, managing biological invasions locally contributes to 
reducing the threat of multiple drivers of change (Chapter 3, 
section 3.5; Chapter 5, section 5.6.1.3).

Figure 4  7  	 Species affected by multiple drivers of change, including invasive alien species.

Atelopus toads threatened by extinction due to Batrachochytrium dendrobatidis (chytrid fungus) which grows better due to climate 
change; water hyacinth covering large parts of eutrophic tropical lakes due to increased nitrogen pollution. Photo credits: Brian 
Gratwicke, WM Commons – CC BY 2.0 (left) / NickLubushko, WM Commons – CC BY 4.0 (right).

Case study: Avian botulism, a probable synergistic 
impact of alien species and climate warming in the 
North American Great Lakes 
In the North American Great Lakes, several alien species 
are considered to contribute to recurring mass die-offs of 
waterfowl by transmitting botulin toxin. Filtration activities of 

Ponto-Caspian dreissenid mussels (Dreissena polymorpha 
(zebra mussel) and Dreissena rostriformis bugensis (quagga 
mussel) introduced to the Great Lakes in the 1980s) increase 
light transparency in the water and consequently promote 
excessive summer growth of macrophytes and benthic 
macroalgae (Vanderploeg et al., 2002). Later in the summer, 
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Reduction of population sizes

Many invasive alien species that are not documented to 
cause local extinctions can still reduce the population size 
of native species. The database of impacts developed 
through this chapter shows that 21.8 per cent (766) of 
the studied invasive alien species have caused a total of 
4,282 local population declines in native species, which 
represents 36.6 per cent of the documented negative 
impacts on nature. While many invasive alien plants have 
not been documented causing local extinctions, they 
frequently cause declines in native species populations. 
Such invasive alien plants include the terrestrial forbs 
Reynoutria japonica (Japanese knotweed), Impatiens 
glandulifera (Himalayan balsam), Carpobrotus spp. 
(iceplant), Eragrostis lehmanniana (Lehmann lovegrass), or 
Acacia longifolia (golden wattle) and Robinia pseudoacacia 
(black locust). Other invasive alien species that have been 
documented as frequently causing at least local population 

declines are Acridotheres tristis (common myna) or 
Bubalus bubalis (Asian water buffalo), and Phytophthora 
ramorum (sudden oak death). 

Invasive alien plants have the highest number of species 
causing impacts on nature, followed by invertebrates and 
vertebrates. Comparatively few invasive alien microbes are 
documented causing impacts on nature (Figure 4.9A). 
By contrast, more invasive alien animals (vertebrates 
and invertebrates) cause high magnitude impacts, i.e., 
local extinctions, both in terms of the number of species 
causing impacts (Figure 4.9A) and the number of reports 
(Figure 4.9B). Local extinctions are less frequently caused 
by plants, and microbes are rarely documented to have 
caused local extinctions. Invasive alien plants also have the 
highest number of species causing impacts on ecosystem 
properties, population declines and reductions in individual 
performance of native species. 

Box 4  5  	

the decomposing biomass of this vegetation, combined with 
elevated water temperatures resulting from climate change 
generated hypoxic conditions, favouring outbreaks of a rare 
cryptogenic (Glossary) strain of botulism bacteria, Clostridium 

botulinum Type-E (Chun et al., 2013). The bacteria are then 
filtered by dreissenid mussels, which concentrate the toxic 
cells in their tissues. The mussels and other contaminated 
benthic invertebrates subsequently transfer the toxin to 
Neogobius melanostomus (round goby), a benthic predatory 
Ponto-Caspian fish introduced to the Great Lakes region, that 

is itself a common prey item for piscivorous native waterfowl 
such as loons and gulls (Essian et al., 2016; Figure 4.8). Thus, 
the combination of alien species and increased temperatures 
through climate change promotes the proliferation and transfer 
of botulinum toxin to higher trophic levels, creating a new 
contaminant pathway (Glossary) that has caused the mortality 
of tens of thousands of waterfowls in the Great Lakes nearly 
every year over the past two decades (Essian et al., 2016; Yule 
et al., 2006). 

Figure 4  8  	 Dead waterbirds on a beach on Georgian Bay, Lake Huron, October 2011.

Waterbirds mass die-off is attributed to botulism, which is considered to proliferate due to the presence of invasive alien species. 
Photo credit: Rogers Media Inc. – CC BY 4.0.
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Impacts on native species by invasive alien vertebrates 
are more frequent than impacts on ecosystem properties 
(Figure 4.9A), while, in contrast, invasive alien invertebrates 
more frequently cause negative impacts on ecosystem 
properties (e.g., abiotic soil or water characteristics; 
Box 4.3) than on native species. Invasive alien plants and 

microbes have similar frequencies of negative impacts on 
ecosystem properties and native species.

Invasive alien plants have the highest numbers of species 
(both in absolute numbers and percentages; Figure 4.9A) 
and reports (Figure 4.9B) of positive impacts on nature 
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Figure 4  9  	 Number of A) invasive alien species causing impacts on nature and B) number 
of impact records by direction, magnitude and taxonomic group. 

Negative and positive impacts relate to the consequences for native species, while impacts on ecosystem properties are not assigned 
a direction. Negative impacts are subdivided for each invasive alien species into the maximum documented negative impact on a 
native species globally (lighter box on the right). Note that the same invasive alien species could have a maximum negative impact 
on a native species, impacts on ecosystem properties and positive impacts on native species. A data management report for the 
database of impacts developed through this chapter, with underlying data for this figure is available at https://doi.org/10.5281/
zenodo.5766069

https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069


THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

418

globally. There are more invasive alien invertebrates than 
vertebrates causing positive impacts, but microbe species 
are very rarely documented in this respect.

4.3.1.1	 Islands versus mainland

Islands, particularly smaller sized and more isolated islands, 
with higher rates of endemism, suffered greater impacts on 
nature than mainland regions. Following the introduction of 
various suites of alien predators and competitors through 
millennia of human settlement, the severity and rate of 
extinction has varied due to geomorphology, composition 
of the native biota and that of the introduced invasive 
alien species, and lifestyle and technology of human 
settlers (e.g., hunting-gatherering, husbandry, agriculture) 
(Wood et al., 2017). Smaller islands which tend to support 
smaller native populations in easily accessible habitats, are 
more susceptible to impacts from invasive alien species 
through predation or habitat loss, leading to greater 
rates of extinction and other negative impacts (Duncan & 
Blackburn, 2007).

Impacts on islands represent 4,820 (19.9 per cent) of the 
total number of impacts on nature documented in published 
studies (Boxes 4.6 and 4.7). Negative impacts on native 

species on islands are far more frequent (40.5 per cent) than 
positive impacts (4.5 per cent; Figure 4.10). 

There is no clear difference in the proportion of negative 
and positive impacts and impacts on ecosystem properties 
between island and non-island locations (Figure 4.10). 
However, negative impacts of high magnitude, i.e., local 
extinctions, are more frequently documented from islands 
than from non-island locations (9.2 per cent vs. 4.0 per 
cent; Figure 4.10).

On islands, globally, 87 invasive alien species have caused 
445 local extinctions. They are most often caused by 
mammals, such as Rattus spp. (rats), Capra hircus (goats), 
Mus musculus (house mouse), Felis catus (cat), but also 
other vertebrates such as Anas platyrhynchos (mallard) and 
Boiga irregularis (brown tree snake). Ants have also often led 
to local extinctions on islands, particularly from species such 
as Anoplolepis gracilipes (yellow crazy ant), Wasmannia 
auropunctata (little fire ant), Linepithema humile (Argentine 
ant), and Pheidole megacephala (big-headed ant). Invasive 
alien plants are much less often causing local extinctions 
on islands, but there are some reports, as for example from 
Vachellia nilotica (gum arabic tree). 
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Figure 4  10  	 Percentage of reports of impacts on nature on islands vs. locations that were 
either not on an island (mainland) or unknown. 

For each of the three impact categories, ecosystem properties, positive and negative impacts, the percentages sum to 1. Negative 
impacts are split into their impact magnitudes in the shaded box on the right-hand side. A data management report for the 
database of impacts developed through this chapter, with underlying data for this figure is available at https://doi.org/10.5281/
zenodo.5766069
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Box 4  6  	 Hawaiian extinctions – the birds and the bees and much else.

“The islands now contain more endangered species per square 
mile than anywhere else in the world” (Cabin, 2013). 

Hawaii’s isolation in remote Oceania resulted in a unique 
terrestrial biota, distinguished by the diversity of endemic 
forms derived from a small number of ancestral immigrations 
(Wagner et al., 1990; Imada, 2012). Zooarchaeological and 
archaeobotanical studies reveal that the arrival of humans 
about 1500 years ago induced catastrophic ecosystem 
changes (Allen, 1984, 1989; Steadman, 1995). The Polynesian 
settlers transported their domesticates, including dogs, pigs, 
chickens, and the synanthropic Rattus exulans (Pacific rat; 
Crabtree, 2016). Their direct and indirect impacts, through 
habitat loss, fragmentation, and predation by the introduced 
mammals, caused losses of many species, and are continuing 
into the present (Vitousek & Walker, 1989; G. W. Cox, 1999; 
Staples et al., 2000; Staples & Cowie, 2001; Vorsino et al., 
2014; MacLennan, 2017). Pollen analysis reveals that following 
Polynesian settlement Hawaii’s lowland forests were reduced to 
a landscape dominated by opportunistic shrubs and grasses. 
Athens (1997, 2009) considers the Pacific rat as the underlying 
cause of lowland forest collapse. Only remnant populations 
sequestered in the least accessible habitats remain of the 
unique Hawaiian biota. 

Olson and James (1982) estimate that the extinction of more 
than half the endemic avifauna of the Hawaiian Islands, 
including two thirds of endemic flightless, ground-nesting 
land birds and burrowing sea-birds, occurred between the 
initial human settlement and arrival of Europeans. At least 
71 species or subspecies died out before the nineteenth 
century, and 24 have gone extinct since. The remaining 
populations are declining or are in danger of extinction (T. K. 
Pratt et al., 2006). Cats, rodents, and mongoose have been 
the major extinction cause for ground nesting birds (G. W. 
Cox, 1999). Introduced avian diseases, such as Avipoxvirus 
spp. (avian pox virus) and Plasmodium relictum (avian 
malaria), have also led to the decline of the endemic Hawaiian 
avifauna (Warner, 1968; van Riper III et al., 1986, 2002; 
Samuel et al., 2015). Avian malaria is uniquely transmitted 
by Culex quinquefasciatus (southern house mosquito), 
introduced before 1830 (Fonseca et al., 2000; LaPointe, 
2000), the larvae of which are found in high densities in low- 

and mid-elevation forests, degraded by the foraging behaviour 
of Sus scrofa (feral pig; Lapointe, 2008). 

Interactions amongst native pollinators and plants are 
considered to be important for long-term sustainability of 
natural island ecosystems (S. K. Walsh et al., 2019). Loss of 
plant-pollinating birds has disrupted plant-pollinator relations 
and led to plant extinctions, e.g., 31 species of bird-pollinated 
bellflowers, Campanulaceae, have gone extinct. Introduced 
Zosterops japonicus (Japanese white-eye) outcompetes native 
birds for insects and nectar (G. W. Cox, 1999), providing a 
replacement pollinator for Freycinetia arborea (ie’ie vine), once 
pollinated by extinct or endangered native birds (P. A. Cox, 
1983; P. A. Cox & Elmqvist, 2000). Pheidole megacephala (big-
headed ant) and Linepithema humile (Argentine ant) threaten 
the once abundant native Hylaeus spp. (yellow-faced bees; 
Perkins, 1913; Lach, 2005; Magnacca & King, 2013; Sahli et 

al., 2016; Plentovich et al., 2021), of which half are now extinct, 
threatened, or extremely rare (Magnacca, 2007). These native 
bees exhibit high pollinator fidelity to native species, whereas 
Apis mellifera (European honeybee) also pollinates invasive alien 
plant species (E. E. Wilson et al., 2010; Miller et al., 2015; Aslan 
et al., 2016). Endemic Hawaiian honeycreepers and insects 
are the most important pollinators of the iconic native tree 
Metrosideros polymorpha (‘ōhi’a lehua) culturally important to 
the native Hawaiians (Kānaka Maoli), and a keystone species of 
the Hawaiian rainforest (Cortina et al., 2019). ‘Ohi’a lehua trees 
have been in rapid decline since the 1960s (Akashi & Mueller-
Dombois, 1995; Gruner, 2004) from infection by introduced 
Ceratocystis fungi (Keith et al., 2015; Barnes et al., 2018; Heller 
et al., 2019), likely transmitted by introduced Xyleborus spp. 
(ambrosia beetles; K. Roy et al., 2020). 

As many as 90 per cent of the 750 recognized species of land 
snails are extinct; the once speciose Amastridae, comprising 
more than 300 species endemic to Hawaii, are currently 
reduced to 10 species (Lydeard et al., 2004). Many land 
snails were annihilated by Euglandina rosea (rosy predator 
snail) introduced in a failed attempt to control the previously 
introduced Lissachatina fulica (giant African land snail; G. 
W. Cox, 1999). The native freshwater gastropods, too are 
threatened with extinction or are much reduced in range 
(Christensen et al., 2021).

Box 4  7  	 Impacts of invasive alien species on nature in Antarctica, Antarctic and sub-
Antarctic Islands.

Few alien species have established on the Antarctic continent 
and its surrounding islands south of 60°S, within the Antarctic 
Treaty region, on land or in the many waterbodies on the 
continent, which vary greatly in salinity (Frenot et al., 2005; 
Cavicchioli, 2015; Hughes et al., 2015; McGeoch et al., 2015; 
Bergstrom, 2021). Though alien crabs, mussels and tunicates 

have been documented from Antarctic coasts, none have 
established populations (López-Farrán et al., 2021). Currently, 
alien taxa are limited to the Antarctic Peninsula and adjacent 
islands, mostly to areas under strong human pressure, such as 
the vicinity of research stations and sites attractive to tourists 
(Znój et al., 2017). They include the recently documented 
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Box 4  7  	

mussel Mytilus cf. platensis (Cárdenas et al., 2020), a chironomid 
midge Eretmoptera murphyi, for which direct evidence on impact 
on native species is lacking (J. C. Bartlett et al., 2020), and the 
fly Trichocera maculipennis (winter crane fly), which is yet to be 
explicitly confirmed as established in the natural environment 
(Remedios-De León et al., 2021).

Impact studies were conducted solely on the invasive alien 
grass Poa annua (annual meadowgrass) in Antarctica (Hughes 
et al., 2015; Baird et al., 2019; Figure 4.11). Experimental 

and modelling studies suggest that the invasive grass Poa 

annua could have impacts on the only two vascular plant 
species indigenous to the Antarctic: the grass Deschampsia 

antarctica (Antarctic hair grass) and the forb Colobanthus 

quitensis (Antarctic pearlwort) (Molina-Montenegro et al., 
2019). Observational and experimental data of co-occurrence 
of vascular plant species in the Antarctic Peninsula revealed 
that Deschampsia antarctica facilitates the presence of Poa 

annua and may impact its introduction and spread (Atala et 

al., 2019).

Figure 4  11  	 Poa annua (annual meadowgrass), the only invasive alien species with 
documented impacts on the Antarctic continent. 

Source: Molina-Montenegro et al. (2019), https://doi.org/10.3897/neobiota.51.37250, under license CC BY 4.0. 
Da: Deschampsia antarctica (Antarctic hair grass) 
Pa: Poa annua (annual meadowgrass)
Cq: Colobanthus quitensis (Antarctic pearlwort)

Due to their size and extreme isolation, the Southern Cold 
Temperate Islands (e.g., Tristan da Cunha, New Zealand Shelf 
Islands), and the sub-Antarctic Islands (e.g., South Georgia 
and the South Sandwich Islands, Crozet Islands, Heard Island), 
are taxonomically and functionally depauperate, and thus, 
vulnerable to synanthropic introductions (Dawson et al., 2022; 
Frenot et al., 2005; Hughes et al., 2020). 

Terrestrial mammals, absent prior to their introductions, have 
posed, and still pose, the most severe threats to the islands’ 
biodiversity, ecosystem structure and landscape (McGeoch 

et al., 2015). Introduced feral herbivores, such as Bos taurus 
(cattle), Rangifer tarandus (reindeer), Ovis aries (sheep), and 
Oryctolagus cuniculus (rabbits), have all had significant impacts 
on the vegetation of the islands to which they have been 
introduced (Vogel et al., 1984; Chapuis et al., 1994, 2004; 
Whinam et al., 2014). In some cases, direct impacts led to 
indirect ones: on Macquarie Island, eradication of cats was 
followed by increasing rabbit population, resulting in island-
wide ecosystem effects, altered vegetation structure, impacting 
burrow-nesting seabirds; on Ile Verte rabbit eradication enabled 
the rapid expansion of the invasive alien Taraxacum officinale 

https://doi.org/10.3897/neobiota.51.37250
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4.3.1.2	 Protected areas

Invasive alien species frequently impact protected areas 
around the world (Carlton et al., 2019; Foxcroft, Richardson, 
et al., 2013; Galil, 2017; Macdonald et al., 1988). A report 
of the Working Group on Nature Reserves, associated 
with the SCOPE programme on the “Ecology of Biological 
Invasions” concluded that all nature reserves, except those 
in Antarctica, appear to have invasive species (Usher, 1988). 
Invasive alien species have reduced, or have the potential 
to reduce, the viability of protected areas to provide refugia 
for native species, habitats and the ecosystem services that 
they sustain (Foxcroft, Richardson, et al., 2013). Impacts on 
nature in protected areas represent 19.3 per cent (4,673) 
of the total number of impacts on nature documented in 
published studies. Negative impacts on native species in 
protected areas are far more frequent (33.2 per cent) than 
positive impacts (6.3 per cent; Figure 4.12). 

There is no clear difference in the proportion of negative 
and positive impacts and impacts on ecosystem properties 
inside and outside protected areas (Figure 4.12), although 
declines of native populations seem to be higher inside 
protected areas than outside (20.3 per cent vs. 17.1 per 
cent; Figure 4.12). Thus, protected areas are not sheltered 
by their protection status from impacts of invasive 
alien species.

In protected areas, globally, 53 invasive alien species have 
caused 240 local extinctions of native species. Rattus 
Rattus (black rat) is by far the most frequent invasive alien 

species causing local extinctions in protected areas, but 
other mammals such as Capra hircus (goats), Felis catus 
(cat), or Sus scrofa (feral pig) have also been documented 
multiple times. Local extinctions of a native species have 
not only been restricted to the terrestrial realm, but have 
also occurred in the marine realm caused multiple times by 
invasive alien species such as Sporobolus spp. (cordgrass), 
Caulerpa taxifolia (killer algae), Halophila stipulacea (halophila 
seagrass), Kappaphycus alvarezii (elkhorn sea moss), 
or Mytilus galloprovincialis (Mediterranean mussel), and 
in inland waters caused by Pontederia crassipes (water 
hyacinth). The microbial pathogenic Batrachochytrium 
dendrobatidis (chytrid fungus) has also caused local 
amphibian extinctions in protected areas. 

4.3.1.3	 Mechanisms

The mechanisms through which invasive alien species 
can impact native species are classified according to the 
EICAT (IUCN, 2020; Box 4.2). They include competition; 
predation; hybridization; transmission of disease; parasitism; 
poisoning or toxicity; bio-fouling or other direct physical 
disturbance; grazing, herbivory or browsing; chemical, 
physical, structural impact on ecosystems; and indirect 
impacts through interactions with other species (Box 4.3 for 
definitions). Note that standards for classification of impact 
mechanisms have only been defined for negative impacts at 
the time of developing this assessment report; thus, positive 
impacts are not discussed here with respect to their different 
mechanisms (but see Vimercati et al., 2022). 

Box 4  7  	

(dandelion), and impacted both native, burrowing seabird prey 
populations and their predator, Stercorarius skua (great skua) 
(Chapuis et al., 2004; Scott & Kirkpatrick, 2008; Bergstrom et 

al., 2009; Whinam et al., 2014; Brodier et al., 2011; Houghton 
et al., 2019). On South Georgia and the South Sandwich 
Islands, reindeer caused the replacement of indigenous grasses 
with the introduced grazing-tolerant Poa annua, a poor food 
for the indigenous Hydromedion sparsutum (tussac beetle), 
and thus indirectly contributed to its decline (Chown & Block, 
1997). Felis catus (cat) has had major impacts on burrowing 
and other seabird populations on the islands to which they were 
introduced (Frenot et al., 2005). Significant recovery of some 
populations followed their removal (Dilley et al., 2017; Brooke et 

al., 2018), and was tempered, in some cases, by the increase 
in populations and impacts impacts of Felis catus’ invasive 
alien prey (e.g., Oryctolagus cuniculus (rabbits); Bergstrom 
et al., 2009). Invasive alien rodents such as Rattus Rattus 
(black rat), Rattus norvegicus (brown rat), and Mus musculus 
(house mouse), have had significant impacts on invertebrate 
populations, to the point of extirpation in some cases (V. Le 
Roux et al., 2002; McClelland et al., 2018; J. C. Russell et al., 
2020). Rats have caused the near disappearance of terrestrial 

birds, such as Anthus antarcticus (South Georgia pipit; now 
recovering following rat eradication), and are also thought to be 
responsible for declines in the abundance of burrowing seabird 
species (Pye & Bonner, 1980; Jouventin et al., 2003; H. P. 
Jones et al., 2008; Dilley et al., 2018). Mice were documented 
preying on naïve chicks and adults of several albatross and 
burrowing petrel species (M. G. W. Jones & Ryan, 2010; Dilley 
et al., 2016, 2018; C. W. Jones et al., 2019). 

Invasive alien predatory beetles have led to substantial 
declines in the abundance of their preferred invertebrate prey 
on Kerguelen Island (Lebouvier et al., 2011; Houghton et al., 
2019). Although many plant species have become invasive on 
the sub-Antarctic islands, impacts were only quantified for a 
few of them: Agrostis stolonifera (creeping bentgrass) reduces 
the abundance of indigenous plants and alters arthropod 
community structure on Marion Island (Gremmen et al., 1998), 
and the widespread Poa annua outcompetes indigenous plants 
for space and resources, especially in coastal areas disturbed 
by seals and penguins (Haussmann et al., 2013; L. K. Williams 
et al., 2018).
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Table 4  4  	 Distribution of mechanisms across invasive alien species taxa and realms.

Examples are not meant to be representative but highlight invasive alien species which have caused local extinctions of native populations. 

Plants: 	 Invertebrate: 	 Vertebrate: 	 Microorganisms: 	 Inland waters: 	 Marine: 	 Terrestrial: 

Mechanism Main taxa Realms Examples of invasive alien species

Competition
   

Linepithema humile (Argentine ant), Solenopsis invicta (red imported fire 
ant), Caulerpa cylindracea (green algae)

Predation
   

Felis catus (cat), Vulpes vulpes (red fox), Pterois volitans (red lionfish), Lates 
niloticus (Nile perch)

Hybridization
    

Anas platyrhynchos (mallard), Ambystoma tigrinum (tiger salamander), 
Sporobolus densiflorus (denseflower cordgrass)

Transmission of disease
  Faxonius limosus (spiny-cheek crayfish), Canis lupus familiaris (dogs)

Parasitism
   

Philornis downsi (avian vampire fly), Batrachochytrium dendrobatidis (chytrid 
fungus), Haplosporidium nelsoni (MSX oyster pathogen)

Toxicity
   Caulerpa taxifolia (killer algae), Rhinella marina (cane toad)

Biofouling
 

  
Kappaphycus alvarezii (elkhorn sea moss), Carijoa riisei (branched pipe 
coral), Dreissena polymorpha (zebra mussel)

Herbivory
   

Capra hircus (goats), Carcinus maenas (European shore crab), 
Ctenopharyngodon idella (grass carp)

Ecosystem
 

  
Pontederia crassipes (water hyacinth), Caulerpa cylindracea (green algae), 
Mytilus galloprovincialis (Mediterranean mussel)

Indirect
   

Dreissena spp. (zebra/quagga mussel), Pterois volitans (red lionfish), Bromus 
tectorum (downy brome)

Figure 4  12  	 Percentage of reports on impacts on nature in protected areas vs. locations 
that were either not in a protected area or unknown. 

For each of the three impact categories, ecosystem properties, positive and negative impacts, the percentages sum to 1. Negative 
impacts are split into their impact magnitudes in the shaded box on the right-hand side. A data management report for the database 
of impacts developed through this chapter, with underlying data for this figure is available at https://doi.org/10.5281/zenodo.5766069
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Invasive alien species affect ecosystem properties and 
native species through all mechanisms leading to varying 
degrees of magnitude of impact. The occurrence of each 
mechanism is not evenly distributed across taxa and realms 
(Table 4.4). While examples of most mechanisms can be 
found for all invasive alien species and across realms, some 
mechanisms are more commonly associated with some 
taxa and within specific realms. For example, most reports 
of hybridization of an alien species with a native species 
relate to invasive alien vertebrates and plants, while invasive 
alien invertebrates and microbes seem to hybridize much 
less frequently with native species (Table 4.4). Likewise, 
transmission of diseases seems to be less frequent in the 
marine realm than in terrestrial and inland waters systems, 
and toxicity less frequent in the inland waters (Table 4.4). 

Impacts on nature by invasive alien species are most often 
caused by changes to ecosystem properties (26.8 per cent) 
and competition (23.7 per cent), followed by predation (18.4 
per cent) and herbivory (12.3 per cent), i.e., direct trophic 
interactions. Indirect mechanisms (disease transmission 
and interactions with other species) only account for 8.7 per 
cent of all records, but this might be partly due to indirect 
interactions being less often studied or overlooked due to 
their complexity. Across all types of mechanism, changes to 
ecosystem properties alongside impacts of lower magnitude 
are more often documented than high magnitude impacts 
(Box 4.2 for impact magnitudes). 

Local extinctions are most often caused through 
hybridization (19.5 per cent), followed by impacts through 
predation (11.8 per cent) and direct physical interactions/
biofouling (7.2 per cent) (Figure 4.13). Invasive alien 
species that are most commonly responsible for extinctions 
through hybridization are Anas platyrhynchos (mallard) and 
Ambystoma tigrinum (tiger salamander), followed by Cervus 
nippon (sika) and Oreochromis niloticus (Nile tilapia). Invasive 
alien species most frequently causing extinctions through 
predation are the terrestrial vertebrates Vulpes vulpes (red 
fox), Felis catus (cat), Rattus spp. (rats) and Boiga irregularis 
(brown tree snake). In the marine realm, Pterois volitans 
(red lionfish) and Paralithodes camtschaticus (red king crab) 
have caused frequent local extinctions through predation 
on native species. Terrestrial invertebrates are documented 
to have less frequently caused local extinctions through 
predation, and the most frequently documented species 
involved in local extinctions are Anoplolepis gracilipes (yellow 
crazy ant), Pheidole megacephala (big-headed ant), and 
Euglandina rosea (rosy predator snail). 

4.3.1.4	 Affected native species

Most documented impacts of invasive alien species are 
on native plants (8,472 reports), closely followed by native 
invertebrates (6,253 reports) and vertebrates (5,144 reports), 
but the number of invasive alien species affecting native 
plants is much higher than for the other taxa (Figure 4.14A). 
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Figure 4  13  	 Percentage of reports of impacts on nature through different mechanisms.

Percentage of reports (y axis) for different categories of impact on nature: ecosystem property, native species and unspecified (x axis). 
For each mechanism, the percentages sum to 1. Negative impacts on native species at three different magnitudes are highlighted 
in the shaded inset box. No mechanisms are defined for positive impacts, and these are not considered here. Mechanisms are: 
competition, predation, hybridization, transmission of disease, parasitism, poisoning/toxicity, bio-fouling or other direct physical 
disturbance, grazing/herbivory/browsing, chemical, physical, structural impact on ecosystem, and indirect impacts through 
interactions with other species (IUCN, 2020). A data management report for the database of impacts developed through this chapter, 
with underlying data for this figure is available at https://doi.org/10.5281/zenodo.5766069
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Native microbes are rarely documented to be impacted 
by invasive alien species, which is most likely to be a 
research gap; only 1.2 per cent of documented impacts of 
invasive alien species relate to native microbes. There were 
1,215 reports of local extinctions of native species due to 
218 invasive alien species (Table 4.5A; Figure 4.14A).

The number of invasive alien species positively affecting 
native species is less than 10 per cent for native plants, 
but increases to about 15 per cent for both vertebrates 
and invertebrates, and is highest for native microbes 
(over 25 per cent; Figure 4.14A), which can have higher 
abundance in soil communities dominated by invasive alien 

Figure 4  14  	 Number of invasive alien species A) and number of impact records B) affecting 
native taxa by direction and magnitude.

Number of records (y axis) for different categories of impacts (x axis). Negative and positive impacts relate to the consequences for 
native species, while ecosystem impacts are not assigned a direction. Negative impacts in A) are subdivided for each invasive alien 
species into the maximum documented negative impact on a native species globally (shaded boxes on the right-hand side). Note that 
the same invasive alien species could have a maximum negative impact on native species from different taxa, impacts on ecosystem 
properties and positive impacts on native species. A data management report for the database of impacts developed through this 
chapter, with underlying data for this figure is available at https://doi.org/10.5281/zenodo.5766069

https://doi.org/10.5281/zenodo.5766069
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plants (de Souza et al., 2018). The proportion of positive 
to negative impacts remains similar regarding the number 
of impacts documented except for invertebrates where 
the proportion of positive impacts rises to almost 25 per 
cent (Figure 4.14B). Negative impacts of invasive alien 
species occur most often within the same taxonomic group 
(Table 4.5A), i.e., invasive alien plants most often negatively 
impact native plants, and invasive alien vertebrates most 
often impact native vertebrates. However, this pattern does 
not hold for invasive alien microbes, which predominantly 
negatively impact plants (plant pathogens). The overall 
pattern is slightly different in positive impacts (Table 4.5B), 

where invasive alien plants predominantly positively affect 
native invertebrates, either by providing a food source or 
habitat structure, while invasive alien invertebrates and 
vertebrates mostly positively affect native species in their 
own taxonomic group.

Documented local extinctions caused by invasive alien 
species mostly affect populations of native vertebrates, 
followed by native invertebrates and plants (Figure 
4.14B). Invasive alien species can also cause evolutionary 
responses in native species (Box 4.8).

Table 4  5  	 Records of negative and positive impacts of invasive alien species on native taxa.

Number of negative A) and positive B) impacts on native taxa caused by invasive alien species, documented by the chapter impact 
database. Impacts within the same taxonomic groups in alien and native taxa are italicized. A data management report for the database 
of impacts developed through this chapter, with underlying data for this figure is available at https://doi.org/10.5281/zenodo.5766069

A) Negative impacts of invasive alien species on native taxa

Invasive alien species

Native taxa Plants Invertebrates

 

Vertebrates Microorganisms

 Plants 
2,542 795 462 283

 Invertebrates 701 1,437 399 38

 Vertebrates 336 418 2,027 52

 Microorganisms 84 12 5 1

B) Positive impacts of invasive alien species on native taxa

Invasive alien species

Native taxa Plants Invertebrates

 

Vertebrates Microorganisms

 Plants 
276 29 20 1

 Invertebrates 404 452 15 1

 Vertebrates 99 129 59 --

 Microorganisms 49 8 2 --

https://doi.org/10.5281/zenodo.5766069
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Box 4  8  	 Invasive alien species as drivers of rapid evolutionary change in native species.

Invasive alien species often dramatically alter habitat conditions 
for native species. As dominant community members, they 
may also act as novel resources (e.g., prey) for, or threats (e.g., 
predators) to, native species. These changes may lead to rapid 
evolutionary responses in native species (Carroll, 2007; G. W. 
Cox, 2004; J. J. Le Roux, 2021). Generally, changes caused by 
invasive alien species to host plants or food resources, the bio-
physical environment, mortality and reproductive rates in native 
species, and competitive interactions, facilitate rapid adaptive 
evolution in native species (J. J. Le Roux, 2021). Non-adaptive 
shifts in the trait values of native species may also occur in 
response to invasive alien species, e.g., when they hybridize 
with invasive alien species (Todesco et al., 2016). Alien species 
also often undergo rapid evolution throughout the biological 
invasion process which, in turn, may exacerbate their impacts 
(J. J. Le Roux, 2021).

The strength of selection pressure on native species 
brought about by invasive alien species, or vice versa, partly 
depends on how often these species interact and the levels 
of eco-evolutionary experience they share with one another 
(Saul et al., 2013; Saul & Jeschke, 2015). Eco-evolutionary 
experience describes the historical exposure of species to 
biotic interactions, highlighting the role of preadapted traits 
in driving the biological invasion success of alien species 
(Saul et al., 2013; Heger et al., 2019). Therefore, the eco-
evolutionary experience of alien species will determine how 
quickly their populations become widespread, as well as the 
form and strength of their interactions with native species 
(Carroll, 2007). Selection pressures on both alien and native 
species are expected to be strong when native species 
share moderate to high levels of eco-evolutionary experience 
with invasive alien species, e.g., when native invertebrates 
colonize invasive alien plants that are closely related to their 
native host plants (Carroll et al., 2005). Native species lacking 
eco-evolutionary experience with experienced invasive alien 
species are also likely to experience strong selection, whereas 
alien species that share little eco-evolutionary experience with 
conditions in the new environment may fail to establish (J. J. 
Le Roux, 2021).

Direct impacts
Direct interactions between native and invasive alien species 
may cause rapid evolution in the native species for them 
to avoid, exploit, or co-exist with invasive alien species 
(J. J. Le Roux, 2021). Soapberry bugs in the subfamily 
Serinethinae provide classic examples of such impacts. As 
their name suggests, these bugs are herbivores of plants 
in the family Sapindaceae (Carroll & Loye, 2012). Given this 
eco-evolutionary experience, soapberry bugs have colonized 
various invasive Sapindaceae species in many parts of the 
world, often resulting in rapid evolutionary responses in 
these insects. For example, invasive balloon vines (genus 
Cardiospermum) have been repeatedly colonized by native 
Leptocoris soapberry bugs in Australia (Andres et al., 2013; 
Carroll et al., 2005) and South Africa (Foster et al., 2019). 

Balloon vines carry their seeds in inflated capsules, an 
adaptation to insect predators with piercing mouth parts. 
In Australia, the native soapberry bug Leptocoris tagalicus 
rapidly evolved longer proboscides (or “beaks”) to increase its 
feeding efficiency on invasive Cardiospermum grandiflorum 
(Carroll et al., 2005). Similarly, in South Africa host shifts 
by native Leptocoris mutilatus onto two invasive balloon 
vines (Cardiospermum halicacabum and Cardiospermum 
grandiflorum), not only led to the evolution of longer beaks, 
but also to the formation of genetically-distinct host races 
(Foster et al., 2019). In the South-western United States, 
Jadera haematoloma (red-shouldered bug) shifted from its 
native Cardiospermum balloon vine host onto the invasive 
Koelreuteria elegans (goldenrain tree; Carroll & Boyd, 1992). 
In this instance, the bug was confronted with flatter seedpods 
on its new host plant, leading to the rapid evolution of shorter 
beaks (Carroll & Boyd, 1992; Figure 4.15).

Invasive alien species may also have significant evolutionary 
consequences when they act as novel resources for native 
species. On the one hand, native predators may experience 
strong selection to increase their ability to capture or consume 
palatable invasive prey or, conversely, to avoid toxic ones. 
Native Australian predators of invasive Rhinella marina (cane 
toad) illustrate how quickly such evolutionary impacts can 
happen. Rhinella marina produce a potent cocktail of defensive 
toxins that differs in its chemical constituents from the toxins 
produced by native Australian anurans (Daly et al., 1987). 
Therefore, most Australian predators lack eco-evolutionary 
experience with cane toad toxins. Despite this, invasive 
cane toads are frequently attacked and consumed by native 
predators, presumably because of their superficial resemblance 
to Australian frogs. The amount of toxin produced by cane 
toads varies throughout their life cycle, with older and larger 
toads being more poisonous than younger and smaller ones 
(Hayes et al., 2009). Snakes are gape-limited, and the size of 
their heads thus determines the size of prey they can consume. 
The evolution of smaller head (or gape) size is therefore likely 
to occur in toad-naïve predators, because those that can 
swallow larger toads would be removed from the breeding 
population. Morphological data from four Australian snake 
species, spanning a period of 80 years since the arrival of cane 
toads, partly support this hypothesis. As predicted, Phillips and 
Shine (2004) found two species, Pseudechis porphyriacus (red-
bellied black snake) and Dendrelaphis punctulatus (common 
tree snake), to have evolved smaller heads since the arrival of 
cane toads in Australia. By contrast, Hemiaspis signata (swamp 
snake) and Tropidonophis mairii (common keelback snake) 
did not display any evolutionary responses to invasive Rhinella 

marina. Hemiaspis signata already have unusually small heads, 
making them incapable of ingesting toads large enough to kill 
them (Phillips et al., 2003). While Tropidonophis mairii have 
normal-sized heads, their Asian ancestry, and thus historical 
exposure to poisonous toads, likely provided them with 
sufficient eco-evolutionary experience to tolerate their poisoning 
(Phillips & Shine, 2004). 
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Invasive alien predators may also cause strong evolutionary 
responses in native species. In Lombardy, Italy, invasive alien 
Procambarus clarkii (red swamp crayfish) is established in 
waterbodies throughout the region (Ficetola et al., 2011). Prior 
to its arrival, tadpoles of different populations of the native 
Rana latastei (Italian agile frog) exhibited pronounced variation 
in development time, depending on water temperature; 
this variation disappeared following the arrival of the red 
swamp crayfish (Melotto et al., 2020). Within 14 years of 
the crayfish’s introduction, tadpoles of the frog developed 
significantly faster in invaded ponds than in uninvaded ponds, 
irrespective of whether these were in foothill or lowland areas. 
These evolutionary responses likely occurred to reduce 
the frog’s exposure to crayfish predation by allowing earlier 
metamorphosis and, remarkably, occurred over just 3-6 frog 
generations. Invasive alien species may also act as mutualists 
for native species (J. J. Le Roux et al., 2020). 

Indirect impacts 
Invasive alien species may also create indirect evolutionary 
pressures on native species by changing abiotic and/or biotic 
conditions in ways that indirectly affect the fitness of native 
species (J. J. Le Roux, 2021). For example, along coasts of 
South-eastern Australia, the invasive seaweed Caulerpa taxifolia 
(killer algae), reduces water flow rates and causes anoxic 
sediment conditions, leading to increases in the abundance of 
large phytoplankton species (Gribben et al., 2009; McKinnon 
et al., 2009). These changes are thought to underlie the rapid 

evolution of longer and broader shells in the native mussel, 
Anadara trapezia (Sydney cockle), presumably for this mollusc 
to cope with altered sediment conditions and food resources 
(J. T. Wright et al., 2012). While indirect evolutionary impacts 
are likely common, they are hard to predict and quantify 
(Berthon, 2015).

Hybridization between closely related native and invasive alien 
species is frequently documented. Genetic introgression, 
i.e., when hybrid offspring backcross to one or both parental 
species, can dilute native gene pools and purge them of locally 
adapted genotypes. This may ultimately lead to the extinction 
of native populations (Rhymer & Simberloff, 1996; Todesco 
et al., 2016). A well-studied example is Anas platyrhynchos 
(mallard). This highly successful invasive alien species hybridizes 
with several native duck species around the world (Stephens 
et al., 2020). Many of these hybrids are fertile and subsequent 
introgression has been documented in many instances (e.g., 
Rhymer et al., 1994; Mank et al., 2004; Stephens et al., 2020). 
For example, in New Zealand, introgressive hybridization has led 
to the virtual elimination of Anas superciliosa superciliosa (New 
Zealand grey duck; Lavretsky, 2020).

The ecological consequences of the evolutionary 
impacts of invasive alien species
How biological invasions change and shape the evolutionary 
trajectories of native species is highly context-dependent and 
hard to predict, making inferences of long-term ecological 

Figure 4  15  	 Native species may experience strong selection when they utilize abundant 
invasive alien species as novel food sources.

Invasive alien balloon vines in the genus Cardiospermum have been repeatedly colonized by native soapberry bugs. Shown 
here is the perennial balloon vine (Cardiospermum grandiflorum, main picture) in South Africa that has been colonized by the 
native bug Leptocoris mutilatus (inserted picture). In order to feed on balloon vine seeds more efficiently, some soapberry bug 
populations have rapidly evolved longer mouthparts. Photo credit: Johannes Le Roux – CC BY 4.0.
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4.3.2	 Documented impacts of 
invasive alien species on nature by 
realm

4.3.2.1	 Patterns of negative and positive 
impacts of invasive alien species on 
nature in the terrestrial realm

The database of impacts developed through this chapter 
includes more than 10,000 impacts on nature in the 
terrestrial realm, implicating 1,588 invasive alien species. 
Among these documented impacts, 76 per cent (6,638) 
can be considered as negative impacts, 17 per cent (1,498) 
as neutral and only 7 per cent (651) as positive impacts. 
Negative impacts in terrestrial habitats are caused by a total 
of 1,186 invasive alien vertebrates, invertebrates, plants 
or microbes.

The chapter impact database highlights that the vast 
majority of negative impacts caused by invasive alien 
species on nature are in terrestrial habitats (70 per cent). 
This bias towards terrestrial impacts is most likely a 
consequence of the rate at which humans have transported 
and introduced alien species through time (Seebens et al., 

2017), but may also reflect a bias in terrestrial research over 
inland waters and marine research. 

Mechanisms and magnitude of negative 
impacts

Among all the species negatively impacting terrestrial habitats, 
more than half (52 per cent, 619 species) cause decline in 
the performance of native species, almost half (45 per cent, 
530 species) cause decline of local native populations, and 
some (9 per cent, 105 species) cause local extinctions of 
native species. The magnitude of negative impacts is context-
dependent; some invasive alien species have impacts of 
different magnitudes in different invaded habitats. The highest 
numbers of invasive alien species causing decline in the 
performance of native species are found in boreal forests 
and woodlands, cultivated areas and tropical and subtropical 
dry and humid forests but the highest numbers of invasive 
alien species causing impact of greater magnitude, that is, 
population decline of native species and local extinction, are 
found in tropical and subtropical dry and humid forests and 
temperate and boreal forests and woodlands (Table 4.6). By 
contrast, tundra and high mountain habitats and deserts and 
xeric shrublands are the ecosystems with lowest records of 
negative impacts caused by invasive alien species on nature.

Box 4  8  

and biodiversity impacts difficult. In the worst-case scenario, 
evolutionary impacts may lead to the extinction of native 
species. Occidryas editha (Edith’s checkerspot butterfly) is 
a particularly dramatic example; it occurs in western United 
States and utilizes a narrow range of short-lived annual host 
plants. At Schneider’s Meadow, Nevada, Occidryas editha 
rapidly demonstrated a rapid evolution of preference for invasive 
alien Plantago lanceolata (ribwort plantain; Singer & Parmesan, 
2018). Selection for this host shift was strong, because, unlike 
the butterfly’s native host plants, ribwort plantain provided 
its larvae with food year-round (Singer & Parmesan, 2018). 
Subsequent changes in land-use led to the recovery of 
grassland vegetation and the smothering of Plantago lanceolata 
plants, creating microclimatic conditions that were unsuitable 
for larval development. Occidryas editha was unable to 
switch back to their original native host plants at Schneider’s 
Meadow and the local population died out (Singer & Parmesan, 
2018). Occidryas editha is highly sedentary and therefore 
this local extinction likely led to the permanent loss of unique 
phylogenetic history.

Rapid evolution in native species may also reduce the impacts 
they experience from invasive alien species. For instance, in 
the United States, invasive Alliaria petiolata (garlic mustard) 
impacts native plants by interfering with their mycorrhizal fungal 
mutualists via strong allelopathy (Lankau, 2012). Invasive 
populations of Alliaria petiolata also rapidly evolved higher levels 
of allelopathy (Lankau et al., 2009). Lankau (2012) found native 

Pilea pumila (clearweed) to have evolved tolerance to Alliaria 

petiolata and the ability to maintain high levels of mycorrhization 
in invaded areas. This suggests that co-evolutionary dynamics 
exist between the invasive alien species and native species. 

Invasive alien species may facilitate speciation. A classic 
example is Sporobolus anglicus (common cordgrass), the 
descendant lineage of hybrids between invasive Sporobolus 

alterniflorus (smooth cordgrass) and native Sporobolus 
maritimus (small cordgrass) (Gray et al., 1991). In another 
example, invasive Lonicera honeysuckles in North America 
acted as new host plants shared between two native tephritid 
fruit flies, Rhagoletis mendax (blueberry fruit fly) and Rhagoletis 

zephyria (snowberry fruit fly) (Schwarz et al., 2005). These host 
shifts led to the breakdown of historical ecological barriers (i.e., 
utilization of distinct native host plants) between the two fly 
species and the establishment of a genetically-distinct hybrid fly 
lineage that is reproductively isolated from both parent species 
(Schwarz et al., 2005). 

The evolutionary responses of native species to invasive 
alien species likely ramify throughout entire communities 
and ecosystems, yet our understanding of such broad-scale 
impacts remains limited. For example, native insects may 
experience altered parasitoid loads when a native parasitoid 
evolves preference for a new and abundant invasive alien insect 
host. This may lead to community-wide changes in insect-
host interactions.
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Impacted units of analysis

Temperate and boreal forests and woodlands, and tropical 
and subtropical dry and humid forests are the most 
impacted units of analysis in the terrestrial realm, with, 
respectively, 1,313 and 1,272 negative impacts (Table 
4.6). Particularly, these are the habitats with the highest 
reports both of decline of native local populations and 
local extinctions caused by invasive alien species. For 
example, in the United States, Lumbricus terrestris (lob 
worm) can be found in temperate and boreal habitats and 
has caused the reduction of plant-species richness and 
changed plant communities in mature forests (Holdsworth 
et al., 2007). Some vertebrates are also invading these 
forests, for example Castor canadensis (North American 
beaver; IPBES, 2018a) has invaded temperate forests, but 
also grasslands and peatlands in southern Argentina and 
Chile, causing several negative ecological and economic 
impacts (Duboscq-Carra et al., 2021; Gaiarin & Durham, 
2016; Valenzuela et al., 2013). Castor canadensis is 
considered an ecosystem engineer due to the magnitude 
of the changes it produces in the riparian environments – it 
invades by building dams which affect nutrient cycling and 
soil properties, chemistry, biodiversity, morphology, flow and 
water dynamics of rivers and streams. Castor canadensis 
builds its dams by cutting down trees, degrading riparian 

forests. Associated with these modifications that it generates 
in the environment, Castor canadensis facilitates the 
invasions of other alien species, both aquatic and terrestrial 
(Gaiarin & Durham, 2016; Valenzuela et al., 2013). The 
invasion of Castor canadensis has also economic impacts: 
the costs associated with the invasion of Castor canadensis 
in Argentina are estimated to be around 66.56 million 
United States dollars (US$; Duboscq-Carra et al., 2021). 
Tropical and subtropical humid and dry forests are amongst 
the most extensive ecosystems in South America and are 
being impacted by several invasive alien species that mostly 
originated from tropical areas in Asia and Africa (IPBES, 
2018a). Some examples of invasive alien plant species in 
these habitats are Pinus patula (Mexican weeping pine) in 
Colombia (GISP, 2005); Artocarpus heterophyllus (jackfruit) in 
Brazil (Fabricante et al., 2012); Ligustrum lucidum (broad-leaf 
privet) in Argentina (Hoyos et al., 2010), and Acacia mangium 
(brown salwood) in French Guiana (Delnatte & Meyer, 2012) 
and Brazil (Heringer et al., 2019). According to published 
studies, tundra and high mountain habitats and deserts 
and xeric shrublands not only have the lowest number of 
invasive alien species causing negative impact but also have 
the lowest records of negative impacts among all terrestrial 
habitats (Table 4.6). For example, Ulex europaeus (gorse), 
one of the most impactful invasive alien plant species in the 

Table 4  6  	 Number of negative impacts of invasive alien species on nature in the terrestrial 
realm, by unit of analysis. 

Number of invasive alien species (IAS) and records of negative impacts on nature in the terrestrial realm for each unit of analysis. A data 
management report for the database of impacts developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069

Maximum impact on native species

Decline in performance Decline of population Local extinction

Unit of analysis IAS Records IAS Records IAS Records

Tropical and subtropical 
dry and humid forests

144 404 160 586 46 282

Temperate and boreal 
forests and woodlands

129 389 159 728 33 196

Mediterranean forests, 
woodlands and scrub

57 158 73 251 17 115

Tundra and high 
mountain habitats

8 22 31 60 4 5

Tropical and subtropical 
savannas and 
grasslands

63 222 97 326 30 104

Temperate grasslands 188 381 106 366 14 66

Deserts and xeric 
shrublands

20 50 31 64 9 85

Urban/Semi-urban 167 311 54 159 9 15

Cultivated areas (incl. 
cropping, intensive 
livestock farming etc.)

239 479 84 173 16 24

https://doi.org/10.5281/zenodo.5766069
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world (Global Invasive Species Database, 2010), is invading 
several high Andean regions, altering the structure of plant 
communities which negatively affects the composition of 
birds (Amaya-Villarreal & Miguel Renjifo, 2010).

Invasive alien taxa most often documented 
causing negative impacts on nature in the 
terrestrial realm

Invasive alien plant species are responsible for almost 
half (45 per cent) of all the negative documented impacts 
on nature in the terrestrial realm (e.g., Box 4.9), followed 
by invasive alien vertebrates (27 per cent), invertebrates 
(23 per cent) and microbes (5 per cent). Several invasive 
alien plants cause negative impacts at different levels of 
ecological organization, from individual species populations 
to native plant and animal communities to ecosystems as 
a whole. For example, the shrub Lantana camara (lantana) 
has adverse impacts on native understorey shrubs and 
herbaceous plants diversity, and affects the vegetation 
community composition by reducing seedling recruitment 
of vertebrate-dispersed seeds (Dobhal et al., 2010; Kohli 
et al., 2006; Prasad, 2010; Raghubanshi & Tripathi, 2009; 
Sundaram et al., 2012). It also increases soil nitrogen that 
may further favour its proliferation (Sharma, 2011). This 
shrub is unpalatable, and replaces native palatable herbs 
and reduces available forage for wild ungulates (Prasad, 
2010; G. Wilson et al., 2014). Physical changes of large 
extensions of invaded habitats by Lantana camara can 
change habitat use of large mammals such as elephants 
(G. Wilson et al., 2013). In forests, increased density of 
this shrub is correlated with a decrease in bird diversity, 
with certain guilds (canopy and insectivorous birds) being 
more adversely affected than others (Aravind et al., 2010). 
Lantana camara also alters fire regimes by increasing the 
fuel load of invaded forests, leading to more intense and 
severe fires (Hiremath & Sundaram, 2005; Kohli et al., 2006; 
Sundaram et al., 2012; Tireman, 1916). Furthermore, in 
temperate and boreal regions of north-western Europe, 
Picea sitchensis (Sitka spruce) is assessed to be among the 
highest-risk alien species in Norway (Norwegian Biodiversity 
Information Centre, 2018; Sandvik et al., 2020) as well as 

in Great Britain and Ireland (Dehnen-Schmutz et al., 2022). 
Picea sitchensis severely changes ecological conditions 
across a significant proportion of the habitat area of red-
listed habitats such as coastal Calluna-heathlands and 
coastal mires, with knock-on impacts on red-listed plants, 
birds and other species linked to these habitats (Hinderaker 
& Nielsen, 2022; Norwegian Biodiversity Information Centre, 
2018; Øyen & Nygaard, 2020; Saure et al., 2013, 2014). 
These heathlands are now critically endangered throughout 
their range in western Europe, due to compound threats 
involving land-use change, nutrient pollution, and invasive 
alien species (IPBES, 2018b). Other examples of invasive 
alien plant species with multiple simultaneous impacts 
are species belonging to the Pinaceae family. Pinaceae 
comprises some of the most invasive tree species and at 
least 20 species of the genus Pinus are considered to be 
invasive in at least one region of the southern hemisphere 
(Richardson & Rejmanek, 2004). These invasive alien 
species affect the composition and structure of native plant, 
bird and soil arthropod communities, and displace endemic 
native species thereby promoting biological invasion by 
other alien species (León-Gamboa et al., 2010; Pauchard 
et al., 2015; Ziller et al., 2005). Pinus spp. (pine) also have 
positive feedback with fire due to the accumulation of dry 
matter, this in turn results in greater intensity and frequency 
of fires (Cóbar-Carranza et al., 2014; GISP, 2005; Paritsis 
et al., 2018; Pauchard et al., 2008, 2015; Raffaele et al., 
2016; Zalba et al., 2008; Chapter 1, Box 1.4; Chapter 3, 
sections 3.3.1.5.2 and 3.3.4.5) and favours high Pinus spp. 
density post-fire (K. T. Taylor et al., 2017). Other examples of 
invasive alien plant species with several records of negative 
impacts on different levels of ecological organization 
are Prosopis juliflora (mesquite; Box 4.9), Impatiens 
glandulifera (Himalayan balsam; e.g., Kiełtyk & Delimat, 
2019), Acacia longifolia (golden wattle; e.g., Rascher et 
al., 2011), Cenchrus ciliaris (buffel grass; e.g., Alves et al., 
2018; Bonney et al., 2017), Reynoutria japonica (Japanese 
knotweed), Robinia pseudoacacia (black locust), and 
Ailanthus altissima (tree-of-heaven; e.g., Vilà et al., 2010). 
Particularly, the latter three species are the invasive alien 
plants with the most widespread impacts across terrestrial 
habitats in European countries (Vilà et al., 2010).

Box 4  9  	 Prosopis juliflora (mesquite), an example of a high impact invasive alien plant.

Prosopis juliflora (mesquite; Figure 4.16), a tree native to the 
Caribbean and tropical America, is considered one of the highest 
impact invasive alien trees (R. T. Shackleton et al., 2014). It was 
deliberately introduced to 129 countries (Figure 4.17) to provide 
forage for livestock, for firewood, charcoal, as an ornamental, 
and to halt desertification and stabilize dunes in arid and semi-
arid regions (Pasiecznik, 2001). However, this species has been 
documented to have negative impacts on native species, as well 

as on nature’s contributions to people and good quality of life, 
throughout its introduced range (Patnaik et al., 2017). Apart from 
its human-assisted spread, the species also spreads rapidly, 
aided by wild herbivores and livestock that feed on its pods 
and disperse its seeds. In the Afar region, Ethiopia, Prosopis 

juliflora is estimated to have invaded an area of about 1.17 million 
hectares (i.e., 12 per cent of the region) over a period of 35 years 
(Shiferaw, Schaffner, et al., 2019).
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Box 4  9  	
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Figure 4  16  	 Prosopis juliflora (mesquite) illustrations.

Prosopis juliflora in the Cauvrey River delta in Tamil Nadu, India (top left), Prosopis juliflora wood being piled up for making 
charcoal (top right), bags of Prosopis juliflora charcoal being loaded up for transport to market (bottom left), and Prosopis juliflora 
flowers (bottom right). Photo credits: Bella S. Galil – CC BY 4.0 (top left) / Ankila J. Hiremath – CC BY 4.0 (top right, bottom left) / 
courtesy of Nirav Mehta – CC BY 4.0 (bottom right).

Figure 4  17  	 Global distribution of Prosopis juliflora (mesquite). 

The invasive alien plant has been documented in many countries. Data source: Pasiecznik (2022).
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Local extinctions caused by invasive alien 
species
A total of 105 alien species have been documented to 
have caused local extinctions of terrestrial native species, 
with a majority documented in tropical and subtropical dry 
and humid forests and Mediterranean forests, woodlands 
and scrub. Meanwhile, fewer local extinction caused by 
invasive alien species have been documented in tundra 
and high mountain habitats and urban/semi-urban habitats 
(Table 4.7).

Invasive alien vertebrates are the main taxa responsible 
for local extinctions in terrestrial habitats (454 of 725 

documented local extinctions have been caused by 
36 invasive alien vertebrates). Felis catus (cat) has been 
documented as culpable in the greatest number of local 
extinctions, followed by Vulpes vulpes (red fox) and Rattus 
Rattus (black rat) (Figure 4.18). These predatory invasive 
alien mammals have played a major role in the local 
extinction of native species in several terrestrial habitats 
(Doherty et al., 2016; Radford et al., 2018). Invasive alien 
invertebrates are the second taxa responsible for local 
extinctions of native species in terrestrial habitats (207 
of 725 impacts with this magnitude have been caused 
by 33 invasive alien invertebrates), and most of these 
extinctions were registered on tropical and subtropical dry 

Box 4  9  

Impacts on nature
Negative impacts on nature mainly result from competition and 
habitat alteration. In the Brazilian Caatinga, Prosopis juliflora 
reduces the abundance of native species by more than 80 
per cent, affecting seedling growth and mortality, and floristic 
composition, diversity, and structure of the native communities 
(Pegado et al., 2006). It has had direct negative impacts on 
wildlife by altering natural grassland and wetland habitats 
(Mukherjee et al., 2017; Sinha et al., 2009). 

Impacts on nature’s contributions to people
One of the main negative impacts of Prosopis juliflora on 
nature’s contributions to people, throughout its introduced 
range, is the loss of grazing lands, e.g., in East Africa (Bekele 
et al., 2018; Mwangi & Swallow, 2008), and India (Duenn 
et al., 2017; P. N. Joshi et al., 2009). In Brazil and India, 
Prosopis juliflora has directly affected agriculture, competing 
with traditional short-cycle crops or encroaching tilled fields 
(Walter & Armstrong, 2014). It also affects agriculture indirectly 
due to increased crop raiding by wild herbivores as a result 
of reduction in wild forage availability (Sinha et al., 2009). 
Furthermore, it has been shown that the water use of Prosopis 

juliflora impacts on water availability (Wise et al., 2012). In 
the Afar Region, Ethiopia, the catchment water budget was 
estimated to be reduced by 3.1 to 3.3 billion m3/year (Shiferaw 
et al., 2021). The aggregated average social annual willingness 
to pay (Glossary) to manage the biological invasion in Afar, 
Ethiopia, and Baringo, Kenya, is estimated at US$6.1 million 
and US$4.2 million, respectively (Bekele et al., 2018). Prosopis 

juliflora also provides benefits to people. For example, it is 
widely used by local communities in semi-arid regions of 
Brazil mainly for timber purposes (Guerra et al., 2014), but 
also potentially as a natural pesticide and in the management 
of diseases in crop plants (Damasceno et al., 2017). The 
fruits (pods) of Prosopis juliflora can be used to produce 
a number of food products; and they are extensively used 
for feeding livestock (Damasceno et al., 2017; Duenn et al., 
2017). However, the livestock can only be fed up to a certain 
percentage by Prosopis juliflora pods, because exclusive 
feeding with these pods causes neurological disorders in the 
cattle (Patnaik et al., 2017).

Impacts on good quality of life
Prosopis juliflora has more records of negative impacts than 
positive impacts on good quality of life. Reports from Africa 
demonstrate a negative effect of Prosopis juliflora on the 
occurrence of mosquito-borne human diseases. For example, 
in the Baringo area, Kenya, 40 to 60 per cent of local residents 
documented an increase in the incidence of malaria (Mwangi 
& Swallow, 2008). Prosopis juliflora flowers provide nectar for 
mosquito vectors of malaria, with higher numbers of female 
mosquitoes documented in Malian villages surrounded by 
Prosopis juliflora (Muller et al., 2017). Further impacts include 
reduced access to grazing areas and water sources, resulting 
in conflicts among pastoralist communities due to resource 
scarcity; in India it has also been linked to conflicts between 
pastoralists and settled agriculturalists, due to livestock 
dispersing unwanted Prosopis juliflora into farmers’ fields 
(Duenn et al., 2017). In Ethiopia, reduction in grazing lands is 
leading to a breakdown of traditional customary laws as people 
seek new grazing areas disregarding the traditional users of 
these areas (Shiferaw, Bewket, et al., 2019).

In heavily invaded areas, people have adapted to novel Prosopis 

juliflora-based livelihoods, especially making charcoal and 
harvesting the wood for sale; this livelihood diversification has 
enabled communities to cope better with losses of income 
from livestock or crops and respond to environmental shocks 
(Linders et al., 2020; Sato, 2013; Walter & Armstrong, 2014). 
The longer term consequences of these adaptation processes 
seem to be context dependent: while studies in Africa found 
that utilization of the species was offsetting the losses, this 
was not expected to be sustainable in the future (Linders et al., 
2020; Wise et al., 2012); whereas a study in India found that 
household incomes increased when the creation of small scale 
electricity generating facilities increased the demand for and 
prices of wood for energy generation following policy changes 
deregulating the electricity market (Sato, 2013).

Parts of the tree have traditionally been used for medicinal 
purposes, and people are adapting it for medicinal use in its 
introduced habitats (Damasceno et al., 2017; Duenn et al., 
2017; Patnaik et al., 2017).



CHAPTER 4. IMPACTS OF INVASIVE ALIEN SPECIES ON NATURE, NATURE’S CONTRIBUTIONS TO PEOPLE, AND GOOD QUALITY OF LIFE

433

and humid forests, Mediterranean forests and temperate 
and boreal forests and woodlands. These invasive alien 
invertebrates include Linepithema humile (Argentine ant), 
Solenopsis invicta (red imported fire ant), Anoplolepis 
gracilipes (yellow crazy ant), and Agrilus planipennis 
(emerald ash borer). The emerald ash borer causes local 
extinctions of native plants through herbivory and is the 
focus of many studies because its larvae, feeding on ash 
trees, can kill the totality of ash varieties in tree stands, and, 
most recently, has been found to facilitate the spread of 
Chionanthus (fringetrees) in the northeast United States.

A similar number of invasive alien plants (31 species) have 
caused local extinctions of native species in terrestrial 
habitats. However, only 5 per cent (52 of 725 impacts) 
of all documented local extinctions have been caused by 
invasive alien plants. These invasive alien plant species 
include Vachellia nilotica (gum arabic tree), Parthenium 

hysterophorus (parthenium weed), and Prosopis juliflora 
(mesquite) that produced local extinctions of native species 
primarily due to competition (e.g., Duenn et al., 2017) and 
poisoning or toxicity (e.g., Batish et al., 2012). 

In contrast, there are very few reports of local extinctions 
of native species (12 documented local extinctions) 
caused by only a few invasive alien microbes (5 invasive 
microbe species), which were documented on tropical 
and subtropical dry and humid forests and Mediterranean 
forests, woodlands and scrub. For example, the pathogenic 
Batrachochytrium dendrobatidis (chytrid fungus) has been 
associated with amphibian population declines, causing 
extinctions of frogs and salamanders in central and south 
America and Australia (Burrowes & De la Riva, 2017; 
Catenazzi et al., 2011; Lampo et al., 2008; Pounds et al., 
2006; Schloegel et al., 2006).

Figure 4  18  	 Examples of terrestrial invasive alien species which can cause local or global 
extinctions of native species.

Felis catus (cat, top left), Vulpes vulpes (red fox, top right), Rattus spp. (rats, bottom left), Boiga irregularis (brown tree snake, bottom 
right). Photo credits: Mark Marathon, WM Commons – CC BY-SA 4.0 (top left) / Gregory “Slobirdr” Smith, flickr – CC BY-SA 2.0 (top 
right) / ngamanuimages – Copyright (bottom left) / U.S. Department of Agriculture, flickr – CC BY 2.0 (bottom right).
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Units of Analysis Taxa Species # Records

Temperate and boreal forests and 
woodlands

Vulpes vulpes (red fox) 31

 
Linepithema humile (Argentine ant) 15

  
Rattus spp. (rats) 12

 
Lasius neglectus (invasive garden ant) 3

 
Lymantria dispar (gypsy moth) 3

 
Agrilus planipennis (emerald ash borer) 2

 
Castor canadensis (North American beaver) 2

 
Mustela erminea (ermine) 2

Sciurus carolinensis (grey squirrel) 2

 
Adelges piceae (balsam woolly adelgid) 1

Cultivated areas (incl. cropping, 
intensive livestock farming etc.)  

Anoplolepis gracilipes (yellow crazy ant) 3

 
Bombus terrestris (bumble bee) 3

 
Pheidole megacephala (big-headed ant) 2

Cenchrus ciliaris (buffel grass) 2

Parthenium hysterophorus (parthenium weed) 2

 
Paratrechina longicornis (longhorn crazy ant) 1

 
Plagiolepis alluaudi (little yellow ant) 1

Deserts and xeric shrublands Vulpes vulpes (red fox) 32

Bromus spp. (bromegrasses) 3

Bromus tectorum (downy brome) 2

Table 4  7  	 Main invasive alien species impacting nature in the terrestrial realm.

List of alien species (top 10, by number of records of impacts) causing the maximum impacts on nature in the terrestrial realm, by the 
affected unit of analysis. A data management report for the database of impacts developed through this chapter is available at  
https://doi.org/10.5281/zenodo.5766069

Plants: 	 Invertebrate: 	 Vertebrate: 	 Microorganisms: 

https://doi.org/10.5281/zenodo.5766069
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Units of Analysis Taxa Species # Records

Deserts and xeric shrublands
 

Linepithema humile (Argentine ant) 1

Cenchrus ciliaris (buffel grass) 1

Tropical and subtropical dry and humid 
forests

Capra hircus (goats) 31

 
Anoplolepis gracilipes (yellow crazy ant) 24

Boiga irregularis (brown tree snake) 14

 
Pheidole megacephala (big-headed ant) 12

 
Philornis downsi (avian vampire fly) 12

 
Euglandina rosea (rosy predator snail) 10

 
Wasmannia auropunctata (little fire ant) 10

Vulpes vulpes (red fox) 9

Sus scrofa (feral pig) 8

Batrachochytrium dendrobatidis (chytrid fungus) 7

Temperate grasslands Cenchrus ciliaris (buffel grass) 2

Vulpes vulpes (red fox) 2

Ageratina adenophora (Croftonweed) 1

Bromus tectorum (downy brome) 1

Panicum coloratum (klein grass) 1

Rosa rugosa (rugosa rose) 1

Bos taurus (cattle) 1

Crocidura russula (greater white-toothed shrew) 1

Mediterranean forests, woodlands and 
scrub

Vulpes vulpes (red fox) 31

 
Linepithema humile (Argentine ant) 29

Table 4  7  
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Units of Analysis Taxa Species # Records

Mediterranean forests, woodlands and 
scrub  

Lasius neglectus (invasive garden ant) 2

 
Wasmannia auropunctata (little fire ant) 2

Eucalyptus camaldulensis (red gum) 2

 
Cydalima perspectalis (box tree moth) 1

 
Pheidole megacephala (big-headed ant) 1

Ceratocystis platani (canker stain of plane) 1

Acacia saligna (coojong) 1

Pinus radiata (radiata pine) 1

Tropical and subtropical savannas and 
grasslands

Vulpes vulpes (red fox) 15

Vachellia nilotica (gum arabic tree) 7

 
Wasmannia auropunctata (little fire ant) 5

 
Anoplolepis gracilipes (yellow crazy ant) 3

Canis lupus familiaris (dogs) 3

 
Paratrechina fulva (tawny crazy ant) 2

 
Solenopsis geminata (tropical fire ant) 2

Capra hircus (goats) 2

Columba livia (pigeons) 2

Micropterus dolomieu (smallmouth bass) 2

Tundra and high mountain habitats Eucalyptus globulus (Tasmanian blue gum) 1

Vulpes vulpes (red fox) 1

Urban/Semi-urban
 

Bombus terrestris (bumble bee) 3

 
Pheidole megacephala (big-headed ant) 3

Table 4  7  
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Positive impacts caused by invasive alien 
species on nature in the terrestrial realm
In the terrestrial realm, documented positive impacts 
on nature are mostly caused by invasive alien plants 
(section 4.1.2; Box 4.3). Highest numbers of invasive 
alien species causing positive impacts to native species 
can be found in temperate boreal forests and woodlands 
and temperate grasslands. Invasive alien plants causing 
the most documented positive impacts on native species 
are Reynoutria japonica (Japanese knotweed), Impatiens 
glandulifera (Himalayan balsam), and Robinia pseudoacacia 
(black locust). For instance, invaded areas by Reynoutria 
japonica showed higher abundances of bumblebees, overall 
insect diversity and hoverfly diversity than uninvaded areas 
(Davis et al., 2018). Nonetheless, Reynoutria japonica, 
Impatiens glandulifera, and Robinia pseudoacacia are also 
invasive alien plant species with high numbers of negative 
impacts on nature on terrestrial habitats (section 4.3.1). 

4.3.2.2	 Patterns of negative and positive 
impacts of invasive alien species on 
nature in inland waters
In inland waters ecosystems the impacts of invasive alien 
species often act in synergy with other pressures, including 
unsustainable water abstraction, widespread habitat loss 
and degradation, overexploitation of natural resources, 
climate change, and other drivers of biodiversity change 
(Darwall et al., 2018). However, in some cases, invasive 
alien species are the main driver contributing to native 
species extinctions and population declines; for example, 
the precipitous decline of critically endangered amphibians 
has been caused by the pathogenic Batrachochytrium 
dendrobatidis (chytrid fungus) (Dueñas et al., 2021).

Concerns about inland waters ecosystems’ vulnerability to 
invasive alien species have contributed to an increase in 

the number of studies on invasive alien species in inland 
waters (Ricciardi & Macisaac, 2011). Negative impacts of 
invasive alien species on nature in inland waters represent 
about 20 per cent of the total number of documented 
negative impacts caused by invasive alien species (2,113 
of 10,822 impacts). A total of 230 invasive alien species 
have been documented to cause these impacts in 
inland waters.

Mechanisms and magnitude of impacts

Ecological impacts associated with invasive alien fishes 
include biotic homogenization (Glossary) and replacement 
of endemic species, spread of new diseases, changes in 
behaviour and diet shifts of native species (Gherardi, 2010; 
Table 4.8). 

Impacts of invasive alien species on native inland waters 
biota and ecosystems are often synergistic and the result 
of multiple mechanisms such as predation and competition 
(Olden et al., 2021), and complex interactions. For 
example, invasive alien freshwater mussels require fish 
hosts to complete their life cycle (Modesto et al., 2018), 
and, in Sweden, declines in native crayfish species have 
been driven by the combined effects of hybridization, 
the transmission of crayfish plague and competitive 
exclusion with introduced crayfishes (Lodge et al., 2012). 
Other complex interactions include the facilitation by 
some invasive alien species of the establishment of 
other invasive alien species (Simberloff & Von Holle, 
1999), or the contribution of some invasive alien species 
to multiple stressors in their introduced habitat (M. C. 
Jackson et al., 2016; Reynolds & Aldridge, 2021). There 
are synergistic interactions between invading species and 
cascading food-webs that may affect ecosystems within 
and beyond water bodies (Ricciardi & Macisaac, 2011). 
In North America, for example, the introduction of Mysis 

Units of Analysis Taxa Species # Records

Urban/Semi-urban
 

Linepithema humile (Argentine ant) 2

Parthenium hysterophorus (parthenium weed) 2

 
Anoplolepis gracilipes (yellow crazy ant) 1

 
Myrmica rubra (common red ant) 1

Corvus splendens (house crow) 1

Table 4  7  
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relicta (opossum shrimp) to more than a hundred lakes, to 
stimulate the production of Oncorhynchus nerka (sockeye 
salmon), resulted in predation-driven declines of native 
zooplankton to such an extent that it led to the collapse of 
important planktivorous fish populations and to the decline 
of eagle and grizzly bear populations (C. N. Spencer et 
al., 1991).

Decreases in native species’ performance (34 per cent) or 
declines in local native populations (40 per cent) are the 
most commonly documented of all negative impacts on 
nature (2113 impacts) in inland waters. Local extinctions 
represent about 9 per cent of all documented impacts 
caused by invasive alien species in inland waters. For 
example, Dikerogammarus villosus (killer shrimp) caused 
the local extinction of the native amphipod Gammarus 
duebeni in Dutch water bodies through predation (Dick & 
Platvoet, 2000).

Impacted units of analysis

In inland waters, most documented impacts (Table 4.8) 
are from inland surface waters and water bodies (78.8 
per cent), and fewer from wetlands (16.8 per cent) and 
areas used for aquaculture (4.3 per cent). Consequently, 
the documented number of invasive alien species causing 
impacts in the freshwater realm (Table 4.8) is larger for 
inland surface waters and water bodies (209) compared 
to wetlands (23) and areas used for aquaculture (28). Note 

that the same invasive alien species might be documented 
causing impacts in multiple units of analysis.

Invasive alien taxa most often documented 
causing negative impacts in inland waters

Some inland waters fish act as engineering species, 
profoundly affecting the environment. For example, Cyprinus 
carpio (common carp) and Ctenopharyngodon idella (grass 
carp) modify aquatic vegetation directly through uprooting or 
herbivory and indirectly through bioturbation and excretion, 
ultimately shifting the trophic status of water from clear to 
turbid (Matsuzaki et al., 2009; Roberts et al., 1995; Vilizzi 
et al., 2015). Salvelinus fontinalis (brook trout), a widely 
introduced freshwater fish affecting food-webs and native 
diversity through various mechanisms (e.g., predation of 
various taxa including crustaceans, insects, amphibians 
and competition or hybridization with native fishes) is also 
causing high ecological impacts (Cucherousset et al., 2007, 
2008; Orizaola & Brana, 2006). 

Despite not exceeding 2 per cent of total plant diversity, 
aquatic plants are vital in inland waters, shaping key 
processes such as primary production, oxygen release, 
and bank stabilization (Bolpagni, 2021). In Europe, more 
than half of the invasive alien species considered of 
concern according to the European Union Regulation 
1143/2014, thus deemed highly impactful, are either 
aquatic or wetland plants. Dense mats of floating aquatic 

Table 4  8  	 Number of invasive alien species causing negative impacts on nature in inland 
waters. 

The number of invasive alien species (IAS) adversely impacting nature in the freshwater realm, and the number of documented 
negative impact by unit of analysis in relation to the maximum impact on native species: decline in performance, decline in population, 
local extinction or unspecified. A data management report for the database of impacts developed through this chapter is available 
at https://doi.org/10.5281/zenodo.5766069

Maximum impact on native species

Decline in 
performance

Decline of  
population

Local  
extinction

Unspecified

Unit of analysis IAS Records IAS Records IAS Records IAS Records

Aquaculture areas 14 17 21 58 1 1 14 15

Wetlands 44 91 52 156 10 22 37 87

Inland surface waters 
and water bodies/
freshwater

132 613 125 636 54 168 94 249

https://doi.org/10.5281/zenodo.5766069
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plants (e.g., Pontederia crassipes (water hyacinth)) can 
cause the complete cover of smaller water bodies and 
reduce the light available to submerged plants and 
phytoplankton, thus depleting dissolved oxygen and 
altering the composition of invertebrate communities 
(Hill et al., 2020). Similar changes caused by thick 
underwater mats of Myriophyllum spicatum (spiked 
watermilfoil), leading to the decline of native macrophytes 
and invertebrates, have been observed in water bodies of 
North America (Boylen et al., 1999; Kauffman et al., 2018; 
S. J. Wilson & Ricciardi, 2009). Furthermore, Myriophyllum 
spicatum can affect native North American milfoils through 
hybridization; with the hybrid watermilfoil Myriophyllum 
spicatum x Myriophyllum sibiricum exhibiting an increase in 
reproductive potential and surface cover compared to its 
parental taxa (Glisson & Larkin, 2021).

The crayfish group causes many negative impacts in inland 
waters habitats. For instance, Faxonius limosus (spiny-cheek 
crayfish) and Procambarus clarkii (red swamp crayfish) 
interfere with water quality regulation, habitat maintenance 
and nutrient cycling through their burrowing activities, and 
decrease the abundance of macrophytes by feeding and 
stalk-cutting, reducing the availability of refuges for other 
species (Lodge et al., 2012). In Portugal, the invasive 
Pacifastacus leniusculus (American signal crayfish) threatens 
the survival of Margaritifera margaritifera (freshwater pearl 
mussel), a critically endangered species in Europe, through 
predation (R. Sousa et al., 2019). The translocation of 
live crayfish for aquaculture purposes has also facilitated 
the transmission of diseases that are potentially lethal 
to native crayfish (e.g., Aphanomyces astaci (crayfish 
plague); Martín-Torrijos et al., 2018) and of ectosymbiotic 
branchiobdellidans (e.g., Xironogiton victoriensis carried 
by its host, Pacifastacus leniusculus; Gelder & Williams, 
2015). This creates opportunities for novel associations 
between, for example, alien branchiobdellidans and native 
crayfish, Xironogiton victoriensis and the endangered native 
Austropotamobius pallipes (Atlantic stream crayfish) in Spain 
(Martín-Torrijos et al., 2018), whose consequences are 
difficult to predict. 

Python bivittatus (Burmese python) is another emerging 
invasive alien species, established in southern Florida. 
Free-ranging Python bivittatus have consumed a wide 
variety of birds, mammals, and one reptile, the Alligator 
mississippiensis (American alligator; Dove et al., 2011; 
Guzy et al., 2023; Rochford et al., 2010; Snow et al., 2007). 
Large species of mammals and birds are also vulnerable 
to predation by invasive pythons; Lynx rufus (bobcat), 
Odocoileus virginianus (white-tailed deer), and Mycteria 
americana (wood stork) have been consumed by Python 
bivittatus in the Everglades National Park (Dove et al., 2011; 
Guzy et al., 2023; Rochford et al., 2010; Snow et al., 2007). 
This large and voracious predator is directly responsible for 
the severe decline of several mammal populations (e.g., 

raccoons, opossums and rabbits; McCleery et al., 2015). By 
reducing populations of their native predators, invasive alien 
pythons might have a potential indirect positive impact on 
non-prey species, for example by decreasing nest predation 
on native turtles (Willson, 2017).

Local extinctions caused by invasive alien 
species in the inland waters realm

Several invasive alien invertebrates cause local extinctions, 
including Dreissena polymorpha (zebra mussel) and 
Faxonius limosus (spiny-cheek crayfish) (Figure 4.19; 
Table 4.9). The introduction of invasive alien fishes, such as 
Salvelinus fontinalis (brook trout; Cucherousset et al., 2007, 
2008; Orizaola & Brana, 2006) and Oreochromis niloticus 
(Nile tilapia; Angienda et al., 2011; Wise et al., 2007), has 
caused local extinctions of native fishes and amphibians in 
all units of analysis of the inland waters realm (Cucherousset 
& Olden, 2011; Ellender & Weyl, 2014; Table 4.9). The 
best cited example of predation-induced extinction is the 
local extinction of about 200 species of endemic cichlid 
fish following the introduction of Lates niloticus (Nile perch) 
in Lake Victoria (Witte et al., 1992; Box 4.10). Clarias 
gariepinus (North African catfish) has also been documented 
as causing local extinctions in areas used for aquaculture 
purposes. In India, Clarias gariepinus is considered 
responsible for the decrease of vertebrate species richness 
from several ponds during the post-monsoon season (Gopi 
& Radhakrishnan, 2002).

Plants such as Pontederia crassipes (water hyacinth) 
and Pistia stratiotes (water lettuce), have also caused 
local extinctions, mostly in wetlands (Table 4.9). Pistia 
stratiotes causes changes in physiochemical properties of 
invaded water bodies, affecting water quality and altering 
macrophyte communities leading, in some cases, to the 
local extinction of native species such as several species 
of the pondweed Potamogeton in Slovenia (Jaklič et 
al., 2020).

Inland waters molluscs represent one of the most diverse, 
but also highly threatened groups, in the inland realm (Böhm 
et al., 2021). The diversity and the functions they provide 
(e.g., biofiltration, nutrient cycling and storage, substrate 
and trophic resources) are essential to aquatic ecosystems 
and susceptible to changes (Vaughn, 2018). Invasive alien 
molluscs can cause the decline of phytoplankton biomass 
or native mussels abundance. For instance, Dreissena 
polymorpha (zebra mussel) is responsible for the 10-fold 
increase in the rate of local extinction of native mussels in 
the Great Lakes region (Ricciardi et al., 1998). Pomacea 
canaliculata (golden apple snail) is another example of 
an invasive alien mollusc responsible for the increase of 
phytoplankton biomass through the release of nutrients 
when grazing (Strayer, 2010), and outcompeting native 
apple snails in Indonesia (Marwoto et al., 2020).
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Figure 4  19  	 Examples of inland waters invasive alien species causing local/global 
extinctions of native species.

Pontederia crassipes (water hyacinth, top left), Salvelinus fontinalis (brook trout, top right), Dreissena polymorpha (zebra mussel, 
bottom left), Pacifastacus leniusculus (American signal crayfish, bottom right). Photo credits: Philip, Adobe Stock – Copyright (top 
left) / slowmotiongli, Adobe Stock – Copyright (top right) / Thirdwavephoto, WM Commons - CC BY 4.0 (bottom left) / LFRabanedo, 
Shutterstock – Copyright (bottom right).

Unit of analysis  Taxa Invasive alien species 
#records 
of local 

extinctions

Aquaculture areas Clarias gariepinus (North African catfish) 1

Wetlands Python bivittatus (Burmese python) 5

Sporobolus densiflorus (denseflower cordgrass) 3

 
Pomacea canaliculata (golden apple snail) 1

Raffaelea lauricola (laurel wilt) 1

Sporobolus alterniflorus (smooth cordgrass) 1

Table 4  9  	 Examples of invasive alien species causing local extinctions in inland waters, by 
the affected unit of analysis.

The list of invasive alien species (top 10, by number of records of impacts) causing local extinctions on nature in inland waters, by the 
affected unit of analysis. A data management report for the database of impacts developed through this chapter is available at  
https://doi.org/10.5281/zenodo.5766069

Plants: 	 Invertebrate: 	 Vertebrate: 

https://doi.org/10.5281/zenodo.5766069
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Conflict species causing both positive and 
negative impacts

Some invasive alien species can be referred to as conflict 
species (Chapter 1, section 1.5.2; Chapter 5, section 
5.6.1.2), causing both positive and negative impacts, 
although this should be interpreted with caution as it is 
context-dependent (Box 4.10). Such species are challenging 
to manage, as they affect stakeholders in different ways 
(Chapter 5, section 5.6.1.2). Examples of conflict species 
include invasive alien macrophytes providing refuge from 
predators to various native species or limiting bank erosion. 
Likewise, invasive alien crayfish provide food or shelter for 
other native species, are adequate for human consumption 

and can be appreciated for their aesthetic properties and 
cultural or spiritual values (Emery-Butcher et al., 2020; 
Vaughn, 2018; section 4.4.1). Many crayfish species, like the 
North American Faxonius immunis (calico crayfish) and the 
parthenogenetic form of Procambarus fallax (slough crayfish), 
are kept as ornamental species in aquaria and ponds 
throughout Europe. This has led to a flourishing pet trade and 
to the inevitable escape or introduction of the crayfish in the 
wild with negative impacts on the native fauna (Faulkes, 2010; 
Holdich et al., 2009; Martin et al., 2010; Nonnis Marzano, 
2009; Chapter 3, section 3.2.3.2) and on good quality 
of life, including cultural, social and ethical values, in many 
countries (Gherardi, 2011; Swahn, 2004). 

Unit of analysis  Taxa Invasive alien species 
#records 
of local 

extinctions

Wetlands Typha angustifolia (lesser bulrush) 1

Typha ×glauca (hybrid cattail) 1

Oreochromis spp. (tilapia) 1

Inland surface waters and water 
bodies/freshwater

Pontederia crassipes (water hyacinth) 17

Salvelinus fontinalis (brook trout) 9

 
Dreissena polymorpha (zebra mussel) 8

 
Pomacea canaliculata (golden apple snail) 8

Pistia stratiotes (water lettuce) 8

Lates niloticus (Nile perch) 8

Oreochromis niloticus (Nile tilapia) 8

 
Faxonius limosus (spiny-cheek crayfish) 7

 
Procambarus clarkii (red swamp crayfish) 7

 
Pacifastacus leniusculus (American signal crayfish) 6

Table 4  9  

Box 4  10  	 Fishes as examples of invasive alien species with both positive and negative 
impacts.

Invasive alien species may cause both positive and negative 
impacts on nature, nature’s contributions to people and good 
quality of life (Zengeya et al., 2017). Many fish have been 
intentionally introduced to enhance fisheries or as control agents, 
providing remarkable cautionary examples. 

Lates niloticus (Nile perch), introduced in Lake Victoria, East 
Africa, to enhance the fishery, is a prime example (Balirwa et al., 
2003; Figure 4.20). Lake Victoria’s fish fauna was comprised 
of about 500 endemic haplochromine cichlid species, two 
tilapiine species and 46 other species belonging to 12 families 
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Box 4  10  

(Witte et al., 2013). As increasing fishing pressure reduced the 
native tilapiine cichlids and other large fish species’ populations, 
Lates niloticus and four tilapiine cichlids were introduced into 
the lake in the 1950s (Aloo et al., 2017; Gichuru et al., 2018; 
Luomba, 2016; Marshall, 2018). Lates niloticus biomass peaked 
at around 2.3 million tonnes in 1999, and accounted for 92 per 
cent of total fish biomass but fell to less than 300,000 tonnes in 
2008, with average length declining from 51.7 cm to 26.6 cm, 
significantly below the required minimum size of 50 cm for 
export (Talma et al., 2014). Dramatic changes ensued: Lates 

niloticus and Oreochromis niloticus (Nile tilapia) increased, as 
well as eutrophication of the lake, and the wetlands declined. 
The haplochromine cichlids were the most severely hit, with most 
species presumed extinct. These introductions were an economic 
success: the annual catch is estimated at US$544 million locally, 
in addition to US$243 million in exports in 2003 (Balirwa, 2017), 
at the price of the greatest documented extinction of vertebrates 
(Kaufman, 1992), with an estimated loss of 200 endemic fish 
species (Witte et al., 1992). 

Figure 4  20  	 Lates niloticus (Nile perch). 

Photo credit: Fotogien, Shutterstock – Copyright.

The widely introduced Oreochromis niloticus and four 
species of carps – Ctenopharyngodon idella (grass carp), 
Hypophthalmichthys molitrix (silver carp; Figure 4.21), 
Hypophthalmichthys nobilis (bighead carp), and Cyprinus 

carpio (common carp), account for more than a third of the 
global freshwater fish production and contribute to global food 
security (FAO, 2020). These fish are listed among the world’s 
worst invasive alien species (Lowe et al., 2000). Oreochromis 

niloticus threatens native tilapia in Africa through hybridization 
and competition (Canonico et al., 2005). Cyprinus carpio 
suspends sediments, increasing nutrient availability and 
turbidity, suppressing macrophyte growth (Vilizzi et al., 2015). 
Ctenopharyngodon idella modifies aquatic vegetation through 
uprooting or herbivory and has transmitted parasites which 
threaten wild fish (Cucherousset & Olden, 2011). 

Lakes and rivers worldwide were stocked with salmonids, 
including Oncorhynchus mykiss (rainbow trout), Salmo trutta 
(brown trout), and Salvelinus fontinalis (brook trout), for 
commercial and recreational exploitation. These top predators 
brought about profound ecological changes: predation on 
native fauna can reduce amphibian and reptile populations, 
led to changes in zooplankton and benthic macroinvertebrate 
species composition and size structure, alteration of nutrient 
cycling, competition for food and habitat, hybridization with 
native trout species, and disease transmission (Krueger & 
May, 1991; P. Jones & Closs, 2018; Miró & Ventura, 2013). 
Management of these and other conflict species depends on 
better balancing of competing goals and perspectives (Vigliano 
& Alonso, 2007; Ellender et al., 2014; Zengeya et al., 2017; 
Beever et al., 2019).
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4.3.2.3	 Patterns of negative and positive 
impacts of invasive alien species on 
nature in the marine realm

The database of impacts developed through this chapter 
includes about 900 articles (2,350 reported impacts) 
documenting quantitative observational/experimental studies 
of impacts of invasive alien species in the marine realm. 
There are 159 documented invasive alien marine species 
causing 1,414 negative impacts on nature, and 72 invasive 
alien species causing 566 positive impacts. Some of the 
impacts could not be given a direction (section 4.1.2), for 
example impacts on abiotic ecosystem changes. 

Impacted units of analysis

Most impacts of invasive alien species in the marine realm 
have been documented in shelf ecosystems (i.e., the shallow 
seafloor, between the shoreline and the shelf break, generally 
less than 200m in water depth; Table 4.10). The complex 
interactions among invasive alien populations and the host 

ecosystems (Chapter 1, section 1.5; Boxes 4.3 and 
4.5), the functions they most often affect, the relationships 
between changes to ecosystems, communities, and 
populations, and the long-term responses of ecosystems to 
interactions with multiple anthropogenic activities, appear to 
offer insurmountable challenges in the marine realm, limiting 
the ability to assess the overall impact of invasive alien 
species on marine ecosystems (Fulton et al., 2003). 

Mechanisms of impacts

Marine invasive alien species have been shown to have 
differential impacts on native taxa within a biome, among 
different regions and ecosystems, from local extinction to 
food provision to rare and endangered species (Box 4.11).

Box 4  10  

Figure 4  21  	 Hypophthalmichthys molitrix (silver carp). 

Photo credit: Ryan Hagerty/USFWS, flickr – Public domain.
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Table 4  10  	 Number of impacts caused by invasive alien species in the marine realm.

a. Number of invasive alien species documented as causing negative impacts on nature in the marine realm, by the affected unit of 
analysis, b. Number of records of negative impacts on nature in the marine realm, by the affected unit of analysis. A data management 
report for the database of impacts developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069

a.

Decline in 
performance

Decline in  
population

Local  
extinction

Unspecified

Shelf 69 116 59 46

Ocean 0 0 0 0

b.

Decline in 
performance

Decline in  
population

Local  
extinction

Unspecified

Shelf 246 794 278 99

Ocean 0 0 0 0

Box 4  11  	 Magallana gigas (Pacific oyster) in European Seas.

Magallana gigas (Pacific oyster; Figure 4.22) is the most 
widely cultivated and harvested shellfish species in Europe, 
with production totalling 142,000 tons, valued at 295 million 
euros (US$304 million) in 2007 (Miossec et al., 2009). It is 
also a highly invasive ecosystem engineer, forming reefs on 
hard and soft bottoms, effecting large structural changes in 
littoral communities. In the Wadden Sea, Magallana gigas 
brought about a shift in dominance from mussels to oysters 
which entailed changes of associated organisms (Kochmann 
et al., 2008). Yet, these complex structures provide habitat 

heterogeneity that can result in increased species richness, 
abundance, biomass, and diversity, and in the case of the 
Wadden Sea, replacing the ecological function of the native 
Mytilus edulis (common blue mussel) (Markert et al., 2010). A 
field experiment revealed that epibenthic faunal abundance and 
biomass was higher on (dead) oyster shells than on live animals, 
both favouring fish and larger invertebrate species, likely to retain 
the changes to benthic community structure even in the case of 
mass mortalities (Norling et al., 2015). 

Figure 4  22  	 Magallana gigas (Pacific oyster) reef, Sylt I., Germany, Wadden Sea. 

Photo credit: G. Nehls – CC BY 4.0.

https://doi.org/10.5281/zenodo.5766069
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Local extinctions caused by invasive alien 
species in the marine realm

Although the number of quantitative observational and 
experimental impact studies is limited, and most studies 
focus on sessile biota, shallow water and economically 
important species, marine invasive alien species have been 
documented as having significant impacts and causing 
local extinctions (Table 4.11; Figure 4.23). Pterois volitans 
(red lionfish) and Caulerpa taxifolia (killer algae) are listed 
among the top 10 invasive alien species that have been 
documented as causing most local extinctions globally (but 
see Albins, 2015; Bacheler et al., 2022; Ballew et al., 2016; 
Ingeman, 2016; Verlaque & Fritayre, 1994; Table 4.11). 

In the marine realm, most documented local extinctions 
occur on the shallow shelf, and eight of the 10 invasive 
alien species causing them belong to the sessile biota: 
in descending order, Caulerpa taxifolia (killer algae), 
Mytilus galloprovincialis (Mediterranean mussel), Caulerpa 
cylindracea (green algae), Pyura praeputialis (cunjuvoi), 
Halophila stipulacea (halophila seagrass), Womersleyella 
setacea (red alga), Carijoa riisei (branched pipe coral), 
Kappaphycus alvarezii (elkhorn sea moss). 

The sole exception in Table 4.11 is Pterois volitans (red 
lionfish), a voracious piscivore denuding the vestigial reefs in 
the tropical west Atlantic, documented as causing significant 
reduction in density, biomass and species richness of small 
native reef fish (Albins, 2015).

Globally, in the marine realm, documented local 
extinctions through biofouling have been mostly caused 

by Kappaphycus alvarezii (elkhorn sea moss), Carijoa 
riisei (branched pipe coral), Mytilopsis sallei (Caribbean 
false mussel), Polydora websteri (mud blister worm), 
Pyura praeputialis (cunjuvoi), Ciona intestinalis (sea vase), 
Didemnum spp. (colonial tunicates), Mytella strigata (Charru 
mussel), and Mytilus galloprovincialis (Mediterranean 
mussel). Documented local extinctions through competition 
have been mostly caused by Caulerpa cylindracea (green 
algae), Mytilus galloprovincialis (Mediterranean mussel) 
and Caulerpa taxifolia (killer algae). Documented local 
extinctions through ecosystem change have been mostly 
caused by Caulerpa cylindracea (green algae), Mytilus 
galloprovincialis (Mediterranean mussel), Pyura praeputialis 
(cunjuvoi), Eucheuma denticulatum (eucheuma seaweed), 
Womersleyella setacea (red alga) and Crepidula fornicata 
(American slipper limpet). Documented local extinctions 
through herbivory have been mostly caused by Carcinus 
maenas (European shore crab), Siganus spp. (rabbitfish) 
and Littorina littorea (common periwinkle). Documented 
local extinctions through parasitism have been mostly 
caused by Anguillicola crassus (eel swimbladder nematode), 
Haplosporidium nelsoni (MSX oyster pathogen) and 
Loxothylacus panopaei (parasitic barnacle). Finally, 
documented local extinctions through toxicity have 
been mostly caused by Caulerpa taxifolia (killer algae) 
(Figure 4.23).

Main invasive alien species causing negative 
impacts in the marine realm

Anguillicola crassus (eel swimbladder nematode), a blood-
feeding swimbladder parasitic nematode in eels, native to 

Box 4  11  

In the Bay of Mont-St.-Michel, France, extensive Sabellaria 

alveolata (honeycomb worm) reefs were damaged through 
trophic competition, increased silt deposition, and recreational 
oyster harvesting leading to trampling, breakage, and reef 
fragmentation (Desroy et al., 2011). The proliferating Magallana 

gigas beds impacted on birds as well: Waser et al. (2016) found 
that the abundances of four bird species in the Dutch Wadden 
Sea, Larus canus (common gull), Somateria mollissima (common 
eider), Haematopus ostralegus (Eurasian oystercatcher), and 
Calidris canutus (red knot) were reduced where mussel beds 
were replaced with oyster beds, which the birds were unable to 
feed on. Herbert et al. (2018) noted that in southeast England, 
areas colonized by oysters were utilized by greater numbers 
of oystercatchers and Numenius spp. (curlews), but smaller 
numbers of smaller shorebirds. Larus argentatus (European 
herring gull), too were disadvantaged by the replacement of 
mussel beds with oyster beds (Markert et al., 2013). Yet, Larus 

argentatus has soon adapted and adopted a shell-dropping 
behaviour utilizing pavements and parking lots (Cadée, 2001). 

Magallana gigas have served as a major vector for introduction 
of algae, invertebrates and pathogens (Mineur et al., 2007; Wolff 
& Reise, 2002). Mineur et al. (2014) list 48 species that have 
likely been introduced through the Pacific Northwest to Europe 
route, along with the oyster trade, including notorious invasive 
alien species such as Codium fragile (dead man’s fingers), 
Sargassum muticum (wire weed), Undaria pinnatifida (Asian kelp), 
the sea squirts Botrylloides violaceus (violet tunicate), Didemnum 

vexillum (carpet seas quirt), and Styela clava (Asian tunicate). 
The intrahemocytic parasite Bonamia ostreae, protozoan 
parasite Marteilia refringens, the Ostreid herpesvirus (OsHV-1), 
and the two species of parasitic copepods Mytilicola orientalis 
(oyster redworm) and Myicola ostreae have all caused massive 
mortalities. Mineur et al. (2014) lay out a compelling case that the 
periodic disease outbreaks, affecting farmed Magallana gigas in 
Europe and causing major production disruptions and losses, 
originate in the massive imports of stock. Although providing relief 
to the industry in the immediate term, the translocations invariably 
introduce new disease agents.
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eastern Asia, has been widely introduced with its native host 
Anguilla japonica (Japanese eel) for stocking and farming 
in Europe and North America. It is considered to have 
contributed to the collapse of the Anguilla anguilla (European 
eel) population. The parasite reduces endurance, while 
damage to the swimbladder impairs buoyancy control. High 
infection levels can reduce swimming performance, likely 
rendering the eels more susceptible to potting, predation, 
and hindering them from reaching their spawning grounds 
(Newbold et al., 2015; Palstra et al., 2007; Sjöberg et al., 
2009; Sprengel & Luchtenberg, 1991). Mass mortalities 
of wild eels infected with Anguillicola crassus in Lake 
Balaton, Hungary, as well as laboratory results, suggested 
that infected eels may have been more stressed than 
uninfected eels by the reduced oxygen levels under high 
water temperatures or increased concentrations of toxicants 
(Bálint et al., 1997; Molnár, 1993; Molnár et al., 1991).

Carcinus maenas (European shore crab), native to European 
and North African coasts, has invaded both coasts of 
North America, south-eastern America, southern Australia 
and South Africa. It has contributed to decline in native 
soft-shell clams, Mya arenaria (sand gaper), off north-
eastern America, reducing its density, and inducing deeper 
burrowing (de Rivera et al., 2011; Floyd & Williams, 2004; 
Whitlow, 2010). Mortality of small Crassostrea virginica 
(eastern oyster) was significantly higher in the presence of 

Carcinus maenas (Poirier et al., 2017). Off central California, 
Carcinus maenas reduced the abundance of the native 
Hemigrapsus oregonensis (yellow shore crab), markedly 
decreased its body size and caused it to shift its habitat to 
the high intertidal zone (de Rivera et al., 2011; Grosholz et 
al., 2000). Carcinus maenas’ predation on the Tasmanian 
Katelysia scalarina (sand cockle) reduced its population 
(Walton et al., 2002). Chondrus crispus (carrageen), a 
unique strain of the red alga, found solely amongst clumps 
of Mytilus edulis (common blue mussel) in a coastal lagoon 
in Atlantic Canada, was wiped out coinciding with Carcinus 
maenas preying on the mussel (Yorio et al., 2020). Carcinus 
maenas accounted for steep declines in in faunal organisms 
(Gregory & Quijón, 2011). Zostera marina (eelgrass) beds 
have been declining as a result of uprooting, grazing and 
cutting by Carcinus maenas (Garbary et al., 2004; B. R. 
Howard et al., 2019; Malyshev & Quijón, 2011; Matheson et 
al., 2016).

Carijoa riisei (branched pipe coral), native to the Indo-Pacific, 
has spread to Hawaii and the western tropical Atlantic 
(Concepcion et al., 2010; Grigg, 2003; Kahng & Grigg, 
2005; Sánchez & Ballesteros, 2014). A large-scale survey 
(200 km²) of Maui’s black corals revealed that at depths 
between 75 and 110 m up to 90 per cent of the colonies of 
Antipathes dichotoma (black coral) and Antipathes grandis 
(Pine coral) are dead, having been overgrown by Carijoa 

Taxa Species
Records 
number

Pterois volitans (red lionfish) 39

Caulerpa taxifolia (killer algae) 21

 
Mytilus galloprovincialis (Mediterranean mussel) 20

Caulerpa cylindracea (green algae) 17

 
Pyura praeputialis (cunjuvoi) 11

 
Carcinus maenas (European shore crab) 9

Halophila stipulacea (halophila seagrass) 8

Womersleyella setacea (red alga) 8

 
Carijoa riisei (branched pipe coral) 7

Kappaphycus alvarezii (elkhorn sea moss) 2

Table 4  11  	 Example of invasive alien species causing local extinctions in the marine realm.

The list of invasive alien species causing local extinctions on nature in the marine realm. A data management report for the database of 
impacts developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069

Plants: 	 Invertebrate: 	 Vertebrate: 

https://doi.org/10.5281/zenodo.5766069
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riisei (Grigg, 2003). It also fouls Myriopathes spp. (feathery 
black corals) and Leptoseris spp. (scleractinian plate corals) 
(Kahng, 2007; Kahng & Grigg, 2005). In the tropical eastern 
Pacific, Carijoa riisei overgrew Pacifigorgia seafans and 
Leptogorgia seawhips, caused community-wide octocoral 
mortalities, and the local extinction of some Muricea spp. 
(seafans; Sánchez & Ballesteros, 2014). 

Caulerpa cylindracea (green algae), native to Australia, was 
first documented in the Mediterranean in the early 1990s, 
where it soon spread throughout the sea, forming dense 
meadows. The alga modifies habitat structure in terms 
of repartition of the available substrate (i.e., enhancing 
sediment accumulation, favours algal turfs over erect algal 
forms and enables them to monopolize space) (Bulleri et 
al., 2010). Such changes affect the associated invertebrate 
assemblages, algae-native species richness, cover and 
diversity decreased (Baldacconi & Corriero, 2009; Bulleri & 
Piazzi, 2015; Klein & Verlaque, 2009; Piazzi, Balata, & Cinelli, 
2007; Piazzi, Balata, Foresi, et al., 2007; Piazzi et al., 2001; 

Vázquez-Luis et al., 2008). The effects of the colonization 
persist after the removal of the alga and the recovery 
of the assemblages appears to be quite slow: species 
numbers, total cover and erect perennial species cover were 
significantly lower than in the non-invaded plots 18 months 
after removal and exclusion of Caulerpa cylindracea (Klein & 
Verlaque, 2011; Piazzi & Ceccherelli, 2006).

Caulerpa taxifolia (killer algae) is a green alga native to 
tropical Australia. Since the 1980s, a cold-resistant clone 
has become notorious for high profile invasions in the 
Mediterranean, and in California, United States and Australia 
in the 2000s. The mat-forming invasive form of Caulerpa 
taxifolia grows rapidly, smothers seagrass beds and 
other benthos, replacing native macroalgal and seagrass 
communities. It causes a decrease in number, width, 
longevity of leaves, chlorosis and necrosis, and finally death 
of shoots of the native Posidonia oceanica (Neptune grass) 
in the Mediterranean. Furthermore, seagrass beds have 
never recovered their initial density, even after the decrease 

Figure 4  23  	 Examples of marine invasive alien species causing local extinctions of native 
species.

Pterois volitans (red lionfish, top left), Caulerpa sp. (top right), Mytilus galloprovincialis (Mediterranean mussel, bottom left), Carcinus 
maenas (European shore crab, bottom right). Photo credits: plus69, Adobe Stock – Copyright (top left) / Coughdrop12, WM 
Commons – CC BY-SA 4.0 (top right) / Peter Southwood, WM Commons – CC BY-SA 4.0 (bottom left) / Nicolás Battini – CC BY 4.0 
(bottom right).
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in Caulerpa taxifolia (de Villèle & Verlaque, 1995; Dumay et 
al., 2002; Molenaar et al., 2009). In Australia, canopy covers 
of Posidonia australis (fibreball weed) and Zostera capricorni 
(garweed) were significantly reduced (Glasby, 2013). 
Invertebrate assemblages (e.g., Anomura, Peracarida, 
Decapoda, Echinoidea, Bivalvia and Gastropoda) declined 
(Francour et al., 2009), but Caulerpa taxifolia promotes an 
overall increase in nematode species richness by favouring 
species that were absent from the native environments 
(Gallucci et al., 2012). The density of fish such as the 
commercially important Mullus surmuletus (red mullet) has 
declined, compared to native seagrass meadows (Harmelin-
Vivien et al., 1996; Levi & Francour, 2004). 

Cercopagis pengoi (fishhook waterflea), a planktonic 
cladoceran crustacean native to the Ponto-Aralo-Caspian 
Basin, has spread to the Baltic Sea. It is a voracious predator 
that markedly reduces the density of its prey (cladocerans, 
copepods) (Lehtiniemi & Gorokhova, 2008; Ojaveer et al., 
2004; Põllumäe & Kotta, 2007). The population of the native 
cladoceran Bosmina (Eubosmina) coregoni (large long-nosed 
waterflea) has significantly declined after the invasion (Kotta 
et al., 2006). The reduction in zooplankton abundance may 
result in higher concentrations of phytoplankton (owing 
to reduced grazing by zooplankton), and may ultimately 
aggravate problems of eutrophication. Yet, Cercopagis 
pengoi has become an important food item for the three-
spined and nine-spined sticklebacks, herring, sprat, and 
smelt (Antsulevich & Välipakka, 2000; Gorokhova et al., 2004; 
Ojaveer et al., 2004; Ojaveer & Lumberg, 1995).

Crepidula fornicata (American slipper limpet), native to the 
Atlantic coast of North America, has unintentionally been 
introduced to the Pacific coast as well as to Europe with 
American oysters, and has spread throughout the Atlantic 
coast. Crepidula fornicata reduces growth and increases 
mortality of fouled commercially important Mytilus edulis 
(common blue mussel; Thieltges, 2005a; Thieltges & 
Buschbaum, 2007). Yet, it reduces the infection success 
of cercariae and thus their parasite load (Thieltges et al., 
2009), and reduces Asterias rubens (common starfish) 
predation (Thieltges, 2005b). Dense reef-like populations 
fundamentally alter the physical and chemical composition 
of the sediment when forming a novel substrate for sessile 
invertebrates (i.e., ascidians, tubicolous worms, bivalves) 
and shelters vagile invertebrates, at the loss of the infauna, 
deterred by the putrid biodeposits (Blanchard, 2009). Even 
at a moderate presence of Crepidula fornicata, species 
composition differs from the composition in its absence 
(de Montaudouin & Sauriau, 1999; Vallet et al., 2001). 
Accumulated shell debris also reduces suitable habitat for 
commercially valuable native flatfish (Kostecki et al., 2011; 
Le Pape et al., 2004).

Didemnum vexillum (carpet sea squirt), native to Japan, is 
a colonial tunicate species, widely introduced in temperate 

cold seas. Its massive encrusting mats, over-growing sessile 
biota, natural and man-made hard substrates, outcompetes 
other tunicates, hydroids, seaweeds, sponges, bivalves, 
and reduces areas suitable for settlement (Bullard et al., 
2007; Lengyel, 2009; Valentine, Carman, et al., 2007; 
Valentine, Collie, et al., 2007). Fouled mussels and oysters 
have decreased growth rates and lower condition index; 
the swimming ability of fouled Placopecten magellanicus 
(Atlantic deep-sea scallop) is reduced, limiting their ability 
to escape predation and access food-rich habitats, thus 
affecting their survival (Dijkstra & Nolan, 2011; Kaplan et 
al., 2017). Didemnum vexillum fouling result in economic 
losses due to direct impact on biomass of farmed species, 
equipment and trade restrictions (Fletcher et al., 2013).

Eucheuma denticulatum (eucheuma seaweed), a red alga 
native to the tropical western Pacific, has been widely 
introduced for cultivation as one of the primary sources 
of carrageenan. Eucheuma denticulatum spread from 
farms into the surrounding ecosystems, overgrows and 
outcompetes reef-building corals, reduces seagrass beds, 
macroalgae, abundance and biomass of macrofauna, as 
well as on the benthic microbial processes and meiofauna 
populations. These modifications are apparent in the 
significant difference in the catch composition, trophic 
groups and diet of fish collected on coral, seagrass, sand 
and seaweed farms (Eggertsen et al., 2021; Eklöf et al., 
2005, 2006; Johnstone & Olafsson, 1995; Kelly et al., 2020; 
Ólafsson et al., 1995; Tano et al., 2015; Yahya et al., 2020).

Halophila stipulacea (halophila seagrass), native to the Red 
Sea, Persian Gulf and Indian Ocean, has spread to the 
Mediterranean and Caribbean seas, where it forms extensive 
monospecific mat-forming meadows. It has displaced 
the native seagrasses Syringodium filiforme (manatee 
grass), Halodule wrightii (shoalweed), and Halophila 
decipiens (Caribbean seagrass) off Dominica, Lesser 
Antilles, and Thalassia testudinum (turtle grass) in Bonaire 
(Muthukrishnan et al., 2020; Smulders et al., 2017; Steiner 
& Willette, 2013, 2015). Continued invasion and subsequent 
loss of native seagrasses reduce key juvenile fish habitats in 
the Virgin Islands, United States (Olinger et al., 2017). Fish, 
as well the native sea urchin, Tripneustes ventricosus (white 
urchin), were twice as abundant in meadows of Thalassia 
testudinum as in Halophila stipulacea in Bonaire and the 
Grenadines, respectively (Becking et al., 2014; Scheibling 
et al., 2018). Similarly, in the Mediterranean, Halophila 
stipulacea displaced the native Cymodocea nodosa 
(slender seagrass; Sghaier et al., 2014), and the epiphytic 
assemblages on the latter were more abundant and more 
diversified (Mabrouk et al., 2021). 

Kappaphycus alvarezii (elkhorn sea moss), a red alga native 
to Southeast Asia, has been widely introduced for cultivation 
as one of the primary sources of carrageenan. In the Gulf of 
Manaar, India, it has been documented as shadowing and 
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smothering corals, seagrass, sponges and thus affecting the 
diverse reef-associated fauna (Chandrasekaran et al., 2008; 
Kamalakannan et al., 2010, 2014; Patterson et al., 2015; 
Patterson & Bhatt, 2012; Rameshkumar & Rajaram, 2017). 
Similar impacts have been noted in Venezuela and Panama 
(Barrios et al., 2007; Sellers et al., 2015). Studies in Hawaii 
suggest shading by thalli may result in coral death, but these 
thalli provide substrate for sessile invertebrates (ascidians, 
sponges) and shelter for holothurians and reef fishes (D. J. 
Russell, 1983).

Loxothylacus panopaei, a parasitic barnacle native to 
the Gulf of Mexico and Caribbean Sea, has spread 
along eastern North America, where it infects the native 
Eurypanopeus depressus (flatback mud crab). Prevalence of 
infection may reach upwards of 90 per cent in the invaded 
range (Hines et al., 1997). The parasitic barnacle induces 
significant behavioural changes, such as reducing mud crab 
activity, influencing predator-prey relationships, enhancing 
hiding behaviours and changes in habitat usage in infected 
crabs. Moreover, infection results in castration of both 
male and female crabs (Belgrad & Griffen, 2015; Brothers 
& Blakeslee, 2021; Gehman & Byers, 2017; Toscano et 
al., 2014).

Mnemiopsis leidyi (sea walnut), native to western Atlantic 
coastal waters, has spread to European waters (Black 
Sea, Caspian Sea, Mediterranean, North and Baltic Seas). 
The earliest records of Mnemiopsis leidyi in the Black Sea 
documented a decrease in mesozooplankton abundance 
and biomass, changes in diet composition of small pelagic 
fish, with concomitant reduction in planktivorous fishes 
(e.g., Engraulis encrasicolus (European anchovy)), their 
eggs and larvae (Finenko et al., 2013, 2015, 2018; Petran 
& Moldoveanu, 1995; Shiganova, 1997, 1998; Shiganova 
et al., 2003; Shiganova & Bulgakova, 2000), which were 
reversed, wholly or partially when Beroe ovata (ovate comb 
jelly), an invasive predator of Mnemiopsis leidyi, reduced its 
population (Finenko et al., 2018; Kamburska et al., 2003; 
Shiganova et al., 2003). The single study conducted in the 
Mediterranean Sea documented significant differences in 
zooplankton abundance in the zooplankton community 
structure (Fiori et al., 2019). Fearing an outbreak of 
Mnemiopsis leidyi similar to that which had occurred in 
the Black Sea motivated studies in the North and Baltic 
Seas (Riisgård et al., 2007). Some studies documented it 
severely depressed mesozooplankton stocks and influenced 
bacterioplankton activity and community composition 
in the vicinity of the jellyfish (Dinasquet et al., 2012; 
Riisgård et al., 2012). Yet, subsequent studies concluded 
Mnemiopsis leidyi exerted low or no direct predatory 
pressure on the ecologically important mesozooplankton 
and ichthyoplankton species and posed no threat to eggs 
and larvae of commercially important fish such as Gadus 
morhua (Atlantic cod), Clupea harengus (Atlantic herring), 
and Sprattus sprattus (European sprat) (Hamer et al., 2011; 

Jaspers et al., 2011; Javidpour et al., 2009; Kellnreitner et 
al., 2013; Schaber et al., 2011).

Mytilus galloprovincialis (Mediterranean mussel), native 
to the Mediterranean and the eastern Atlantic, has been 
widely introduced both intentionally for cultivation and 
unintentionally. It is an ecosystem engineer, and dominates 
wave-exposed rocky shores, increasing invertebrate 
density and species richness, and changing community 
composition (Branch et al., 2010; Griffiths et al., 1992; 
Hanekom & Nel, 2002; T. B. Robinson et al., 2007; T. B. 
Robinson & Griffiths, 2002). Mytilus galloprovincialis has 
replaced open rocky habitat with complex mussel beds, 
displacing the native Choromytilus meridionalis (black 
mussel) and native Scutellastra argenvillei (Argenville’s 
limpet), but increasing the abundance of Aulacomya atra 
(ribbed mussel) and Scutellastra granularis (granular limpet) 
that now occur within the Mytilus beds (Hanekom, 2008; 
Hanekom & Nel, 2002; Hockey & van Erkom Schurink, 
1992; Sadchatheeswaran et al., 2015; Sebastián et 
al., 2002; Steffani & Branch, 2005). Settling on kelp 
fronds, Mytilus galloprovincialis reduces kelp buoyancy 
and increases hydrodynamic drag, facilitating uprooting 
(Lindberg et al., 2020). Its extensive beds provide food for 
the rare and endangered Haematopus moquini (African 
oystercatcher; Branch & Steffani, 2004; Coleman & 
Hockey, 2008). In the northeast and northwest Pacific 
Mytilus galloprovincialis has extensively hybridized with 
Mytilus trossulus (northern bay mussel). On the west coast 
of the United States, hybrids are rare but more frequent 
near ports and mussel farms (Braby & Somero, 2006; 
Crego-Prieto et al., 2015; Heath et al., 1995; Rawson 
et al., 1999; Shields et al., 2010). The hybrid zone in the 
northwest Pacific runs from the Vladivostok area, Russia, 
to northern Japan (Brannock & Hilbish, 2010; Skurikhina 
et al., 2001; Suchanek et al., 1997). Hybridization has also 
been observed between native southern hemisphere Mytilus 
galloprovincialis and introduced Northeast Atlantic lineages 
near ports in New Zealand (Gardner et al., 2016). 

Pterois volitans (red lionfish), a voracious predator native to 
the Indo Pacific, has spread to the tropical and subtropical 
western Atlantic and Caribbean. Its invasion has had 
significant negative impacts on shallow coral reef fish 
populations, comprising severe reductions in recruitment, 
total density, biomass, and species richness of prey-sized 
fishes, both herbivorous and piscivores (Albins, 2015; 
Albins & Hixon, 2008; Ingeman, 2016). A shift to an algal 
dominated community occurred simultaneously with the loss 
of herbivores, resulting in a decline in corals and sponges 
at mesophotic depths (Kindinger & Albins, 2017; Lesser 
& Slattery, 2011). By foraging away from their patch reefs 
residence, Pterois volitans eliminate a spatial refuge from 
predation used by juveniles of many commercially and 
ecologically important reef fishes (Benkwitt, 2016; DeRoy et 
al., 2020).
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Pyura praeputialis (cunjuvoi), a solitary tunicate native to 
Australia, has spread to Chile where it monopolized the low 
and mid-low rocky intertidal and restricted the native mussel 
Perumytilus purpuratus (purple mussel) to the mid-upper 
fringe (Caro et al., 2011; Castilla et al., 2004). 

Semimytilus patagonicus (bisexual mussel), a mytilid mussel 
native to the Pacific coast of South America, has spread to 
southwestern Africa (de Greef et al., 2013; Ma et al., 2020). 
On rocky, wave-exposed shores Semimytilus patagonicus 
competitively excluded co-occurring mussel species on 
the low-shore and native species (Aulacomya atra (ribbed 
mussel), Choromytilus meridionalis (black mussel)) in the 
mid-shore, displacing the latter to sublittoral and sand-
inundated habitats (Sadchatheeswaran et al., 2015; Skein et 
al., 2018). 

Womersleyella setacea is a turf-forming red alga introduced 
into the Mediterranean Sea. It has invaded areas where 
several turf species were absent or evinced lower cover 
values (Piazzi, Balata, & Cinelli, 2007), causing changes 
to biodiversity and cover of the epiphytic assemblage of 
Posidonia oceanica (Neptune grass), a species that is 
endemic to the Mediterranean Sea (Antolić et al., 2008). 
Some sponge species overgrown by the Womersleyella 
setacea were unable to reproduce, others significantly 
reduced their reproductive effort (de Caralt & Cebrian, 2013). 
Following its introduction, colonies of the Mediterranean 
gorgonian Paramuricea clavata (chameleon sea fan), an 
important structural species in coralligenous assemblages, 
demonstrated lower survivorship of juvenile colonies, higher 
necrosis rates and lower biomass (Cebrian et al., 2012). 

4.3.3	 Documented impacts of 
invasive alien species on nature by 
region and taxonomic group

The number of documented negative and positive impacts 
on nature by invasive alien species varies greatly across 
regions (Table 4.12). 

Negative impacts of invasive alien species 
across regions

In most regions, plants generally have the greatest number 
of invasive alien species causing negative impacts (Table 
4.12A), except in the Americas, where a large number of 
invasive alien invertebrates have caused local extinctions 
(Table 4.12C; 41 species), and in Asia-Pacific, where a 
large number of local extinctions have been caused by 
invasive alien vertebrates (Table 4.12B; 339 documented 
impacts). Felis catus (cat) is responsible for the greatest 
number of documented local extinctions across all regions 
(108 records), but mostly in the Asia-Pacific region (Box 
4.11) and on the Galapagos Islands. Microbes generally 

have the lowest number of documented impacts across 
all regions, mostly causing population declines in Europe 
and Central Asia (Table 4.12D; 142 records). The microbe 
species with the greatest number of documented negative 
impacts is the oomycete plant pathogen, Phytophthora 
ramorum (38 records), which is known to cause the sudden 
oak death disease.

Positive impacts of invasive alien species 
across regions

Positive impacts have been documented in all regions, 
but the number of invasive alien species with positive 
impacts (361 species) is substantially lower than the 
number of species with negative impacts (1623 species). 
The number of invasive alien plants in the Americas have 
been documented to be the largest number of invasive 
alien species with positive impacts, globally (Table 4.12A; 
109 species). Invasive alien plants in Europe and Central 
Asia have been documented to cause the greatest number 
of positive impacts, globally (Table 4.12A; 406 records). 

The invasive alien plant with the greatest documented 
number of positive impacts on nature is Robinia 
pseudoacacia (black locust; 55 records), often resulting in 
increase in abundance and richness of native pollinators 
attracted to the abundant production of nectar by this 
alien plant. Robinia pseudoacacia (black locust) also has 
44 documented negative impacts on nature (Vítková et 
al., 2017).

Dreissena polymorpha (zebra mussel) is the invasive alien 
species with the greatest number of positive documented 
impacts on native species (143 impacts). Dreissena 
polymorpha has positive impacts on a wide range of native 
species, mostly invertebrates, through water filtering, 
thereby changing water chemistry and turbidity, which in 
turn favours littoral invertebrate communities, but disfavours 
planktonic communities (Strayer, 2009). Dreissena 
polymorpha is also in the top ten invasive alien invertebrate 
species causing negative impacts (85 records), and the 
nature of the invasion by the species (particularly in North 
America) and the conflicting interpretation of its impacts has 
been well documented (Strayer, 2009).

Native species impacted by invasive alien 
species across regions

Native plant species are generally the most often negatively 
affected taxa across all regions. However the large number 
of local extinctions of native vertebrates in Asia-Pacific 
(Table 4.13B; 284 records) and of native invertebrate 
species in the Americas and Asia-Pacific regions (Table 
4.13C) constitute exceptions to this general pattern. 
Linepithema humile (Argentine ant) has been documented 
to cause the greatest number of local extinctions of 
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Table 4  12  	 Number of invasive alien species causing positive and negative impacts on 
nature by region.

The number of plants A), vertebrates B), invertebrates C), microbes D) causing negative and positive impacts by region and by taxa. 
A data management report for the database of impacts developed through this chapter is available at https://doi.org/10.5281/
zenodo.5766069

A) Plants: Number of invasive alien species (number of impacts)

Negative impacts caused by invasive alien plants Positive impacts

Region
Ecosystem 

impacts
Impacts on 
individuals

Population 
declines

Local  
extinction

Africa 131 (576) 83 (153) 65 (184) 8 (31) 10 (28)

Americas 408 (2494) 151 (393) 196 (727) 21 (48) 109 (337)

Asia-Pacific 246 (1034) 182 (364) 109 (307) 19 (52) 42 (103)

Europe and Central Asia 129 (3767) 47 (174) 103 (805) 12 (55) 46 (406)

Antarctica 1 (1)

B) Vertebrates: Number of invasive alien species (number of impacts)

Negative impacts caused by vertebrates Positive impacts

Region
Ecosystem 

impacts
Impacts on 
individuals

Population 
declines

Local  
extinction

Africa 37 (132) 37 (93) 31 (107) 13 (45) 2 (3)

Americas 49 (576) 101 (313) 60 (360) 30 (196) 17 (45)

Asia-Pacific 139 (1589) 117 (505) 92 (620) 37 (339) 21 (58)

Europe and Central Asia 31 (138) 76 (222) 39 (92) 22 (39) 5 (11)

Antarctica 1 (4)  1 (2) 1 (1)

C) Invertebrates: Number of invasive alien species (number of impacts)

Negative impacts caused by vertebrates Positive impacts

Region
Ecosystem 

impacts
Impacts on 
individuals

Population 
declines

Local  
extinction

Africa 67 (397) 30 (58) 8 (45) 6 (39) 4 (37)

Americas 241 (1046) 81 (451) 86 (407) 41 (154) 37 (400)

Asia-Pacific 92 (522) 75 (212) 67 (176) 26 (117) 25 (57)

Europe and Central Asia 237 (1196) 43 (150) 45 (226) 25 (83) 34 (169)

D) Microbes: Number of invasive alien species (number of impacts)

Negative impacts by microbes Positive impacts

Region
Ecosystem 

impacts
Impacts on 
individuals

Population 
declines

Local  
extinction

Africa 23 (45) 1 (1)

Americas 26 (125) 4 (9) 17 (58) 4 (10) 2 (3)

Asia-Pacific 11 (18) 11 (15) 9 (17) 3 (4)

Europe and Central Asia 16 (189) 7 (44) 12 (142) 1 (1) 1 (1)

https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
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native invertebrate species across all regions, mostly by 
outcompeting native ants, but also through predation on 
native invertebrates. Native microbes generally have the 
lowest number of documented impacts by invasive alien 
species across all regions, with the highest number of 
negative impacts being native microbe population declines 

in Europe and Central Asia (Table 4.13D; 24 records). 
The perennial woody shrub Rosa rugosa (rugosa rose) has 
caused the greatest number of documented population 
declines in native microbes (5 records), through changes 
in soil chemistry, particularly in coastal dune habitats 
(Stefanowicz et al., 2019).

Table 4  13  	 Number of invasive alien species causing impacts on native taxa by region.

The number of invasive alien species impacting A) native plants, B) vertebrates, C) invertebrates and D) microbes and the number 
of documented impacts (in brackets) in each region. A data management report for the database of impacts developed through this 
chapter is available at https://doi.org/10.5281/zenodo.5766069

A) Number of invasive alien species impacting native plants (number of impacts) 

Region Ecosystem 
impacts

Impacts on 
individuals

Population 
declines

Local  
extinction

Positive impacts

Africa 203 (610) 103 (159) 68 (99) 8 (8) 1 (2)

Americas 496 (1554) 187 (397) 240 (675) 28 (81) 76 (130)

Asia-Pacific 287 (884) 232 (478) 134 (320) 27 (64) 16 (20)

Europe and Central Asia 269 (2030) 67 (216) 114 (620) 22 (58) 11 (30)

B) Number of invasive alien species impacting native vertebrates (number of impacts) 

Region Ecosystem 
impacts

Impacts on 
individuals

Population 
declines

Local  
extinction

Positive impacts

Africa 87 (209) 37 (67) 68 (112) 10 (38) 6 (19)

Americas 124 (679) 98 (310) 90 (383) 32 (142) 36 (93)

Asia-Pacific 169 (1189) 111 (356) 105 (469) 35 (284) 40 (89)

Europe and Central Asia 53 (293) 70 (188) 51 (114) 17 (28) 19 (71)

Antarctica  1(4)  1 (2)  1 (1)

C) Number of invasive alien species impacting native invertebrates (number of impacts) 

Region Ecosystem 
impacts

Impacts on 
individuals

Population 
declines

Local  
extinction

Positive impacts

Africa 55 (171) 24 (29) 38 (87) 10 (37) 12 (41)

Americas 225 (996) 109 (329) 110 (379) 44 (162) 58 (439)

Asia-Pacific 123 (532) 73 (161) 89 (257) 36 (154) 36 (81)

Europe and Central Asia 159 (1501) 64 (139) 90 (477) 24 (86) 34 (180)

Antarctica 1 (1)

D) Number of invasive alien species impacting native microbes (number of impacts) 

Region Ecosystem 
impacts

Impacts on 
individuals

Population 
declines

Local  
extinction

Positive impacts

Africa 4 (4) 1 (1)

Americas 37 (83) 12 (21) 12 (16) 2 (4) 8 (14)

Asia-Pacific 15 (27) 3 (4) 11 (13) 1 (1) 6 (9)

Europe and Central Asia 25 (140) 9 (24) 7 (10)

https://doi.org/10.5281/zenodo.5766069
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Box 4  12  	 Impacts of fox and cat predation in Australia.

Multiple studies have established that Felis catus (cat) and Vulpes 

vulpes (red fox) have had particularly significant impacts on, and 
continue to threaten, many native Australian vertebrate species 
(Doherty et al., 2016; Hunter et al., 2018; Radford et al., 2018; 
Saunders et al., 2010; Woinarski et al., 2015). Vulpes vulpes has 
been shown to suppress populations of Petrogale lateralis (black-
footed rock-wallaby; Kinnear et al., 1988, 1998; Figure 4.24), 
Dasyurus geoffroii (western quoll; Morris et al., 2003), ground-
dwelling and arboreal mammals (Hunter et al., 2018), medium-
sized marsupials (Dexter & Murray, 2009), and even large species 
such as Macropus giganteus (eastern grey kangaroo; Banks 
et al., 2000). When not controlled, Vulpes vulpes also reduce 
abundance of Varanus gouldii (sand goanna), diurnal scincid 
lizards (Olsson et al., 2005), and Varanus varius (lace monitor; 
Hu et al., 2019), and can destroy turtle nests, severely impacting 
their populations (R.-J. Spencer et al., 2006; Limpus & Reimer, 
1994). Vulpes vulpes have also been implicated in colonial 
seabird (Norman, 1971), Leipoa ocellata (malleefowl; Wheeler 
& Priddel, 2009; S. L. Williams, 1995), and ground-foraging 
passerine declines (Ford et al., 2001).

Felis catus is currently considered the single most significant 
threat to Australian mammals (Frank et al., 2014; Woinarski 
et al., 2015). Indeed, Felis catus has been implicated in 
approximately two thirds of Australian native mammal 
extinctions, and another 54 native mammal taxa have suffered 
severe range contractions and are seriously threatened by 
cat predation. Felis catus caused local extirpation of a native 
rodent, Rattus villosissimus (long-haired rat) in a Northern 
Territory tropical savanna (Frank et al., 2014), and has been 
identified as a factor contributing to northern Australian 
mammal declines (Woinarski et al., 2011; D. O. Fisher et al., 
2014). Davies et al. (2017) demonstrated that Felis catus 
predation on threatened Conilurus penicillatus (brush-tailed 
rabbit-rat) is driving the remnant population to extinction on 
Melville Island, suggesting that predation has likely been a 
significant driver of Conilurus penicillatus decline throughout 
northern Australia (Figure 4.24). Additionally, predation of 
juvenile Dasyurus viverrinus (eastern quoll) by Felis catus is 
likely inhibiting recovery of low-density quoll populations across 
Tasmania (Fancourt et al., 2015).

Figure 4  24  	 Examples of native species with serious population declines due to invasive 
alien species. 

Petrogale lateralis (black-footed rock-wallaby, left), Leipoa ocellata (malleefowl, middle), Conilurus penicillatus (brush-tailed rabbit 
rat, right). Photo credit: Kym Nicolson, WM Commons – CC BY 4.0 (left) / butupa, WM Commons – CC BY 2.0 (middle) / Hugh 
Davies – CC BY 4.0 (right).

There is clear evidence to implicate predation by Felis catus in the 
loss of wildlife populations at a local and regional scale, but the 
contribution of Felis catus predation to Australian extinctions or 
extirpations is hard to disentangle from confounding other threats 
such as habitat clearance, changing fire regimes, and other feral 
vertebrates. On offshore islands, where confounding factors are 
less severe, Felis catus have been shown to decimate native 
fauna (D. C. Duffy & Capece, 2012). Predation has caused the 
extinction of Cyanoramphus novaezelandiae erythroti (Macquarie 
Island Parakeet; R. H. Taylor, 1979), Traversia lyalli (Stephens 
Island wren; Galbreath, 2004), and the extirpation from Marion 

Island of Pelecanoides urinatrix (common diving petrel; Bloomer & 
Bester, 1991; Cooper et al., 1995).

In addition to direct extinction of species, Felis catus predation 
can have significant knock-on effects at the ecosystem level, 
through alteration of ecosystem functioning. The local extinction 
of fossorial mammals (i.e., those that dig burrows underground), 
in Australian arid and semi-arid regions (Tuft et al., 2021; Doherty 
et al., 2017) has caused a loss of key soil-engineering processes, 
negatively impacting associated plant communities (James & 
Eldridge, 2007; Eldridge & James, 2009; James et al., 2011). 
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4.4	 IMPACTS OF 
BIOLOGICAL INVASIONS ON 
NATURE’S CONTRIBUTIONS 
TO PEOPLE

4.4.1	 General patterns

Globally, the impact database collected through this 
chapter contains 6,211 impacts of invasive alien species 
on nature’s contributions to people. The economic costs of 
invasive alien species are presented in Box 4.13. Impacts 

on nature’s contributions to people can be negative or 
positive (section 4.1.2); they are considered negative 
when humans are harmed and positive when humans 
benefit from changes in nature’s contributions to people by 
invasive alien species. In total, there is evidence of 4,905 
negative impacts (78.9 per cent of all impacts on nature’s 
contributions to people) caused by 1,337 invasive alien 
species on all nature’s contributions to people categories, 
indicating the multiplicity of impacts that invasive alien 
species can have beyond nature (Vilà et al., 2010). There 
are also 421 invasive alien species that have caused 
1306 positive impacts (20.8% of all impacts on nature’s 
contributions to people; Figure 4.28). 

Box 4  13  	 The economic costs of biological invasions.

There are many case studies of economic costs of biological 
invasions worldwide (Dana et al., 2014; Diagne, Leroy, et al., 
2020). As a result, these costs display a very high degree 
of heterogeneity (e.g., nature, origin, type, implementation, 
estimation approach, spatial and temporal scales) and lack 
standardized methods that would have allowed relevant 
compilations and comparisons, which in turn may provide key 
insights for management actions (Diagne, Catford, et al., 2020). 
In addition, as costs are most often provided at the local scale, 
global estimations are very scarce while biological invasions 
still remain an increasingly planet-wide issue (Diagne, Catford, 
et al., 2020; Diagne, Leroy, et al., 2021; Latombe et al., 2017; 
Pagad et al., 2018). Consequently, the only global figures 
available up to recently were based on a handful of studies 
that used crude extrapolations from individual estimations 
(Kettunen et al., 2009; Pimentel et al., 2001), much criticized 
by ecologists and economists alike (e.g., Bradshaw et al., 
2016; Hoffmann & Broadhurst, 2016; T. P. Holmes et al., 2009). 
Yet, these pioneer studies had the merit to suggest very high 
economic costs, and then trigger more robust assessments 
on many taxa or regions, as well as some more robust, global 
estimates, for example on a given economy sector (Paini et al., 
2016). Recently, the InvaCost project4 has compiled a wealth 
of individual cost estimates in a public and updatable database 
and has devised a standardized method of calculating 
economic costs of biological invasions (Diagne, Leroy, et 

al., 2020). This allows many comprehensive analyses of this 
particular dimension of impacts of biological invasions (Diagne, 
Catford, et al., 2020).

The main results of these analyses (see Diagne, Leroy, et al., 
2021 for the very first analysis) are that (i) the global economic 
costs of biological invasions over the last 50 years (1970-2019) 
are massive, at least US$1,738 billion5 if only the most robust 
data are taken into account (Figure 4.26); (ii) these costs are 

increasing exponentially with a four-fold increase each decade6 
(Figure 4.25); (iii) being based on already published and 
collated studies, the costs are massively underestimated (for 
example, currently occurring costs are not yet documented for 
most economically harmful invasive alien species and invaded 
countries) and (iv) management expenditures represent a very 
small fraction of the total costs, with damage cost recently 
shown to constitute 92 per cent of the total cost estimated 
(Cuthbert et al., 2022). In 2017 alone, aggregate global invasive 
alien species invasion costs were estimated to reach until 
US$162.7 billion, exceeding the 2017 gross domestic product 
(GDP) of 52 of the 54 countries on the African continent, and 
more than twenty times higher than the combined total funds 
available in 2017 for the World Health Organization (WHO) 
and the United Nations (Diagne, Leroy, et al., 2021). Applying 
a similar method (Leroy et al., 2022) to the most up-to-date 
version of InvaCost (at the time of writing this report) has led to 
an upper prediction of US$423.3 billion for the year 2019.7

There are now a number of published analyses from this 
database. For now, they are mostly descriptive and synthesize 
economic costs of invasions in different regions of the world or 
from different invasive alien taxonomic groups. Studies with a 
geographical focus have shown that reported costs are more 
important in some regions, such as North America (Crystal-
Ornelas et al., 2021) and Asia (Liu et al., 2021), and less so in 
regions such as Europe (Haubrock, Turbelin, et al., 2021), Africa 
(Diagne, Turbelin, et al., 2021) and South and Central America 
(Heringer et al., 2021), most probably due to knowledge gaps. 
Studies have also been conducted at the country level: in 
Argentina (Duboscq-Carra et al., 2021), Australia (Bradshaw 
et al., 2021), Brazil (Adelino et al., 2021), Canada (Vyn, 2022), 
Ecuador (Ballesteros-Mejia et al., 2021), France (Renault et 

al., 2021), Germany (Haubrock, Cuthbert, Sundermann, et al., 
2021), India (Bang et al., 2022), Japan (Watari et al., 2021), 

4.	 www.invacost.fr

5.	 Equivalent 2017 US$.	

6.	 Based on new analyses using the latest version of the InvaCost database 
(version 4.0) available at the time of writing this report (Leroy et al., 2022, 
2021).

7.	  Data management report available at https://doi.org/10.5281/
zenodo.7857828

www.invacost.fr
https://doi.org/10.5281/zenodo.7857828
https://doi.org/10.5281/zenodo.7857828
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Mexico (Rico-Sánchez et al., 2021), New Zealand (Bodey et al., 
2022), Russia (Kirichenko et al., 2021), Singapore (Haubrock, 
Cuthbert, Yeo, et al., 2021), Spain (Angulo, Ballesteros-Mejia, 
et al., 2021) the United Kingdom (Cuthbert, Bartlett, et al., 
2021) and in the United States (Fantle-Lepczyk et al., 2021). 
Interestingly, the large number of countries already surveyed 
show both commonalities (such as high, underestimated and 
increasing costs) and specificities (such as the costliest species, 
the most impacted sectors or the proportion of management 
expenditures versus damage costs).

Studies focusing on the economic impact of particular 
taxonomic groups are fewer for now, mostly due to a lack of 
reported costs in the literature, but the following have sufficiently 
high cost data to have warranted dedicated studies: fishes 
(Haubrock et al., 2022), bivalves (Haubrock, Cuthberg, et al., 
2021), crayfishes and crabs (Kouba et al., 2021), terrestrial 
invertebrates (Renault et al., 2022), aquatic species (Cuthbert, 
Pattison, et al., 2021), or ants (Angulo et al., 2022). As cost data 
accumulate, other syntheses are being prepared.

Because InvaCost is a living database, it is regularly being updated, 
and published studies based on it may refer to earlier versions, 
with actual costs having increased since then. For this reason, a 
“living figure”, directly linked to the latest version of the database 
and automatically updated, is available online (Leroy et al., 2021). In 
addition, different studies have used different strategies regarding 
the filtering steps of their dataset processing. As a consequence, 
cost estimates highlighted in those studies may not necessarily 
be comparable. For example, most (but not all) studies focused 
on “observed” costs and those classified as “highly reliable” from 
a methodological point of view (Figure 4.26). As a result, all the 
cost estimates provided should be considered as relative orders of 
magnitude, which remains a good indication of both the reported 
costs and the knowledge gaps.

From the living cost figure, in which all costs filters are identical, 
and which therefore allows meaningful comparisons, one can 
assess the costliest invasive alien species and the most impacted 
invaded regions, as they are currently reported in the literature 
(Figure 4.27).
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Figure 4  25  	 Temporal trend of global invasion costs (in millions of 2017 US$) between 
1970 and 2019. 

A model prediction approach based on an Ordinary Least Square (OLS) regression was used in order to take into account (i) the 
dynamic nature of costs, (ii) the time lags between the real occurrence of the costs and their reporting in the literature (called 
“publication delay” hereafter), (iii) the heteroscedastic and temporally auto-correlated nature of cost data, and (iv) the effects of 
potential outliers in the cost estimates. The model was calibrated and fitted with at least 75 per cent of cost data completeness. 
All methodological details necessary for the rationale behind model selection as well as for obtaining this figure are presented in 
Diagne, Leroy et al. (2021), Leroy et al. (2022). Data management report available at https://doi.org/10.5281/zenodo.7857828
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LOW RELIABILITY 
COSTS

OBSERVED COSTS

POTENTIAL COSTS

1,738
(14.9%)

3,050
(26.2%)

1,714
(14.7%)

5,161
(44.2%)

HIGH RELIABILITY 
COSTS

Figure 4  26  	 The proportion of costs in the InvaCost database according to their 
implementation and reliability. 

Numbers in the square represent the total cost in US$ billion, and the corresponding percentage of the whole in parentheses. 
All costs have been standardized in equivalent 2017 US$ (Diagne, Leroy, et al., 2020 for methodological details). InvaCost 
displays over 13,000 individual costs (at the time of writing this report), each described with 64 variables characterizing the 
record, the study, the typology of the economic cost and the invasive alien species. Among these, two are of major importance: 
implementation, i.e., whether the costs are actually observed or extrapolated and predicted (called “potential”) and whether 
the original methodology led to a classification into either high or low reliability. The choice of these two variables dictates the 
number of costs accounted for in different studies, the resulting final global estimate and its overall robustness. This chapter 
only considers the most robust subset of InvaCost, the costs that are simultaneously observed and of high reliability (upper 
left square, less than 15 per cent of all available data). Note that this figure represents data recorded in the latest version of 
the InvaCost database available at the time of writing this report, and the proportions displayed here are likely to evolve as the 
database is updated over time. All cost information are regularly updated (Leroy et al., 2021).
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Most impacted categories of nature’s 
contributions to people

More than 66 per cent of documented impacts on nature’s 
contributions to people are on the provision of food and 
feed (Figure 4.28). These include mainly decreases in crop 
and forest tree production caused by alien weeds, pests 
and pathogens (Fried et al., 2017; Kenis et al., 2017), but 
also the impact of invasive alien microbes on livestock 
(French, 2017) and the impact of invasive alien species on 
fisheries and aquaculture (Gozlan, 2017). Most invasive alien 
species cause negative impacts on provision of food and 
feed (748 species), on habitat creation and maintenance 
(255 species) and on provision of materials, companionship 
and labour (301 species). Invasive alien species also 
cause positive impacts on provision of food and feed 
(199 species), on medicinal, biochemical and genetic 
resources (83 species) and on the formation, protection and 
decontamination of soils and sediments (77 species). 

8.	 The boundaries and names shown, and the designations used on the 
maps shown here do not imply official endorsement or acceptance by 
IPBES.

Conflict species causing both positive and 
negative impacts 

There are some invasive alien species that cause both 
positive and negative impacts on nature’s contributions 
to people, which causes conflicts among different 
socioeconomic sectors as, for instance, the farming and 
conservation sectors (Vilà & Hulme, 2017). This duality 
makes the quantification of nature’s contributions to people 
a challenge. Conflicting values are prominently found with 
respect to invasive alien trees which are seen as positive 
because they provide wood and contribute to carbon 
sequestration and thus to climate regulation; however, at the 
same time, many alien trees increase fire hazards (Castro-
Díez et al., 2019) and decrease the recreational use of 
forests (Vaz et al., 2018; Chapter 5, section 5.6.1.2).

Invasive alien species most often documented 
causing impacts on nature’s contribution to 
people

The top ten species that are most often documented to 
have negative impacts on nature’s contributions to people 
comprise four plants, five invertebrates and a fish (Table 
4.14A). Pontederia crassipes (water hyacinth) and many 
other aquatic plants have pervasive impacts on water 
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Figure 4  27  	 Synthesis of cumulative economic costs of biological invasions.8 

As available in the literature and standardized in the InvaCost database (latest version 4.0 available at the time of writing this 
report): for all countries in the world (left on the previous page), the 10 countries with the highest cumulative costs (right on the 
previous page) and the four major taxonomic groups (left) as well as the ten costliest taxa (right). All costs have been standardized 
in equivalent 2017 US$ (Diagne, Leroy, et al. (2021) and Leroy et al. (2022) for methodological details) and only the most robust 
subset has been used here (Figure 4.26). Note that this figure represents data recorded in the latest version of the InvaCost 
database available at the time of writing this report, and the proportions displayed here are likely to evolve as the database is 
updated over time. All cost information are regularly updated (Leroy et al., 2021 for the most up-to-date figures).  
Data management report available at https://doi.org/10.5281/zenodo.8231570
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quality and quantity, clog irrigation and draining ditches, 
and thereby interfere with boating and fishing (Brundu, 
2015; Ueki et al., 1976). The plants Reynoutria japonica 
(Japanese knotweed) and Impatiens glandulifera (Himalayan 
balsam), and the tree Robinia pseudoacacia (black locust), 
which commonly invade central European habitats, cause 
impacts on soil quality and on pollination (Dassonville et al., 
2011; Nienhuis et al., 2009). Dreissena polymorpha (zebra 
mussel), one of the most studied freshwater invertebrates, 
has negative impacts on nature’s contributions to people by, 
for example, disrupting energy production (Ludyanskiy et 
al., 1993; Karatayev et al., 2005). Four invertebrates affect 
food and feed provision: Solenopsis invicta (red imported 
fire ant), Bactrocera dorsalis (Oriental fruit fly), Chilo partellus 
(spotted stem borer), and Lissachatina fulica (giant African 
land snail). Cyprinus carpio (common carp) is the invasive 
alien vertebrate with most documented impacts; it eats 
submerged vegetation and destroys hatching grounds for 
small native fishes, invertebrates, or other aquatic animals, 
changes the nutrient compositions in water through 
grubbing sediments (Matsuzaki et al., 2009), and spreads 
Koi herpesvirus to native carp populations that show higher 
mortality than introduced populations (Uchii et al., 2009).

The top ten invasive alien species that are most often 
documented to have positive impacts on nature’s 
contributions to people are plants (Table 4.14B), all of 
which also cause negative impacts. For example, Acacia 
longifolia (golden wattle) and Acacia dealbata (acacia 
bernier) are N-fixing species that have been introduced to 
restore degraded soils but at the same time, their invasion 
modifies the structure of the habitats to be both beneficial 
or detrimental to people depending on their socioeconomic 
and cultural context (Kull et al., 2011). Similarly, Prosopis 
juliflora (mesquite) affects the availability of fodder for 
domestic livestock by reducing grassland area and grass 
cover (P. N. Joshi et al., 2009; Kohli et al., 2006; Timsina 
et al., 2011), but at the same time constitutes an important 
source of fuelwood (Dayal, 2007; Duenn et al., 2017), its 
stems can be used for fencing (D. Bartlett et al., 2018; 
Duenn et al., 2017), it can improve soil quality via biochar 
(D. Bartlett et al., 2018), and there are reports of people 
adapting to the use of plant parts for medicinal purposes 
(Duenn et al., 2017). The overwhelming negative impacts of 
Prosopis juliflora on nature’s contributions to people are not 
offset by its positive impacts.
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Figure 4  28  	 Documented numbers of invasive alien species causing negative and positive 
impacts on categories of nature’s contributions to people.

Positive and negative stacked bar charts do not imply that positive and negative impacts can be summed. A data management report 
for the database of impacts developed through this chapter, with underlying data for this figure is available at https://doi.org/10.5281/
zenodo.5766069
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A) Negative impacts on nature’s contributions to people

Species Taxa Nature’s contributions people (number of documented impacts)

Pontederia crassipes (water hyacinth) Energy (2); Food & feed (32); Freshwater quantity (19); Options (2); Physical 
experiences (4); Water quality (18)

Solenopsis invicta (red imported fire ant)
 

Biological processes (13); Energy (3); Food & feed (35); Learning (1); Materials 
(12); Options (4)

Dreissena polymorpha (zebra mussel)
 

Energy (17); Freshwater quantity (4); Materials (13); Medicinal (2); Ocean 
acidification (1); Options (8); Water quality (7)

Bactrocera dorsalis (Oriental fruit fly)
 

Food & feed (41)

Impatiens glandulifera (Himalayan balsam) Biological processes (9); Freshwater quantity (4); Pollination & dispersal (5); 
Soils formation (22)

Robinia pseudoacacia (black locust) Biological processes (13); Soils formation (27)

Chilo partellus (spotted stem borer)
 

Food & feed (37)

Lissachatina fulica (giant African land 
snail)  

Food & feed (36)

Reynoutria japonica (Japanese knotweed) Soils formation (33)

Cyprinus carpio (common carp) Food & feed (28)

B) Positive impacts on nature’s contributions to people

Species Taxa Nature’s contributions people (number of documented impacts)

Solidago gigantea (giant goldenrod) Climate (6); Soils formation (48)

Robinia pseudoacacia (black locust) Energy (6); Food & feed (10); Materials (2); Physical experiences (8); Soils 
formation (26)

Acacia longifolia (golden wattle) Climate (5); Freshwater quantity (3); Hazards (1); Soils formation (37)

Impatiens glandulifera (Himalayan balsam) Biological processes (4); Freshwater quantity (5); Pollination & dispersal (8); 
Soils formation (23)

Reynoutria japonica (Japanese knotweed) Climate (3); Pollination (3); Soils formation (32)

Rosa rugosa (rugosa rose) Biological processes (6); Climate (2); Hazards (1); Physical experiences (3); 
Soils formation (21)

Prosopis juliflora (mesquite) Energy (9); Food & feed (10); Habitat (2); Materials (6); Medicinal (3); Physical 
experiences (2)

Acacia dealbata (acacia bernier) Climate (4); Soils formation (23)

Carpobrotus edulis (hottentot fig) Air quality (1); Freshwater quantity (3); Hazards (2); Soils formation (15)

Pontederia crassipes (water hyacinth) Biological processes (4); Food & feed (5); Hazards (1); Materials (2); Medicinal 
(3); Water quality (2)

Table 4  14  	 Top 10 invasive alien species with most documented negative and positive 
impacts on nature’s contributions to people.

The invasive alien species with most documented A) negative and B) positive impacts on nature’s contributions to people. Note 
that this is not an indication of the global impact of these species, but of the number of cases found and analysed in this report. 
A data management report for the database of impacts developed through this chapter is available at https://doi.org/10.5281/
zenodo.5766069

Plants: 	 Invertebrate: 	 Vertebrate: 	 Microorganisms: 

https://doi.org/10.5281/zenodo.5766069
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4.4.1.1	 Islands vs. mainland

Despite the seminal and substantial body of literature 
on the threats and impacts of invasive alien species in 
remote islands, such as Hawaii, the Galapagos or New 
Zealand, only 12 per cent of the impacts on nature’s 
contributions to people are documented on islands. The 
vast majority (76.4 per cent) of impacts on islands are 
negative (Figure 4.29) which is similar to the proportion of 
negative impacts on mainlands (79.3 per cent). Also, the 
affected categories of nature’s contributions to people for 
which there are the most documented impacts are similar 
between islands and mainlands: namely on provision of food 
and feed (caused by 139 invasive alien species), provision 
of materials, companionship and labour (51 invasive 
alien species), and on habitat creation and maintenance 
(44 invasive alien species). The proportion of documented 
positive impacts is more important on islands than on 
mainlands, noticeably on food and feed (44.8 per cent on 

islands against 22.2 per cent on mainlands) and pollination 
and propagule dispersal (10.4 per cent on islands against 
3 per cent on mainlands). On the contrary, on islands, the 
proportion of impacts on the formation, protection and 
decontamination of soils and sediments (17.5 per cent on 
islands against 35.8 per cent on mainlands), medicinal, 
biochemical and genetic resources (2.2 per cent on islands 
against 9.8 per cent on mainlands) are smaller than on 
mainlands. Biogeographic comparative analysis between 
homologous habitats in islands and mainland invaded by 
the same invasive alien species are necessary to identify 
the consistency in direction and intensity of their impacts on 
nature’s contributions to people (D’Antonio & Dudley, 1995).

4.4.1.2	 Protected areas

The SCOPE international programme on biological invasions 
indicated the need for research, monitoring (Glossary) and 
management of the impacts of invasive alien species in 
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Figure 4  29  	 Negative and positive impacts on nature’s contributions to people on mainland 
and on islands. 

This figure shows the percentage (y axis) of positive (bottom half of bar) and negative impacts (top half of bar) on islands and on 
mainland or unknown territories for each category of nature’s contributions to people (x axis). Positive and negative stacked bar charts 
do not imply that positive and negative impacts can be summed. A data management report for the database of impacts developed 
through this chapter, with underlying data for this figure is available at https://doi.org/10.5281/zenodo.5766069
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protected areas (Foxcroft, Pyšek, et al., 2013). However, 
a recent analysis has shown that the perceived threat in 
protected areas has worsened over time especially for 
plants (Foxcroft, Pyšek, et al., 2013; R. T. Shackleton et 
al., 2020). Five per cent of the documented impacts on 
nature’s contributions to people occur in protected areas, 
with more positive (54.7 per cent) than negative (45.3 per 
cent) impacts. More than 50 per cent of the documented 
impacts in protected areas concern changes of the 
formation, protection and decontamination of soils and 
sediments. Other important impacts are on the provision 
of food and feed (13.2 per cent of the impacts on nature’s 
contributions to people in protected areas), the regulation 
of freshwater quantity, location and timing (8.4 per cent) 
and regulation of detrimental organisms and biological 
processes (8.4 per cent). Notwithstanding, the importance 
of protected areas for their cultural, sometimes sacred 
value, there are no documented impacts on non-material 
nature’s contributions to people such as impacts on learning 
and inspiration, physical and psychological experiences and 
supporting identities.

4.4.2	 Documented impacts of 
invasive alien species on nature’s 
contributions to people by realm

4.4.2.1	 Patterns of negative and positive 
impacts of invasive alien species on 
nature’s contributions to people in the 
terrestrial realm

Impacted units of analysis in the terrestrial 
realm

There are many more documented negative impacts of 
invasive alien species on nature’s contributions to people 
than positive impacts (3,424 against 1,103, respectively) 
in the terrestrial realm. Cultivated areas (approximately 
33 per cent of impacts) and temperate and boreal forests 
(approximately 20 per cent of impacts) together account 
for more than half of all documented negative impacts of 
invasive alien species on nature’s contributions to people. 
These are followed by urban/semi-urban areas, temperate 
grasslands, and tropical and subtropical dry and humid 
forests (8 to 10 per cent each). The remaining four units 
of analysis together constitute less than 20 per cent of 
all documented impacts. In the case of positive impacts, 
the largest proportion of documented impacts is from 
temperate and boreal forests (23 per cent), followed by 
temperate grassland (approximately 19 per cent). Cultivated 
areas, tropical and subtropical dry and humid forests, and 
Mediterranean woodlands, forests and scrub account for 
between 11 and 15 per cent each. The rest of the four 
terrestrial units of analysis together constitute less than 

one-fifth of all documented impacts. The predominance of 
certain units of analysis amongst documented impacts of 
invasive alien species on nature’s contributions to people 
is more likely a reflection of information availability rather 
than actual impacts. For example, in a recent review of alien 
trees and their impacts on ecosystem services, Castro-Díez 
et al. (2019) found that the temperate and Mediterranean 
biomes were over-represented proportionate to their area, 
compared with other large regions of the world, such as 
Asia and Africa. 

Impacted categories of nature’s contributions 
to people in the terrestrial realm

Negative impacts of invasive alien species on nature’s 
contributions to people are dominated by the categories 
of food and feed (40 per cent of documented impacts) 
followed by habitat creation and maintenance (approximately 
20 per cent of documented impacts). Negative impacts on 
the category, formation, protection and decontamination 
of soils and sediments account for an additional 9 per cent 
of documented impacts, with all other categories together 
constituting less than 30 per cent of documented negative 
impacts (Figure 4.30). Positive impacts are dominated 
by impacts on the categories, formation, protection and 
decontamination of soils and sediments (38 per cent), 
food and feed (21 per cent), and medicinal, biochemical 
and genetic resources (approximately 10 per cent). The 
remaining categories of nature’s contributions to people 
together account for only 30 per cent of all documented 
positive impacts (Figure 4.31).

Negative impacts on particular categories of nature’s 
contributions to people predominate in certain units of 
analysis (Figure 4.30). For example, negative impacts on 
food and feed are prominent in cultivated areas (76 per cent 
of documented impacts, caused by 321 species). Negative 
impacts on food and feed are also a large proportion of total 
documented negative impacts in tropical and subtropical 
dry and humid forests (45 per cent of documented impacts 
caused by 55 species), tropical and subtropical savannas 
and grasslands (32 per cent of documented impacts caused 
by 49 species) and urban/semi-urban areas (about 30 per 
cent of documented impacts caused by 42 species).

Impacts on habitat creation and maintenance account 
for about 40 to 50 per cent of all documented negative 
impacts in deserts and xeric shrublands (50 per cent of 
documented impacts, caused by 29 species), temperate 
grasslands (43 per cent of documented impacts caused 
by 74 species), and tropical and subtropical savannas and 
grasslands (36 per cent of documented impacts caused by 
31 species). So also, impacts on formation, protection and 
decontamination of soils and sediments constitute between 
a fifth to a fourth of all negative impacts in Mediterranean 
woodlands forests and scrub (27 per cent of documented 
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impacts caused by 22 species), followed by temperate 
grasslands (20 per cent of documented impacts caused by 
19 species), and temperate and boreal forests (19 per cent 
of documented impacts caused by 25 species).

As with negative impacts of invasive alien species, certain 
types of positive impacts on nature’s contributions to people 
also predominate in particular units of analysis (Figure 4.31). 
Impacts on the category, formation, protection and 
decontamination of soils and sediments, outweigh positive 
impacts on all other categories of nature’s contributions 
to people in Mediterranean woodlands forests and scrub 
(70 per cent of documented impacts; 14 species). Positive 
impacts on formation, protection and decontamination of 
soils and sediments also account for between a third to half 
of all documented impacts in temperate grassland (53 per 
cent of documented impacts, caused by 30 species), 

temperate and boreal forests (40 per cent of documented 
impacts, caused by 28 species), and in cultivated areas 
(34 per cent of documented impacts, caused by 23 species).

Impacts on the category food and feed, constitute around 
a quarter of all documented positive impacts in tropical 
and subtropical dry and humid forests (29 per cent 
of documented impacts, caused by 35 species), and 
temperate and boreal forests (24 per cent of documented 
impacts, caused by 32 species); they also account 
for almost a fifth of all documented positive impacts in 
temperate grasslands (18 per cent of documented impacts, 
caused by 21 species) and cultivated areas (18 per cent 
of documented impacts, caused by 18 species). Positive 
impacts on the category, medicinal, biochemical and 
genetic resources also make a sizeable contribution to 
documented positive impacts in tundra and high mountain 
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Figure 4  30  	 Documented number of negative impacts of invasive alien species (x axis) 
on categories of nature’s contributions to people (y axis) across different 
terrestrial units of analysis.

There are 3,424 documented negative impacts across all categories of nature’s contributions to people in the terrestrial realm. A data 
management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069

https://doi.org/10.5281/zenodo.5766069
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habitats (45 per cent; of documented impacts, caused 
by 13 species), tropical and subtropical dry and humid 
forests (32 per cent of documented impacts, caused 
by 43 species), and cultivated areas (15 per cent of 
documented impacts, caused by 22 species).

Invasive alien taxa most often documented 
causing impacts on nature’s contributions to 
people in the terrestrial realm

Plants is generally the invasive alien species taxonomic group 
that causes the most impacts (both positive and negative) on 
nature’s contributions to people across all units of analysis 
(Table 4.15). Notable exceptions to this overall pattern 
occur in cultivated areas and in Mediterranean woodlands, 
forests and scrub. In cultivated areas, the top 10 species 
of invasive alien species causing negative impacts are 

invertebrate crop pests (the top five of which are Spodoptera 
frugiperda (fall armyworm), Bactrocera dorsalis (Oriental fruit 
fly), Solenopsis invicta (red imported fire ant), Chilo partellus 
(spotted stem borer), and Phenacoccus manihoti (cassava 
mealybug)). Spodoptera frugiperda alone accounts for four 
to six per cent of maize losses in North and South America 
and Sub-Saharan Africa (Savary et al., 2019), though yield 
losses ranging from 10 per cent up to 58 per cent have been 
estimated across different countries in Africa (Box 4.18; 
Table 4.26). Globally, total crop losses (from all pests and 
pathogens combined) are estimated at 20 to 30 per cent, 
based on a global survey of crops that together account for 
about half of human calorie intake (Savary et al., 2019). A 
large proportion of these total crop losses is due to insect 
and mite pests, 30 to 45 per cent of which are alien invasive 
arthropods, as estimated across several large crop-growing 
countries of the world (Pimentel et al., 2001).
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Figure 4  31  	 Documented number of positive impacts (x axis) of invasive alien species 
on categories of nature’s contributions to people (y axis) across different 
terrestrial units of analysis. 

There are 1,103 documented positive impacts across all categories of nature’s contributions to people in the terrestrial realm. A data 
management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069

https://doi.org/10.5281/zenodo.5766069
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In Mediterranean woodlands, forests and scrub, seven of 
the top 10 invasive alien species are microbes and include 
five species of fungi, a bacterium (Xylella fastidiosa (Pierce’s 
disease of grapevines)), and an oomycete (Phytophthora 
cinnamomi (Phytophthora dieback)). Negative impacts 
of these microbes on nature’s contributions to people 
include, more specifically, impacts on habitat creation and 
maintenance. For example, Ceratocystis platani (canker 
stain of plane), a canker-causing fungus thought to have 
been accidentally introduced to Europe from North America 
in the first half of the twentieth century, damages the iconic 
Platanus orientalis (plane), especially in Greece (Tsopelas 
et al., 2017). Other significant examples of negative 
impacts are impacts on the provision of food and feed. 
Cryphonectria parasitica (blight of chestnut), which has 
devastated native North American chestnut populations 
following its accidental introduction to the United States in 
the early twentieth century (Anagnostakis, 1987), is also a 
significant pest in Europe, where it threatens fruit and wood 
production from the European chestnut (EFSA PLH Panel 
(EFSA Panel on Plant Health), 2014). Likewise, recently 
discovered (in 2013) olive quick decline syndrome (OQDS), 
caused by Xylella fastidiosa has caused significant losses to 
the economically and culturally important olive crop in Italy’s 
main olive growing region (White et al., 2017).

Most invertebrates appearing in the top 10 invasive alien 
species by unit of analysis are associated with negative 
impacts on nature’s contributions to people. However, 
exceptions are the positive impacts on pollination, and 
food and feed by Apis mellifera (European honeybee) in 
temperate and boreal forests, Mediterranean woodland 
forest and scrub, and cultivated areas. In the United States, 
for example, the pollination of crops by Apis mellifera is 
in the order of tens of billions of US$ annually (Pejchar & 
Mooney, 2009). Apis mellifera has also been observed 
to pollinate the culturally significant Hawaiian endemic 
tree, Meterosideros polymorpha (`Ohi’a), and could play 
an important role in the future, as species assemblages 
increasingly change as a result of species invasions, habitat 
fragmentation, and climate change (Cortina et al., 2019). 
However, in Latin America, Apis mellifera has hybridized with 
the aggressive Africanized honeybee, and threatens human 
health (Pejchar & Mooney, 2009). Another invertebrate that 
was introduced as a pollinator of cultivated plants to many 
regions of the globe is Bombus terrestris (bumble bee). 
Although it is now an invasive alien species, its use as a 
pollinator continues, though it is regulated (e.g., in Japan; 
Goka, 2010). In some cases, invasive alien plants also 
support pollination providing a reliable source of nectar and 
pollen at times of the year when agricultural landscapes 
are otherwise not providing sufficient resources to maintain 
pollinator populations (Hirsch et al., 2020). 

The regulation of detrimental organisms and biological 
processes is another category of nature’s contributions to 

people that is positively impacted by an invertebrate, e.g., 
by Nematus oligospilus (willow sawfly) in urban/semiurban 
areas. This species was unintentionally introduced to 
Australia and New Zealand as a pest of introduced willows 
(Caron et al., 2014). It is therefore perceived as a beneficial 
species, since willows are detrimental to riparian and aquatic 
ecosystems (Bruzzese & McFadyen, 2006).

Some species cause both negative and positive impacts on 
nature’s contributions to people, even within the same unit 
of analysis. Prosopis spp. (mesquite) are an example of this 
in deserts and xeric shrublands. Positive impacts include 
the provision of fuelwood, shade, and fodder in the form 
of pods (S. E. Shackleton & Shackleton, 2018; Box 4.9); 
negative impacts include depletion of groundwater (Dzikiti 
et al., 2013), a reduction in grazing resources, and damage 
caused to certain livestock from consumption of pods (Obiri, 
2011; Box 4.9). Prosopis juliflora, Prosopis pallida, Prosopis 
glandulosa, Prosopis chilensis, and Prosopis velutina 
(collectively known as mesquite) have been introduced 
across the globe for the potential benefits they provide to 
people; however, with their spread in introduced regions, the 
negative impacts of Prosopis spp. come into conflict with 
their positive impacts, creating contradictions in how they 
are perceived by different stakeholders (R. T. Shackleton et 
al., 2014; Box 4.9).

Some species or taxa cause impacts on nature’s 
contributions to people across multiple units of analysis. 
One example is the genus, Acacia, with different species 
– Acacia dealbata (acacia bernier), Acacia mearnsii (black 
wattle), and Acacia saligna (coojong) – causing positive 
impacts on nature’s contributions to people across several 
different units of analysis. These positive impacts (on 
formation, protection and decontamination of soils and 
sediments, climate regulation, energy, and materials, 
companionship and labour (Lorenzo et al., 2010; Potgieter 
et al., 2019; C. M. Shackleton et al., 2007) align with a 
recent global review of the genus Acacia and its impacts, 
which found positive impacts on climate regulation, soil 
fertility and soil erosion control (Castro-Díez et al., 2021). 
However, these findings are at odds with other work 
highlighting the negative impacts of Acaciae on various 
categories of nature’s contributions to people, especially 
regulation of freshwater quantity, location and timing, and 
regulation of hazards and extreme events; (Le Maitre et 
al., 2011). Although Acaciae are associated with negative 
impacts on nature’s contributions to people in the impact 
database developed through this chapter9 as well, their 
documented negative impacts do not rank amongst the top 
10 species by units of analysis.

9.	 Data management report available at: https://doi.org/10.5281/
zenodo.5766069

https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
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Invasive alien species with negative impacts 
on nature’s contributions to people

Invasive alien species with positive impacts on 
nature’s contributions to people

Unit of analysis Taxa Species
Documented 

impacts
Taxa Species

Documented 
impacts

Temperate and 
boreal forests and 
woodlands  

Lymantria dispar (gypsy 
moth) 26

 
Solenopsis invicta (red 
imported fire ant) 11

Solenopsis invicta (red 
imported fire ant) 25 Impatiens glandulifera 

(Himalayan balsam) 26

Phytophthora ramorum 
(sudden oak death) 36 Solidago gigantea (giant 

goldenrod) 15

Hymenoscyphus fraxineus 
(ash dieback) 26 Reynoutria japonica 

(Japanese knotweed) 11

Fusarium circinatum (pitch 
canker) 17 Microstegium vimineum 

(Nepalese browntop) 6

Reynoutria spp. (knotweed) 19 Rubus ulmifolius (elmleaf 
blackberry) 6

Impatiens glandulifera 
(Himalayan balsam) 18 Elaeagnus umbellata 

(autumn olive) 5

Reynoutria japonica 
(Japanese knotweed) 17 Lonicera japonica (Japanese 

honeysuckle) 5

Solidago gigantea (giant 
goldenrod) 15 Impatiens parviflora (small 

balsam) 4

Quercus rubra (northern 
red oak) 14 Prunus laurocerasus (cherry 

laurel) 4

Cultivated areas 
(incl. cropping, 
intensive livestock 
farming etc.)

Spodoptera frugiperda (fall 
armyworm) 50

 
Apis mellifera (European 
honeybee) 3

Bactrocera dorsalis (Oriental 
fruit fly) 41 Reynoutria japonica 

(Japanese knotweed) 20

Solenopsis invicta (red 
imported fire ant) 41 Solidago gigantea (giant 

goldenrod) 10

Chilo partellus (spotted stem 
borer) 37 Centaurea stoebe (spotted 

knapweed) 3

Phenacoccus manihoti 
(cassava mealybug) 33 Cortaderia selloana (pampas 

grass) 3

Liriomyza trifolii (American 
serpentine leafminer) 24 Cucumis myriocarpus 

(gooseberry gourd) 3

Prostephanus truncatus 
(larger grain borer) 17 Phalaris aquatica (bulbous 

canarygrass) 3

Liriomyza sativae (vegetable 
leaf miner) 12 Campanula rapunculoides 

(creeping bellflower) 2

Frankliniella occidentalis 
(western flower thrips) 10 Cenchrus ciliaris (buffel 

grass) 2

Rastrococcus invadens (fruit 
tree mealybug) 10 Columba livia (pigeons) 10

Deserts and xeric 
shrublands

Bromus tectorum (downy 
brome) 18 Carpobrotus spp. (icelplant) 8

Cenchrus ciliaris (buffel 
grass) 14 Prosopis glandulosa (honey 

mesquite) 4

Eragrostis lehmanniana 
(Lehmann lovegrass) 5 Bromus tectorum (downy 

brome) 3

Prosopis spp. (mesquite) 5 Cirsium arvense (creeping 
thistle) 2

Table 4  15  	 Main invasive alien species impacting nature’s contributions to people in the 
terrestrial realm.

The top 10 (by number of documented impacts) invasive alien species causing negative and positive impacts on nature’s contributions 
to people in the terrestrial realm by the affected units of analysis. A data management report for the database of impacts developed 
through this chapter is available at https://doi.org/10.5281/zenodo.5766069

Plants: 	 Invertebrate: 	 Vertebrate: 	 Microorganisms: 

https://doi.org/10.5281/zenodo.5766069
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Invasive alien species with negative impacts 
on nature’s contributions to people

Invasive alien species with positive impacts on 
nature’s contributions to people

Unit of analysis Taxa Species
Documented 

impacts
Taxa Species

Documented 
impacts

Deserts and xeric 
shrublands

Erodium cicutarium 
(common storksbill) 4 Erodium cicutarium 

(common storksbill) 2

Tamarix ramosissima 
(saltcedar) 3 Prosopis alba (white carob 

tree) 2

Acacia longifolia (golden 
wattle) 2 Aerva javanica (kapok bush) 1

Hilaria belangeri (curly 
mesquite) 2 Carpobrotus acinaciformis 

(Eland’s sour-fig) 1

Juniperus osteosperma 
(Utah juniper) 2 Casuarina cunninghamiana 

(Australian beefwood) 1

Camelus spp. (camels) 3 Cenchrus ciliaris (buffel 
grass) 1

Tropical and 
subtropical dry and 
humid forests

Lissachatina fulica (giant 
African land snail) 36 Falcataria falcata (Moluccan 

albizia) 7

Laevicaulis alte (tropical 
leatherleaf slug) 11 Fraxinus uhdei (tropical ash) 7

Solenopsis invicta (red 
imported fire ant) 7 Spathodea campanulata 

(African tulip tree) 5

Deroceras reticulatum (grey 
field slug) 5 Cinchona pubescens 

(quinine tree) 4

Hypogeococcus spp. 
(mealybug) 4 Decalobanthus peltatus 

(merremia) 4

Wasmannia auropunctata 
(little fire ant) 4 Salix fragilis (crack willow) 4

Phytophthora ramorum 
(sudden oak death) 5 Cedrela odorata (Spanish 

cedar) 3

Syzygium jambos (rose 
apple) 5 Gleditsia triacanthos (honey 

locust) 3

Ageratum conyzoides (billy 
goat weed) 4 Ligustrum lucidum (broad-

leaf privet) 3

Jasminum fluminense 
(Brazilian jasmine) 4 Pteridium aquilinum 

(bracken) 3

Temperate 
Grasslands Rosa rugosa (rugosa rose) 17 Rosa rugosa (rugosa rose) 36

Reynoutria japonica 
(Japanese knotweed) 12 Solidago gigantea (giant 

goldenrod) 29

Bromus tectorum (downy 
brome) 10 Genista aetnensis (Mount 

Etna broom) 11

Poa pratensis (smooth 
meadow-grass) 10 Reynoutria japonica 

(Japanese knotweed) 8

Solidago canadensis 
(Canadian goldenrod) 10 Amorpha fruticosa (false 

indigo-bush) 7

Solidago gigantea (giant 
goldenrod) 10 Acacia dealbata (acacia 

bernier) 6

Impatiens glandulifera 
(Himalayan balsam) 9 Heracleum pubescens 

(Sosnowskyi’s hogweed) 5

Senecio inaequidens (South 
African ragwort) 9 Impatiens glandulifera 

(Himalayan balsam) 5

Solidago spp. (goldenrod) 9 Brassica nigra (black 
mustard) 4

Bothriochloa ischaemum 
(yellow bluestem) 7 Columba livia (pigeons) 10

Table 4  15  
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Invasive alien species with negative impacts 
on nature’s contributions to people

Invasive alien species with positive impacts on 
nature’s contributions to people

Unit of analysis Taxa Species
Documented 

impacts
Taxa Species

Documented 
impacts

Mediterranean 
forests, woodlands 
and scrub

Xylella fastidiosa (Pierce’s 
disease of grapevines) 15 Carpobrotus spp. (icelplant) 27

Ceratocystis platani (canker 
stain of plane) 13 Acacia dealbata (acacia 

bernier) 21

Seiridium cardinale (cypress 
canker) 11 Genista aetnensis (Mount 

Etna broom) 6

Phytophthora cinnamomi 
(Phytophthora dieback) 10 Platanus ×hispanica (London 

planetree) 6

Cryphonectria parasitica 
(blight of chestnut) 9 Reynoutria ×bohemica 

(Bohemian knotweed) 6

Sphaeropsis sapinea 
(Sphaeropsis blight) 9 Elaeagnus umbellate 

(autumn olive) 4

Heterobasidion irregulare 
(conifer-base polypore) 5 Impatiens glandulifera 

(Himalayan balsam) 4

Carpobrotus spp. (icelplant) 10 Lonicera maackii (Amur 
honeysuckle) 4

Lonicera maackii (Amur 
honeysuckle) 10 Celastrus orbiculatus (Asiatic 

bittersweet) 2

Arundo donax (giant reed) 5 Phalaris aquatica (bulbous 
canarygrass) 2

Tropical and 
subtropical 
savannas and 
grasslands

Centaurea solstitialis (yellow 
starthistle) 16 Acacia mearnsii (black 

wattle) 2

Elaeagnus umbellata 
(autumn olive) 12 Cenchrus clandestinus 

(Kikuyu grass) 1

Imperata cylindrica (cogon 
grass) 8 Cenchrus geniculatus (spiny 

burrgrass) 1

Melia azedarach (chinaberry) 7 Centaurea solstitialis (yellow 
starthistle) 1

Melinis minutiflora (molasses 
grass) 7 Eragrostis curvula (weeping 

lovegrass) 1

Ligustrum sinense (Chinese 
privet) 6 Hyparrhenia hirta (coolatai 

grass) 1

Nandina domestica (nandina) 6 Hyparrhenia rufa (jaragua 
grass) 1

Triadica sebifera (Chinese 
tallow tree) 6 Koelreuteria elegans subsp. 

formosana (flamegold) 1

Biancaea decapetala 
(Mysore thorn) 5 Medicago minima (small 

medick) 1

Holcus lanatus (common 
velvet grass) 5

Bubalus bubalis (Asian water 
buffalo) 4

Tundra and High 
Mountain habitats Pinus mugo (mountain pine) 6 Pinus mugo (mountain pine) 5

Bromus tectorum (downy 
brome) 4 Eucalyptus globulus 

(Tasmanian blue gum) 2

Bromus inermis (awnless 
brome) 2 Artemisia absinthium 

(wormwood) 1

Linaria vulgaris (common 
toadflax) 2 Capsella bursa-pastoris 

(shepherd’s purse) 1

Melilotus albus (honey 
clover) 2 Cenchrus clandestinus 

(Kikuyu grass) 1

Agropyron cristatum (crested 
wheatgrass) 1 Erodium cicutarium 

(common storksbill) 1

Bromus hordeaceus (soft 
brome) 1 Hypericum perforatum (St 

John’s wort) 1

Table 4  15  
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4.4.2.2	 Patterns of negative and positive 
impacts of invasive alien species on 
nature’s contributions to people in the 
inland waters realm

Impacted units of analysis in the inland waters 
realm

In inland waters, negative impacts of invasive alien species on 
nature’s contributions to people outnumber positive impacts 
by a ratio of 4:1, with 600 documented negative impacts 
compared with only 145 documented positive impacts. About 
70 per cent of all documented impacts, both negative and 
positive, on nature’s contributions to people in inland waters 
are from inland surface waters and water bodies/freshwater; 
the remainder are found to almost equal measure in wetlands, 
and in aquaculture areas (Figures 4.32 and 4.33). 

Impacted categories of nature’s contributions 
to people in inland waters

In inland waters, invasive alien species’ negative impacts on 
food and feed predominate, and constitute about 50 per cent 

of all documented negative impacts on nature’s contributions 
to people in this realm (Figure 4.32). In aquaculture areas, 
about 90 per cent of negative impacts are on food and feed 
(caused by 28 species); in inland surface waters/waterbodies 
55 per cent of negative impacts are on food and feed (caused 
by 82 species). Other sizeable negative impacts of invasive 
alien species on nature’s contributions to people are on 
habitat creation and maintenance in wetlands (44 per cent 
of documented impacts, 25 species), and on freshwater 
quantity (10 per cent of documented impacts; 16 species), 
and water quality (12 per cent; 18 species), in inland 
surface waters/waterbodies.

Impacts on the category food and feed also account for the 
majority (60 per cent) of all documented positive impacts 
in inland waters (Figure 4.33). Impacts on food and feed 
constitute 95 per cent of all positive impacts in aquaculture 
areas (caused by 15 species) and about 60 per cent in 
inland surface waters/waterbodies (caused by 31 species). 
Positive impacts on the category formation, protection and 
decontamination of soils and sediments, constitute almost 
50 per cent of all documented impacts in wetlands, caused 
by five species. Other documented positive impacts are 

Invasive alien species with negative impacts 
on nature’s contributions to people

Invasive alien species with positive impacts on 
nature’s contributions to people

Unit of analysis Taxa Species
Documented 

impacts
Taxa Species

Documented 
impacts

Tundra and High 
Mountain habitats

Bromus japonicus (Japanese 
brome) 1 Malva neglecta (common 

mallow) 1

Cenchrus clandestinus 
(Kikuyu grass) 1 Malva parviflora (pink 

cheeseweed) 1

Erodium cicutarium 
(common storksbill) 1 Matricaria chamomilla 

(common chamomile) 1

Urban/Semi-urban Lissachatina fulica (giant 
African land snail) 32 Trichocorixa verticalis (water 

boatman) 2

Wasmannia auropunctata 
(little fire ant) 12 Bombus terrestris (bumble 

bee) 1

Laevicaulis alte (tropical 
leatherleaf slug) 9 Nematus oligospilus (willow 

sawfly) 1

Monomorium pharaonis 
(pharaoh ant) 8 Lupinus polyphyllus (garden 

lupin) 8

Anoplolepis gracilipes 
(yellow crazy ant) 7

Symphyotrichum 
lanceolatum (narrow-leaved 
michaelmas daisy)

7

Paratrechina fulva (tawny 
crazy ant) 5 Impatiens glandulifera 

(Himalayan balsam) 4

Ceratocystis platani (canker 
stain of plane) 5 Paspalum distichum 

(knotgrass) 2

Impatiens glandulifera 
(Himalayan balsam) 12 Acacia saligna (coojong) 1

Lupinus polyphyllus (garden 
lupin) 7 Agrostis alba (redtop) 1

Heracleum pubescens 
(Sosnowskyi’s hogweed) 6 Columba livia (pigeons) 10

Table 4  15  
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Figure 4  32  	 Documented negative impacts (x axis) of invasive alien species on categories of 
nature’s contributions to people (y axis) in the inland waters realm. 

There are 600 documented negative impacts across all categories of nature’s contributions to people in the inland waters realm. 
A data management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069

on physical and psychological experiences, water quality, 
and regulation of biological processes (about 10 per cent 
of documented impacts each), in inland surface waters/
waterbodies.

Invasive alien taxa most often documented 
causing impacts on nature’s contributions to 
people in the inland waters realm

In aquaculture areas, as well as in inland surface waters/
waterbodies, vertebrates are the invasive alien species 
causing the most impacts, both positive and negative, 
on nature’s contributions to people (Table 4.16). Species 
causing positive impacts include Hypophthalmichthys nobilis 
(bighead carp), Hypophthalmichthys molitrix (silver carp), 
Oreochromis niloticus (Nile tilapia), Cirrhinus mrigala (mrigal 
carp), several species of catfish such as Clarias gariepinus 
(North African catfish), and also a reptile, Crocodylus 
rhombifer (Cuban crocodile). These species positively impact 
the provision of food and feed, and reflect the growing 
contribution of aquaculture to food security, especially in 

the Asia-Pacific region (De Silva, 2012); fish constitutes the 
main dietary protein in many countries of the region (e.g., in 
Cambodia; Nuov et al., 2005). However, many introduced 
fish species have also become associated with negative 
impacts on nature’s contributions to people (Box 4.10). 
These include species originally introduced for aquaculture 
such as Cyprinus carpio (common carp), Oreochromis 
mossambicus (Mozambique tilapia), Oreochromis 
niloticus, Clarias gariepinus, Hypophthalmichthys nobili, 
Hypophthalmichthys molitrix; species originally introduced 
for aquatic weed control such as Ctenopharyngodon 
idella (grass carp); Gambusia affinis (western mosquitofish) 
introduced to control malaria by feeding on mosquito larvae; 
and Poecilia reticulata (guppy), an ornamental species 
introduced for the aquarium trade. These species are linked 
to negative impacts on native fish (an impact on nature; 
section 4.3.2) via competition, predation, hybridization, and 
physical and chemical alteration of habitat (Ciruna et al., 
2004), which, in turn, negatively affect the category food and 
feed. For example, in the River Ganga, India, between 2004 
and 2009, fish catch showed a 72 per cent decline of native 

https://doi.org/10.5281/zenodo.5766069
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fish accompanied by a 237 per cent increase in introduced 
species (especially Cyprinus carpio, Clarias gariepinus, and 
the two species of tilapia (A. K. Singh & Lakra, 2011). 

In inland surface waters/waterbodies, the other dominant 
taxonomic group associated with negative impacts on 
nature’s contributions to people are invertebrates, e.g., 
Dreissena polymorpha (zebra mussel), Corbicula fluminea 
(Asian clam), and Procambarus clarkii (red swamp crayfish). 
Of these, Dreissena polymorpha and Procambarus clarkii 
are each responsible for a number of negative impacts 
on nature’s contributions to people. The former affects 
food and feed, regulation of freshwater and coastal water 
quality, energy, provision of materials and companionship 
and labour (Colautti et al., 2006; Strayer, 2009); the latter 
affects food and feed, habitat creation and maintenance, 
supporting identities, and learning and inspiration, leading 
to its evaluation as a high-risk species (Souty-Grosset et al., 
2016). Despite its multiple negative impacts, Procambarus 
clarkii also causes positive impacts (on food and feed, and 
harvested commercially), and live individuals are still bought 
and sold for the aquarium trade (Souty-Grosset et al., 2016). 
Other examples of positive impacts by invertebrates are on 

the categories food and feed by Pontastachus leptodactylus 
(Danube crayfish) (Martinez-Cillero et al., 2019), regulation 
of detrimental organisms and biological processes by 
Gammarus pulex (common freshwater amphipod) that 
feeds on mosquito larvae (Dalal et al., 2020), and regulation 
of freshwater and coastal water quality by Dreissena 
rostriformis bugensis (quagga mussel), which increases 
water clarity (Verstijnen, 2019).

In wetlands, plants are the invasive alien species causing 
the most impacts, both negative and positive, on nature’s 
contributions to people, with the exception of two vertebrate 
species. Negative impacts of plants are largely on the 
formation, protection and decontamination of soils and 
sediments. For instance, species such as Reynoutria 
japonica (Japanese knotweed) and Heracleum pubescens 
(Sosnowskyi’s hogweed), affect soil food webs by negatively 
altering nematode communities (Čerevková et al., 2019; 
Renčo et al., 2019), and Echinochloa pyramidalis (limpopo 
grass) negatively impact habitat creation and maintenance 
in Mexico (López Rosas et al., 2005). Positive impacts of 
plants in wetlands include regulation of hazards and extreme 
events, and regulation of freshwater and coastal water 
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Figure 4  33  	 Documented positive impacts (x axis) of invasive alien species on categories of 
nature’s contributions to people (y axis) in the inland waters realm. 

There are 145 documented positive impacts across all categories of nature’s contributions to people in the inland waters realm. 
A data management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069
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quality. For example, Phragmites australis (common reed) 
in North America can buffer wetlands against the effects of 
sea level rise, and removes nutrients from agriculture runoff 
(Kettenring et al., 2012). The vertebrates among the top 10 
invasive alien species in wetlands are Rusa timorensis (Sunda 
sambar deer), which has negative impacts on the regulation 

of freshwater quantity, location and timing due to grazing 
on vegetation that helps regulate water flows (Pallewatta et 
al., 2003); and Bubalus bubalis (Asian water buffalo), which 
causes positive impacts on food and feed, according to 
Indigenous Peoples and local communities in Australia (e.g., 
Albrecht et al., 2009; C. J. Robinson et al., 2005).

Invasive alien species with negative impacts on 
nature’s contributions to people

Invasive alien species with positive impacts on 
nature’s contributions to people

Unit of analysis Taxon Species
Documented 

impacts
Taxon Species

Documented 
impacts

Aquaculture 
areas Azolla filiculoides (water fern) 3

Azolla filiculoides (water fern) 1

Seaweed Cottony II 1

Cyprinus carpio (common 
carp) 10

Hypophthalmichthys nobilis 
(bighead carp) 2

Oreochromis mossambicus 
(Mozambique tilapia) 9

Oreochromis niloticus (Nile 
tilapia) 2

Clarias gariepinus (African 
catfish) 7

Cirrhinus mrigala (mrigal 
carp) 1

Hypophthalmichthys molitrix 
(silver carp) 5

Clarias gariepinus (North 
African catfish) 1

Oreochromis niloticus (Nile 
tilapia) 5 Clarias spp. (catfish) 1

Ctenopharyngodon idella 
(grass carp) 4

Crocodylus rhombifer 
(Cuban crocodile) 1

Gambusia affinis (western 
mosquitofish) 3 Gibelion catla (catla) 1

Hypophthalmichthys nobilis 
(bighead carp) 3

Hypophthalmichthys molitrix 
(silver carp) 1

Poecilia reticulata (guppy) 3

Inland surface 
waters and 
water bodies/
freshwater

Dreissena polymorpha (zebra 
mussel) 36

Dreissena rostriformis 
bugensis (quagga mussel) 6

Corbicula fluminea (Asian 
clam) 9

Dreissena polymorpha (zebra 
mussel) 3

Procambarus clarkii (red 
swamp crayfish) 9

Procambarus clarkii (red 
swamp crayfish) 3

Alternanthera philoxeroides 
(alligator weed) 9

Gammarus pulex (common 
freshwater amphipod) 2

Cyprinus carpio (common 
carp) 20

Pontastacus leptodactylus 
(Danube crayfish) 2

Oreochromis niloticus (Nile 
tilapia) 15

Pistia stratiotes (water 
lettuce) 4

Oreochromis mossambicus 
(Mozambique tilapia) 13

Oreochromis niloticus (Nile 
tilapia) 5

Hypophthalmichthys molitrix 
(silver carp) 12

Bubalus bubalis (Asian water 
buffalo) 4

Clarias gariepinus (North 
African catfish) 11 Lates niloticus (Nile perch) 4

Ctenopharyngodon Idella 
(grass carp) 9

Gambusia affinis (western 
mosquitofish) 3

Table 4  16  	 Main invasive alien species impacting nature’s contributions to people in the 
inland waters realm.

The top 10 (by number of documented impacts) invasive alien species causing negative and positive impacts on nature’s contributions 
to people in the inland waters realm by the affected units of analysis. A data management report for the database of impacts developed 
through this chapter is available at https://doi.org/10.5281/zenodo.5766069

Plants: 	 Invertebrate: 	 Vertebrate: 	
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4.4.2.3	 Patterns of negative and positive 
impacts of invasive alien species on 
nature’s contributions to people in the 
marine realm

Impacted units of analysis in the marine realm
In the marine realm, as with the terrestrial and inland waters 
realms, negative impacts of invasive alien species outweigh 
positive impacts on nature’s contributions to people (85 and 
24 documented impacts, respectively). Documented impacts 
of invasive alien species on nature’s contributions to people 
are predominantly from shelf ecosystems (about 70 per cent 
of negative and over 85 per cent of documented positive 
impacts). The remainder of invasive alien species impacts are 
documented from coastal areas; there are no documented 
impacts from other marine units of analysis. There are far 
fewer documented impacts of invasive alien species impacts 
on nature’s contributions to people from marine compared 
with terrestrial and inland waters units of analysis, which 
might largely be due to a bias in research efforts.

Impacted categories of nature’s contributions 
to people in the marine realm

Negative impacts on the provision of food and feed 
predominate in shelf ecosystems and constitute 85 per 
cent of all documented impacts (caused by 23 species; 

Figure 4.34). Negative impacts in coastal areas are 
distributed across all categories of nature’s contributions 
to people, though food and feed accounts for a large 
proportion of documented impacts (approximately 45 per 
cent, caused by 4 species); other categories of negative 
impacts in coastal areas include regulation of freshwater 
and coastal water quality (25 per cent documented 
impacts; 3 species), maintenance of options (17 per 
cent of documented impacts, 4 species), and materials, 
companionship and labour (12 per cent of documented 
impacts, 2 species).

Positive impacts (as with negative impacts) on the provision 
of food and feed predominate in both marine units of 
analysis (Figure 4.35). In the case of shelf ecosystems, 
food and feed constitutes 76 per cent of all documented 
impacts (caused by 16 species), with impacts on medicinal, 
biochemical and genetic resources accounting for an 
additional 14 per cent of documented impacts (caused 
by 1 species). Positive impacts of invasive alien species 
in coastal areas are all on the provision of food and feed 
(100 per cent of the three documented impacts, caused by 
3 species).

This predominance of invasive alien species impacts (both 
negative and positive) on food and feed in the marine realm 
documented in the chapter impacts database matches 
findings from a recent European review of marine invasive 

Invasive alien species with negative impacts on 
nature’s contributions to people

Invasive alien species with positive impacts on 
nature’s contributions to people

Unit of analysis Taxon Species
Documented 

impacts
Taxon Species

Documented 
impacts

Wetlands – 
peatlands, mires, 
bogs

Echinochloa pyramidalis 
(limpopo grass) 6 Trichocorixa verticalis (water 

boatman) 2

Reynoutria japonica 
(Japanese knotweed) 5 Sporobolus pumilus 

(saltmeadow cordgrass) 8

Heracleum pubescens 
(Sosnowskyi’s hogweed) 5 Heracleum pubescens 

(Sosnowskyi’s hogweed) 2

Frangula alnus (alder 
buckthorn) 4 Phragmites australis 

(common reed) 2

Elymus athericus (wildrye) 3 Cenchrus clandestinus 
(Kikuyu grass) 1

Phalaris arundinacea (reed 
canary grass) 3 Elymus athericus (wildrye) 1

Phragmites australis 
(common reed) 3 Reynoutria japonica 

(Japanese knotweed) 1

Sporobolus pumilus 
(saltmeadow cordgrass) 3 Impatiens glandulifera 

(Himalayan balsam) 1

Lythrum salicaria (purple 
loosestrife) 2 Typha domingensis 

(southern cattail) 1

Rusa timorensis (Sunda 
sambar deer) 4 Bubalus bubalis (Asian water 

buffalo) 3

Table 4  16  
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Figure 4  34  	 Documented negative impacts (x axis) of invasive alien species on categories 
of nature’s contributions to people (y axis) across different marine units of 
analysis.

There are 85 documented negative impacts across all categories of nature’s contributions to people in the marine realm. A data 
management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069

alien species and their impacts on marine ecosystem 
services (Katsanevakis et al., 2014). Of all ecosystem 
services derived from marine ecosystems, Katsanevakis 
et al. (2014) found the highest number of documented 
invasive alien species with negative and positive impacts to 

be on food provisioning (fisheries, aquaculture); however, 
as suggested by the authors, this could reflect a study 
bias towards impacts on food, given its societal and 
economic relevance over other ecosystem services from 
marine ecosystems.
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Figure 4  35  	 Documented positive impacts (x axis) of invasive alien species on categories 
of nature’s contributions to people (y axis) across different marine units of 
analysis.

There are 24 documented positive impacts across all categories of nature’s contributions to people in the marine realm. A data 
management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069
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Invasive alien taxa most often documented 
causing impacts on nature’s contributions to 
people in the marine realm

In coastal areas, the most documented invasive alien 
species causing both negative and positive impacts on 
nature’s contributions to people are all invertebrates 
(Table 4.17). The most documented negative impacts are 
on food and feed. Examples include impacts of Carcinus 
maenas (European green crab), which feeds on native 
oysters and crabs, and has decimated commercial shellfish 
beds in New England and Canada (Pimentel et al., 2000), 
and the generalist predators, Asterias amurensis (northern 
Pacific seastar) and Ciona intestinalis (sea vase), which 
affect mariculture and fisheries along the Korean coast 
(Seo & Lee, 2009). Another example is Mytilopsis sallei 
(Caribbean false mussel), which competitively displaces 
native clams and oysters that are locally important fishery 
resources in India (Kumar, 2019). In coastal areas, the 
documented positive impacts on nature’s contributions to 
people caused by invasive alien species are all related to 
food and feed. All three species, Magallana gigas (Pacific 

oyster), Penaeus vannamei (whiteleg shrimp), and Ruditapes 
philippinarum (Japanese carpet shell), are commercially 
harvested (A. N. Cohen & Carlton, 1995; U.S. Congress, 
Office of Technology Assessment, 1993).

In shelf ecosystems, invasive alien invertebrates are 
responsible for the majority of both negative and positive 
impacts on nature’s contributions to people, mostly on food 
and feed. For example, Carcinus maenas (European green 
crab), through predation, and Styela clava (Asian tunicate), 
through competition for space, have led to a reduction 
in populations of native species in fisheries (Colautti et 
al., 2006). Positive impacts of invertebrates are, likewise, 
associated with the provision of food and feed. For example, 
Rapana venosa (veined rapana whelk) in Turkey (Aydin et al., 
2016) and Penaeus aztecus (northern brown shrimp) in the 
Nile Delta of Egypt (Sadek et al., 2018), are both harvested 
commercially. In addition to the documented invertebrate 
species, there are two plant species that feature in the list 
of top 10 invasive alien species: Codium fragile (dead man’s 
fingers) and Gracilaria vermiculophylla (red alga). Codium 

Invasive alien species with negative impacts on 
nature’s contributions to people

Invasive alien species with positive impacts on 
nature’s contributions to people

Unit of analysis Taxa Species
Documented 

impacts
Taxa Species

Documented 
impacts

Coastal areas 
intensively used 
for multiple 
purposes by 
humans

Carcinus maenas (European 
shore crab) 6 Magallana gigas (Pacific 

oyster) 1

Mytilopsis sallei (Caribbean 
false mussel) 4 Penaeus vannamei (whiteleg 

shrimp) 1

Asterias amurensis (northern 
Pacific seastar) 3 Ruditapes philippinarum 

(Japanese carpet shell) 1

Ciona intestinalis (sea vase) 2

Teredo navalis (naval 
shipworm) 2

Batillaria attramentaria 
(Japanese false cerith) 1

Magallana gigas (Pacific 
oyster) 1

Littorina littorea (common 
periwinkle) 1

Lyrodus pedicellatus 
(blacktip shipworm) 1

Mytella strigata (Charru 
mussel) 1

Table 4  17  	 Main invasive alien species impacting nature’s contributions to people in the 
marine realm.

The top 10 (by number of documented impacts) invasive alien species causing negative and positive impacts on nature’s contributions 
to people in the inland waters realm, by the affected units of analysis. A data management report for the database of impacts 
developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069

Plants: 	 Invertebrate: 	 Vertebrate: 	
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Invasive alien species with negative impacts on 
nature’s contributions to people

Invasive alien species with positive impacts on 
nature’s contributions to people

Unit of analysis Taxa Species
Documented 

impacts
Taxa Species

Documented 
impacts

Shelf 
ecosystems 
(neritic and 
intertidal/littoral 
zone)

Carcinus maenas (European 
shore crab) 7 Penaeus aztecus (northern 

brown shrimp) 4

Mytella strigata (Charru 
mussel) 5 Laguncula pulchella 

(predatory sea snail) 3

Ficopomatus enigmaticus 
(tubeworm) 3 Mytella strigata (Charru 

mussel) 2

Styela clava (Asia tunicate) 3 Mytilus galloprovincialis 
(Mediterranean mussel) 2

Ascidiella aspersa (European 
sea squirt) 2 Rapana venosa (veined 

whelk) 2

Ciona intestinalis (sea vase) 2 Cercopagis pengoi (fishhook 
waterflea) 1

Ciona robusta (tunicate) 2 Paralithodes camtschaticus 
(red king crab) 1

Tubastraea spp. (sun corals) 2 Gracilaria vermiculophylla 
(red alga) 1

Codium fragile (dead man’s 
fingers) 14 Pterois volitans (red lionfish) 2

Pterois volitans (red lionfish) 2 Megalops atlanticus (Atlantic 
tarpon) 1

Table 4  17  

fragile has been associated with losses to commercial eel, 
lobster, and oyster fisheries in Canada (Colautti et al., 2006). 
Gracilaria vermiculophylla is harvested for extraction of agar, 
which is used in the food industry (A. M. M. Sousa et al., 
2010). There are also two vertebrate species on this top 
10 list, Pterois volitans (red lionfish) and Megalops atlanticus 
(Atlantic tarpon). Pterois volitans, a predator, has caused 
population declines of native fish on which local fisherfolk 
depend (Miguez Ruiz, 2013). Analogous to the much better 
documented introductions through the Suez canal that is 
regarded as an extremely significant route of introduction 
for marine invasions (Galil et al., 2015), Megalops atlanticus 
is thought to have arrived in the eastern Pacific through 
the Panama Canal and was initially documented in the 
1940s. It now extends on approximately 2600 km along the 
Pacific coastline of Central and South America (Castellanos-
Galindo et al., 2019). Its impacts are perceived as positive 
by different communities along the Colombian coast as it 
is used as a resource for food, crafts, and also for game 
fishing in the tourism industry (Neira & Acero P, 2016).

4.4.3	 Documented impacts on 
nature’s contributions to people by 
region and taxonomic group 

Many invasive alien species are causing negative impacts 
on nature’s contributions to people in all regions, with 
documented impacts from more than 500 species in the 

Americas and Europe and Central Asia (538 and 531, 
respectively), followed by 314 species in the Asia-Pacific 
region and 136 in Africa (Figure 4.36). Across regions, 
some of these invasive alien species also have positive 
impacts on nature’s contributions to people, and the 
percentage of species with documented positive impacts 
ranges from 22 per cent of species in Europe and Central 
Asia, 26 per cent in Africa, 32 per cent in the Americas, to 
41 per cent in the Asia-Pacific region.

Most impacted categories of nature’s 
contributions to people by region, and by 
taxon

Across all regions, food provisioning is the most impacted 
category of nature’s contributions to people, both negatively 
and positively. Negative impacts on provisioning of food are 
found in all regions and for all taxa (Figure 4.37). In Africa, 
most invasive alien species causing these impacts are plants 
(59 species), followed by invertebrates (36) and vertebrates 
(22), and with just one documented microbe species (Maize 
lethal necrosis disease). A similar pattern is observed for 
the Americas (131 plants, 76 invertebrates, 30 vertebrates, 
22 microbes), whereas in the Asia-Pacific and Europe 
and Central Asia regions, invasive alien invertebrates are 
the largest taxonomic group causing impacts on food 
provisioning (81 and 217, respectively). The highest number 
of invasive alien vertebrates (74 species) causing impacts on 
food provisioning is found in the Asia-Pacific region. 
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Figure 4  36  	 Number of invasive alien species with documented negative and positive 
impacts on nature’s contributions to people (x axis) per region and taxonomic 
group (y axis).

Positive and negative stacked bar charts do not imply that positive and negative impacts can be summed. A data management report 
for the database of impacts developed through this chapter, with underlying data for this figure is available at https://doi.org/10.5281/
zenodo.5766069
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Invasive alien taxa most often documented 
causing negative impacts by region

There are more impacts caused by plants in Africa, the 
Americas and the Asia-Pacific regions than in Europe and 
Central Asia (Figure 4.37). In comparison to other regions, 
rangelands used for grazing livestock are less common in 
Europe and Central Asia than other regions of the world 
(Boone et al., 2018), where high numbers of invasive alien 
species impact food provisioning through overgrowing 
rangelands or by harming livestock with poisonous or 
injurious parts (Box 4.9). Impacts caused by invasive 
alien plants (as weeds in agricultural crops) are often not 
distinguished from impacts caused by native plants, especially 
when the impacts of the entire weed flora are assessed (Vilà 
et al., 2004), and are therefore likely to be underrepresented 
in the impact database developed through this chapter.10 

10.	Data management report available at: https://doi.org/10.5281/
zenodo.5766069

Pimentel et al. (2005) have estimated the impacts of invasive 
alien weeds in the United States by using the percentage 
of invasive alien agricultural weed species in the total 
weed flora to proportionate the crop losses caused by 
alien weeds. As a result, they estimated crop losses of 
US$24 billion annually based on the assumption of 12 per 
cent crop losses caused by weeds, of which 73 per cent 
were allocated to invasive alien weeds, corresponding to 
their share in the US agricultural weed flora.

A more comprehensive analysis of the impacts of plants 
across the four regions (Table 4.18) shows that in Europe 
and Central Asia, the highest number of different categories 
of nature’s contributions to people is affected. In particular, 
impacts on soils by plants have been documented to 
be caused by 45 invasive alien species in this region, 
but there are also high numbers of plants impacting 
negatively on pollination (19) and biological processes (17). 
Across all regions, freshwater provision is the category of 

PLANTS VERTEBRATES INVERTEBRATES MICROBES

NCP Af Am AP ECA Af Am AP ECA Af Am AP ECA Af Am AP ECA

Habitat 7 174 34 1 0 3 1 0 0 23 1 4 0 2 2 13

Pollination 1 46 0 19 0 1 0 0 0 5 5 2 0 0 0 0

AirQuality 0 2 8 1 0 0 0 0 0 1 0 0 0 0 0 0

Climate 0 4 0 6 0 0 1 0 0 2 0 0 0 0 0 0

OceanAcid 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0

Freshwater 17 21 14 12 0 1 1 0 0 2 0 6 0 0 0 0

WaterQuality 12 9 6 2 0 3 3 0 0 4 3 3 0 0 0 0

Soils 6 22 5 45 0 4 2 0 0 3 0 1 0 1 0 0

Hazards 1 25 7 3 0 2 1 0 0 2 0 2 0 0 0 0

BiolProcess 3 25 5 17 0 3 4 0 6 26 13 4 0 0 0 0

Energy 4 4 2 0 0 1 1 0 0 4 0 0 0 0 0 0

Food 59 131 41 15 22 30 74 11 36 76 81 217 1 22 16 4

Materials 8 15 13 0 0 5 4 0 1 37 39 173 0 10 4 0

Medicinal 4 3 4 0 0 0 0 0 0 3 1 5 0 0 0 1

Learning 0 1 1 0 0 0 0 0 0 1 0 1 0 0 0 0

Physical 1 3 3 24 0 4 1 0 1 13 12 13 0 0 2 0

Identities 0 1 8 0 0 0 0 0 0 0 0 2 0 0 1 0

Options 10 0 4 0 0 34 0 0 0 28 2 0 0 0 1 0

Table 4  18  	 Number of invasive alien species with negative impacts on nature’s contributions 
to people by taxonomic group and region.

Acronyms used in the table: NCP – nature’s contributions to people; Af – Africa; Am – Americas; AP – Asia-Pacific; ECA – Europe 
and Central Asia. A data management report for the database of impacts developed through this chapter is available at https://doi.
org/10.5281/zenodo.5766069

https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
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nature’s contributions to people that is more consistently 
negatively impacted by invasive alien plants. The number 
of documented impacts on material provisions by invasive 
alien invertebrates is very high in Europe and Central Asia 
(173 invasive alien species) and is also high in the Americas 
(37) and Asia-Pacific (39) regions, but there is only one 
record in Africa. In Africa in particular, impacts on forestry 
have not been as well documented (both in the literature and 
in the impact database developed through this chapter)11 as, 
for example, in North America (e.g., Aukema et al., 2011) or 
Europe and Central Asia. Europe also has a higher rate of 
documented new introductions of forest pests and diseases 
than other continents (Kenis et al., 2017; Santini et al., 2013).

Among immaterial nature’s contributions to people, impacts 
on the maintenance of options by invasive alien plants 

11.	Data management report available at: https://doi.org/10.5281/
zenodo.5766069

have been documented in Africa (10) and Asia-Pacific (4), 
by vertebrates (34) and invertebrates (28) in the Americas, 
and for one microbe species in Asia-Pacific. Physical 
and psychological experiences have been impacted by 
24 invasive alien plants in Europe and Central Asia, but 
also by invertebrates in the Americas, Asia-Pacific and 
Europe and Central Asia regions. There are eight plants with 
impacts on the “supporting identities” category, a further 
single record of one plant in this category for the Americas, 
of two invertebrates for Europe and Central Asia and of one 
microbe from the Asia-Pacific region.

Invasive alien taxa most often documented 
causing positive impacts by region

Many invasive alien species (mostly plants) also provide 
benefits to people, which, in many cases, have been the 
reason for their initial or continued introduction (Table 4.19). 
Food provisioning can be improved by invasive alien plants 

PLANTS VERTEBRATES INVERTEBRATES MICROBES

NCP Af Am AP ECA Af Am AP ECA Af Am AP ECA Af Am AP ECA

Habitat 0 21 6 0 0 0 1 0 0 1 0 0 0 0 0 1

Pollination 0 5 0 11 0 1 1 0 0 1 3 0 0 0 0 0

AirQuality 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

Climate 9 0 2 13 0 0 0 0 0 0 0 0 0 0 0 0

OceanAcid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Freshwater 0 18 3 5 0 0 0 0 0 0 0 0 0 0 0 0

WaterQuality 0 3 1 1 0 0 0 0 0 0 0 3 0 0 0 0

Soils 0 11 26 38 0 0 0 0 0 6 0 0 0 0 0 0

Hazards 0 3 3 4 0 0 0 0 0 0 0 0 0 0 0 0

BiolProcess 2 8 1 10 0 3 2 0 0 5 2 6 0 0 0 0

Energy 12 5 6 2 0 0 0 0 0 0 0 0 0 0 0 0

Food 13 66 21 7 5 11 34 2 3 10 7 41 0 1 0 0

Materials 5 14 14 2 0 0 0 0 2 2 0 10 0 0 0 0

Medicinal 6 42 33 4 0 0 0 0 0 0 2 1 0 0 0 0

Learning 0 0 0 0 0 2 0 0 0 0 0 2 0 0 0 0

Physical 0 0 3 6 5 1 1 0 0 3 0 1 0 0 0 0

Identities 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0

Options 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

Table 4  19  	 Number of invasive alien species with positive impacts on nature’s contributions 
to people by taxonomic group and region.

Acronyms used in the table: Af – Africa, Am – Americas, AP – Asia-Pacific, Ant – Antarctica, ECA – Europe and Central Asia, NCP – 
nature’s contributions to people. A data management report for the database of impacts developed through this chapter is available 
at https://doi.org/10.5281/zenodo.5766069

https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069


CHAPTER 4. IMPACTS OF INVASIVE ALIEN SPECIES ON NATURE, NATURE’S CONTRIBUTIONS TO PEOPLE, AND GOOD QUALITY OF LIFE

479

and vertebrates in all regions. In the Americas, 66 invasive 
alien plants have documented uses as food or feed, but 
numbers are lower in other regions, with 21 documented 
impacts in Asia-Pacific, 13 in Africa and 7 in Europe and 
Central Asia. Invasive alien vertebrate species are mostly 
used for food and feed in the Asia-Pacific region (34 species), 
whereas in the Europe and Central Asia region, invertebrates 
(41 species) are the largest invasive alien species taxa group 
providing this category of nature’s contributions to people. 
Further benefits from plants are documented for soils in 
Europe and Central Asia (38 species) and Asia-Pacific 
(26 species). Invasive alien plants are used across all regions 
for medicinal reasons and for energy generation. Benefits for 
climate, for example through carbon sequestration in soils, 
have been documented for invasive alien plants in Europe 
and Central Asia (13 species), in Africa (9 species), mainly 
for micro-climate impacts of shade and windbreaks and in 
Asia-Pacific (2 species). Invasive alien plants also provide 
material benefits (e.g., as timber), and 14 species have been 
documented for this category of nature’s contributions to 
people both in Asia-Pacific and the Americas, with fewer 
species in the other regions. Most documented impacts of 
the use of invasive alien plants for energy are from Africa, 
where 12 woody invasive alien species are documented as 
being used as firewood.

4.5	 IMPACTS OF INVASIVE 
ALIEN SPECIES ON GOOD 
QUALITY OF LIFE

4.5.1	 General patterns
Many of all documented impacts of invasive alien species 
are known to directly or indirectly affect good quality of life 
(15.7 per cent, 3,783 impacts), ranging from impacts on 
people’s material and immaterial assets (e.g., food, housing), 
health (section 4.5.1.3), safety, relationships with people 
and nature, and maintaining opportunities for the future (i.e., 
the different constituents of good quality of life; section 
4.1.1, Box 4.3). Globally, 1,032 invasive alien species have 
documented impacts on good quality of life, with 900 invasive 
alien species causing negative impacts and 236 causing 
positive impacts. Among those, 104 invasive alien species 
cause both positive and negative impacts, with both benefits 
and costs for good quality of life. These particular species 
can pose challenges for decision makers because they are 
differently perceived by different stakeholders (Chapter 5, 
section 5.6.1.2; Figure 4.38). The 796 invasive alien species 
causing only negative impacts is reflective of the higher 
number of negative impacts documented for good quality 

796 invasive alien species 
cause negative impacts on 
good quality of life

132 invasive alien species 
cause positive impacts on 
good quality of life

104 invasive alien species cause 
both positive and negative 
impacts on good quality of life

Figure 4  38  	 Invasive alien species mostly cause negative impacts on good quality of life. 

Number of invasive alien species causing only negative impacts on good quality of life (left), negative and positive impacts (centre) and 
positive impacts only (right). Please note that the size of the segments is not proportional to the numbers. A data management report 
for the database of impacts developed through this chapter, with underlying data for this figure is available at https://doi.org/10.5281/
zenodo.5766069. Photo credits: Stephen Ausmus, USDA Agricultural Research Service – Public domain (Emerald ash borer) / Marián 
Polák, WM Commons – CC BY-SA 4.0 (wild horse) / Daiju Azuma, WM Commons – CC BY-SA 4.0 (Nile perch) / Bharat B. Shrestha 
– CC BY 4.0 (water hyacinth) / Canadian Biodiversity Information Facility, WM Commons – Public domain (fall armyworm) / Sonel, 
pixabay – CC BY 4.0 (Giant African land snail) / James Gathany, CDC, WM Commons – Public domain (Asian tiger mosquitos) / 
elharo, Adobe Stock – Copyright (red imported fire ant).

https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
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of life, which is spread across all taxa, regions and units of 
analysis (sections 4.5.2 and 4.5.3).

Most impacted constituents of good quality 
of life

Globally, the most impacted constituents of good quality 
of life, both in terms of negative and positive impacts, are 
material and immaterial assets (Table 4.20), which account 
for almost two-thirds (60.4 per cent, 2286 impacts) of the 
documented impacts. The number of negative documented 
impacts is approximately six times higher than that of the 
positive impacts, which is likely due to the fact that this 
constituent is directly related to livelihood of people, and is 
therefore documented more frequently. Positive impacts on 
material and immaterial assets have often resulted from the 
initial introduction of the invasive alien species for a specific 
purpose, for example food crops or plants delivering 
materials for fuel, which help people to improve their quality 
of life. However, if these species spread into natural areas, 
they can lead to negative impacts such as reduction in 
food gathered from nature, or yields from forestry and 
fisheries, therefore contributing to economic hardship, 
poverty and food insecurity for the same people or different 
stakeholders. Alternatively, invasive alien plants may cause 
initial negative impacts on material and immaterial assets, 
then people can adapt and find some benefits from the 
species. For example, after the intentional introduction of 
the tree Prosopis juliflora (mesquite) as forage for livestock 
and habitat stabilization, which led to widespread loss of 
native grassland, people have adapted to novel Prosopis-
based livelihoods, especially by making charcoal and 
harvesting the wood for sale (Box 4.9); this livelihood 
diversification and increased financial capital has enabled 
communities to cope better with environmental shocks 

(Sato, 2013; Walter & Armstrong, 2014). Parts of the tree 
have traditionally been used for medicinal purposes, and 
people are adapting it for medicinal use in its introduced 
habitats as well (Damasceno et al., 2017; Duenn et al., 
2017). It is important to note that some communities do 
not voluntarily adapt to a species and its positive impact; 
they may not have had a choice, and their preferred option 
may still be the native species. Furthermore, adaptation 
does not necessarily increase the resilience (Glossary) 
of socioecological systems (section 4.6). Although 
some invasive alien species may be considered “useful” 
by particular groups of stakeholders, their presence is 
likely to have negative consequences for others, creating 
potential for conflict. In the Eastern Cape of South Africa, 
for example, Opuntia ficus-indica (prickly pear) provides a 
source of food and income for some local communities, 
but negatively impacts subsistence farmers by reducing 
the carrying capacity of land for livestock. The capacity to 
derive benefits such as food or energy from Opuntia spp. 
can even vary within local communities, whereby some 
women’s groups are able to produce biogas and Opuntia 
jam and fruit juice, while others in the community do not 
have this capacity (IPBES, 2022). 

Invasive alien species also greatly affect human health, which 
accounts for nearly one quarter of the impacts on good 
quality of life (22.2 per cent, 839 documented impacts), with 
87 per cent of those impacts being negative (Table 4.20, 
Boxes 4.15 and 4.16). Together, the documented impacts 
on social, spiritual and cultural relations, safety and 
freedom of choice and action represent 14.2 per cent 
(536 documented impacts) of all the impacts on good quality 
of life and are also mainly negative impacts (77.8 per cent, 
Table 4.20). Many invasive alien species reduce access to 
grazing areas and water sources, resulting in food insecurity 

Table 4  20  	 Number of negative and positive impacts on constituents of good quality of life 
caused by invasive alien species.

The number of impacts documented for each constituent of good quality of life. A data management report for the database of impacts 
developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069

Constituent of good quality of life Negative impacts Positive impacts

Material and immaterial assets 2005 281

Health 728 111

Social, spiritual and cultural relations 240 97

Safety 82 18

Freedom of choice and action 95 4

Unknown 58 64

Grand Total (%) 3208 (85%) 575 (15%)

https://doi.org/10.5281/zenodo.5766069
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and possible conflicts among pastoralist communities (Box 
4.9). The cultivation of Acacia mangium (brown salwood) 
has been documented to threaten the cultural and material 
continuity of the Wapichana and Macuxi in Brazil (Souza et 
al., 2018). Invasive alien plants that form dense monocultures 
in semi-arid ecosystems, such as Cenchrus ciliaris (buffel 
grass), can physically block access to culturally important 
places, reducing socially valuable native species, and 
ultimately changing the opportunities for cultural knowledge 
transmission and well-being of future generations (Read et 
al., 2020). Physical damage to ecosystems (e.g., changing 
water quality), can have a negative impact on people for 
whom water sources are sacred and central to their culture 
and well-being (Box 4.14). Human safety is directly at risk 
from, for instance, falling branches due to dead or dying 
trees as a result of invasive alien species outbreaks, and 
indirectly impacted from, for instance, increased intensity 
of fires caused by more flammable invasive grasses 
(Chapter 1, Box 1.4). Impacts of invasive animals on 
personal safety are however more concerning, with, for 
instance, Sturnus vulgaris (common starling) nests near 
airports that put human lives and aviation equipment at 
risk regularly (Linz et al., 2007). Larger invasive animals 
such as Sus scrofa (feral pig) or Camelus dromedarius 
(dromedary camel) are also known to directly scare or 
attack people or cause collisions and road accidents (Koichi 
et al., 2012; Vaarzon-Morel, 2010). Invasive alien plants 
indirectly reduce people’s safety as larger shrubs and trees 
have been documented to harbour wildlife that encroach 
on human settlements, increasing human-wildlife conflicts 
and impacting the safety of people; this has been especially 
documented by Indigenous Peoples and local communities 
(Puri, 2015; Sundaram et al., 2012).

Ratio of positive and negative impacts on 
good quality of life

More than 6 out of 7 (3208 impacts, 85 per cent) 
documented impacts of invasive alien species on good 
quality of life are negative, and far fewer (575 impacts, 
15 per cent) are positive for good quality of life. The ratio of 
negative to positive impacts on good quality of life caused by 
invasive alien species, is approximately 6 to 1. Other reviews 
of impacts of invasive alien species on human livelihoods 
have found higher proportions of beneficial impacts being 
documented. For instance, R. T. Shackleton, Shackleton, 
et al. (2019) have reviewed 51 case studies, in which 86 
per cent of case studies documented detrimental impacts 
on human livelihoods and 79 per cent documented positive 
impacts on livelihoods. Similarly, in a review of 70 case 
studies, P. L. Howard (2019) has found that 90 percent of the 
case studies examined show evidence of harmful impacts on 
various ecosystem services and livelihood measures, while 
approximately 65 percent of the case studies document at 
least some positive effects. These reviews generally include 
groups of people with high dependence on nature for 

livelihoods, including, but not limited to, Indigenous Peoples 
and local communities. With a close proximity and reliance 
on natural resources, such communities may be the first to 
experience impacts of invasive alien species, but they also 
may be able to adapt and derive benefits when livelihoods 
are at stake (P. L. Howard, 2019; section 4.6). Therefore, 
the comparison of costs and benefits of invasive alien 
species will vary depending on the social-economic context, 
and some do not consider benefits as wholly “positive”, and 
instead form part of trade-offs or more complex perspectives 
(IPBES, 2022).

Gender-differentiated impacts 

Indigenous Peoples and local communities, ethnic 
minorities, migrants, poor rural and urban communities are 
disproportionately impacted by invasive alien vector-borne 
diseases (section 4.5.1.4; Bardosh et al., 2017; Molyneux 
et al., 2011). Gender bias is documented in some studies 
of invasive alien species impact upon people’s livelihoods. 
Gender-differential impacts occur when invasive alien species 
limit or provide a resource which is gender-preferentially 
utilized. Male-dominated artisanal fisheries in Lake Victoria, 
dependent on tilapia for livelihood and food security, has 
declined due to the invasion of Pontederia crassipes (water 
hyacinth). The impact of Pontederia crassipes on the 
catchability was more important in the Kenyan section of 
Lake Victoria, where the tilapia population was reduced 
by 45 per cent (Kateregga & Sterner, 2009; Ongore et al., 
2018). In the gender-based division of labour among Rabari 
pastoralists in northwest India, men are responsible for the 
herd’s health, access to water sources, fodder, camping 
sites, and face the negative impacts of Prosopis juliflora 
(mesquite; Duenn et al., 2017). Similarly, women among 
the buffer zone community forest users of Chitwan National 
Park, Nepal, who are responsible for collecting grasses and 
fodder, reported that the invasive Mikania micrantha (bitter 
vine) makes collection of forest resources increasingly difficult 
(Rai & Scarborough, 2015; Sullivan et al., 2017). The invasion 
of the forest reserve in Chamarajanagar, Karnataka, India, 
by Lantana camara (lantana) has been perceived by the 
neighbouring Lingayat women as contributing to the decline 
of a native palm. Palm-leaf broom making is one of the few 
income earning options available to them in the village (Kent 
& Dorward, 2015).

Some invasive alien species, such as Acacia mearnsii 
(black wattle), are widely used by Indigenous Peoples and 
local communities. In the Eastern Cape, South Africa, rural 
communities made widespread consumptive use, with 
97 per cent of households in rural communities collecting 
wattle for fuelwood and building or fencing. While 53 per 
cent of the community members (men & women) prefer 
high densities of the shrub, 10 per cent fear criminals 
hiding in the Acacia mearnsii forests (C. M. Shackleton et 
al., 2007).
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Some invasive alien species provide food, fuel and income 
to women belonging to Indigenous Peoples and local 
communities, and help bring them into the mainstream 
economic activity. In most developing countries, the majority 
of marginalized coastal villagers impacted by invasive alien 
seaweed (e.g., Kappaphycus, Eucheuma) farming and 
small-scale processing are women. Economic gains from 
seaweed farming contributed to positive changes in the 
quality of life, in food, shelter, clothing, health care and social 
acceptance (Krishnan & Kumar, 2010; Msuya & Hurtado, 
2017; Rameshkumar & Rajaram, 2019). In South Sulawesi, 
Indonesia, women documented seaweed farming as 
generating 50 per cent or more of their household income 
(Larson et al., 2021; Rimmer et al., 2021). In Kibuyuni, on 
the south coast of Kenya, women comprise 75 per cent of 
seaweed farmers. The income earned has empowered them 
to participate in societal issues and family decision-making 
processes (Mirera et al., 2020).

There is very little systematic research on gender differences 
in impacts of invasive alien species beyond anecdotal 
evidence of direct impacts (for further examples see IPBES, 
2022). The available data suggest that invasive alien species 

may, on occasion, cause impacts that are gender-biased, 
and gender-differentiated positive impacts may, in some 
cases, outweigh negative ones. 

Invasive alien species most often documented 
causing negative impacts on good quality 
of life

The impact database developed through this chapter shows 
that there is a subset of invasive alien species that cause a 
disproportionate negative impact on good quality of life.12 
One-quarter of all negative impacts on good quality of life 
are caused by only 3 per cent (29 species) of all invasive 
alien species (Table 4.21). 

Six of the top 10 invasive alien species with the highest 
frequency of negative impacts on good quality of life 
(Table 4.21) are the same as those in the top 10 list of 
those invasive alien species that cause negative impacts 
on nature’s contributions to people in the food and feed 
category (section 4.4.1; Table 4.14), which demonstrates 

12	 Data management report available at: https://doi.org/10.5281/
zenodo.5766069

Invasive alien species  Taxa

Frequency of negative impacts documented for 
constituents of good quality of life

Assets Health Relations Safety Freedom Total

Lissachatina fulica (giant African land snail) 42 40 0 0 0 82

Dengue virus 30 38 0 0 8 76

Solenopsis invicta (red imported fire ant) 32 39 0 3 0 74

Pontederia crassipes (water hyacinth) 0 27 6 0 18 51

Spodoptera frugiperda (fall armyworm) 46 0 0 0 0 46

Bactrocera dorsalis (Oriental fruit fly) 40 0 0 0 0 40

Phenacoccus manihoti (cassava mealybug) 35 0 0 0 0 35

Phytophthora ramorum (sudden oak death) 32 0 0 0 0 32

Hymenoscyphus fraxineus (ash dieback) 26 0 0 0 0 26

Cyprinus carpio (common carp) 24 0 0 0 0 24

Table 4  21  	 Main invasive alien species causing negative impacts on good quality of life.

The top 10 (by number of documented impacts) invasive alien species causing negative impacts on good quality of life, organized by 
highest frequency of documented impacts. A data management report for the database of impacts developed through this chapter, 
with underlying data for this figure is available at https://doi.org/10.5281/zenodo.5766069

Plants: 	 Invertebrate: 	 Vertebrate: 	 Microorganisms: 
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how invasive alien species can harm good quality of life by 
negatively impacting the quality and availability of services 
and contributions from nature. Spodoptera frugiperda 
(fall armyworm; Box 4.18), Bactrocera dorsalis (Oriental 
fruit-fly), Phenacoccus manihoti (cassava mealybug), and 
Lissachatina fulica (giant African land snail) are serious pests 
of crops that affect the nature’s contributions to people food 
and feed category, which then flows onto to affect people’s 
access to material assets and support their livelihoods. 
Impacts of invasive alien species may also flow to other 
foundations underpinning good quality of life such as human 
health, for example, not only does Lissachatina fulica 
cause damage to crops, with Indigenous Peoples and local 
communities reporting that farmers have had to abandon 
their farms in Antigua and Barbuda after this damage, but 
they also affect human health by carrying a parasite that 
causes meningitis (IPBES, 2020).

In addition to serious crop pests, the top 10 most 
frequently documented invasive alien species with negative 
impacts on good quality of life (Table 4.21) include two 
microbial pathogens that cause dieback of plants, in this 

case important tree species such as Fraxinus spp. (ash) 
and Quercus spp. (oak), which are valued worldwide 
for amenity, climate regulation, and cultural traditions 
(Poland et al., 2017). As a group, microbes causing tree 
dieback impact multiple constituents of good quality of 
life. For example, Phytophthora cinnamoni (Phytophthora 
dieback), Phytophthora agathidicida (kauri dieback), and 
Austropuccinia psidii (myrtle rust), which causes dieback 
of myrtaceous species such as the cultural keystone tree 
Agathis australis (kauri) in New Zealand, and Eucalyptus 
and Melaleuca (paperbarks) globally. Eucalyptus and 
Melaleuca support multiple livelihoods and major industries: 
where Austropuccinia psidii has caused a decline in tree 
health and subsequent yield losses of up to 70 per cent in 
Melaleuca oil plantations, fungicides needed to be applied, 
which limited the freedom of choice and action for growers, 
as they no longer had the option to be certified as organic 
producers (Carnegie & Pegg, 2018). Kauri trees are a key 
part of ancestral stories and spirituality for Māori in New 
Zealand (referred to as a taonga species), and the observed 
dieback of mature kauri trees in New Zealand has caused 
widespread concern about the potential impacts on spiritual 

Invasive alien species  Taxa

Constituents of good quality of life

Assets Health Relations Safety Freedom
Number of 

constituents 
affected

Dengue virus Yes Yes Yes 3

Solenopsis invicta (red imported fire ant) Yes Yes Yes 3

Pontederia crassipes (water hyacinth) Yes Yes Yes 3

Dreissena polymorpha (zebra mussel) Yes Yes Yes 3

Agrilus planipennis (emerald ash borer) Yes Yes Yes 3

Lissachatina fulica (giant African land snail) Yes Yes 2

Wasmannia auropunctata (little fire ant) Yes Yes 2

Sus scrofa (feral pig) Yes Yes 2

Ailanthus altissima (tree-of-heaven) Yes Yes Yes 2

Lymantria dispar (gypsy moth) Yes Yes 2

Table 4  22  	 Main invasive alien species causing negative impacts on more than one 
constituent of good quality of life.

The top 10 (by number of documented impacts) invasive alien species causing negative impacts on more than one constituent of good 
quality of life, representing invasive alien species with the broadest impacts on good quality of life. Dark shading represents species 
affecting 3 constituents, light shading those affecting 2 constituents. A data management report for the database of impacts developed 
through this chapter, with underlying data for this figure is available at https://doi.org/10.5281/zenodo.5766069

Plants: 	 Invertebrate: 	 Vertebrate: 	 Microorganisms: 
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and cultural relationships, although more collaboration is 
needed between Māori knowledge and science knowledge 
systems to document how impacts on nature are also 
affecting good quality of life (Kauri Protection Governance 
Group, 2022). 

Table 4.22 presents the top 10 invasive alien species 
causing negative impacts on more than one constituent of 
good quality of life, with a different ranking to the one based 
solely on the highest number of documented impacts for 
any category (Table 4.21). It represents a broader range 
of impacts beyond material and immaterial assets. Some 
species appear on both tables: for example, Dengue virus 
causes damage to material and immaterial assets and health 
as well as freedom of choice and action and has a high 

number of reports across these categories. Other invasive 
viruses and human disease-causing microbes may well rank 
highly for impacts on good quality of life but have not been 
as well incorporated in the impact database developed 
through this chapter.13 Some invasive alien species, whilst 
not documented as frequently as those in Table 4.22, 
were documented on a broader range of constituents of 
good quality of life, including Dreissena polymorpha (zebra 
mussel), Lymantria dispar (gypsy moth), Ailanthus altissima 
(tree-of-heaven), and Agrilus planipennis (emerald ash borer) 
(Box 4.14). Sus scrofa (feral pig) affects human social and 
cultural relations and safety, and is probably representative 
of other invasive hard-hooved larger herbivores, whereby 

13.	Data management report available at: https://doi.org/10.5281/
zenodo.5766069

Box 4  14  	 Impacts of emerald ash borer on Kanienkehá:ka (Mohawk) and W8banaki 
(Abénakis) Nations lands and the interaction with proposed policy responses.

Agrilus planipennis (emerald ash borer) is an invasive beetle 
from Asia whose lifecycle is dependent on ash trees. This 
invasive alien species was first discovered near the Great Lakes 
region of North America in 2002 and has since spread widely, 
killing millions of ash trees in North America (Haack et al., 
2002; Herms & McCullough, 2014). Many Indigenous nations 
have a special relationship to the ash tree, especially Fraxinus 
nigra (black ash – Maahlakws in Aln8ba8dwaw8gan (w8banaki 
language) and éhsa in Kanien’kéha (Mohawk language). Black 
ash is used in traditional arts such as basketry (Frey et al., 
2019; Poland et al., 2017). In the past and still today, the loss 
of access to black ash due to land privatization, environmental 
pressures, and the emerald ash borer has had a significant 
impact on basket making (Blanchet et al., 2022). In turn this 
results in a loss of traditional knowledge and language about 
this important cultural practice.

More than handicraft, basketry represents a symbol of cultural 
resilience for many nations, like the Kanienkehá:ka (Mohawk) 
and W8banaki (Abénakis) (Figure 4.39). The practice survived 
despite all odds and the many obstacles that colonization 
and governmental restrictions have imposed over centuries. 
The art of basket making is embedded in Kanien’kehá:ka and 
W8banaki culture, identity, and spirituality. It has also been 
an important source of income for generations and continues 
today. According to the W8banakiak creation story, they come 
from black ash and their existence has always been interwoven. 
According to oral tradition, without the tree, W8banakiak (the 
-ak marks the plural) would not exist and if it would disappear, 
the Nation would as well. Furthermore, still today, many funeral 
urns are made of black ash. Thus, their identity “stems from 
the species”, according to Martin Gill, Aln8ba from Odanak, 
(Blanchet et al., 2022), and black ash is what holds the 
community together.

In 2018, the Committee on the Status of Endangered Wildlife 
in Canada (COSEWIC) assessed the black ash tree as 

threatened (COSEWIC, 2018). This assessment prompted the 
Canadian government to consider listing the species under 
the federal Species at Risk Act (SARA). Listing the black 
ash in Canadian law would provide funding for recovery, but 
it would also impose restrictions such as a ban on selling 
ash baskets, and this would have devastating impacts on 
indigenous basketry, even though the practice of indigenous 
basketry is not causing the decline of black ash – the 
emerald ash borer is causing this decline. This approach also 
creates conflict between the Canadian view of conservation 
and Indigenous rights and relationship to the black ash. As 
an alternative approach, Indigenous Peoples have been 
actively researching and implementing measures to assure 
the protection and conservation of the black ash species, 
including monitoring, treatment, seed saving, and research 
collaborations (Poland et al., 2017; Reo et al., 2017) including 
W8banaki collaborations with University of Laval, Quebec. For 
example, sharing Indigenous and local knowledge, in this case 
about submerging black ash logs prior to harvest, has since 
been transferred to mainstream management as a suitable 
technique to reduce the survival of emerald ash borer (Poland 
et al., 2017).

Banning the sale of baskets would significantly impact the 
ability to practice basketry, especially considering the existing 
pressures on the practice. This would then be a direct negative 
impact on the autonomy, rights and cultural identity of the 
Indigenous Peoples who practice this tradition and is counter-
productive to the principal of self-determination.

“This would be the beginning of the end for basketry, teachings 
must continue so that the practice can be transmitted to future 
generations. We can’t survive off love [and good faith] alone 
– we can’t be giving them [baskets] away or keeping them for 
ourselves” Daniel G. Nolett, Aln8ba from Odanak (Blanchet et 

al., 2022).

https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069


CHAPTER 4. IMPACTS OF INVASIVE ALIEN SPECIES ON NATURE, NATURE’S CONTRIBUTIONS TO PEOPLE, AND GOOD QUALITY OF LIFE

485

Box 4  14  	

“They would be taking a part of me. I cannot begin to conceive 
my existence without my relationship to black ash” Suzie 
O’Bomsawin, Aln8baskwa from Odanak (Blanchet et al., 2022).

Women are likely to be particularly affected if there were a 
ban on the sale of baskets. For women, the sale of baskets 

is an incentive for not only their production and importance 
in household economies, but also for the intergenerational 
transmission of associated knowledge and skills. Long term 
impacts of this approach could see any entire generation lose 
access to basketry skills, and basketry practice and associated 
cultural identity would likely disappear. 

Figure 4  39  	 Basketry, a symbol of cultural resilience for the Kanienkehá:ka (Mohawk) 
and W8banaki (Abénakis). 

Black Ash trees and the process of basketmaking using prepared strips of Black Ash wood (right) has special cultural significance 
for many First Nations in North Amercia. Baskets (centre and left) are more than handicrafts, as they are symbols of cultural 
identity and resilience, the practice supports knowledge transfer between generations and they are integral to local economies, 
especially for women. Emerald Ash Borer has killed millions of Black Ash trees and policies to protect the Black Ash, such as 
banning the sale of baskets, may further threaten the cultural, social and economic livelihoods of First Nations people. Photo 
credit: Musée des Abénakis – Copyright.

they damage important cultural sites and species, and can 
attack people or cause road accidents (C. J. Robinson & 
Wallington, 2012; Vaarzon-Morel, 2010). 

Invasive alien species most often documented 
causing positive impacts on good quality of life

In contrast to the top 10 invasive alien species causing 
negative impacts on good quality of life, which are mainly 
invertebrates and microbes, positive impacts on good 
quality of life are being derived primarily from invasive 
alien plants and vertebrates (Table 4.23). These invasive 
alien plants have been introduced to multiple countries to 
either provide land and/or water rehabilitation, ornamental 
or shade purposes (Robinia pseudoacacia (black locust), 
Pontederia crassipes (water hyacinth), Ailanthus altissima 
(tree-of-heaven)), or livelihood resources (Proposis juliflora 
(mesquite)), from which people in multiple countries derive 
benefits that improve their quality of life (section 4.6). 
However, all of these four species in particular have negative 
impacts on nature, nature’s contributions to people and 
good quality of life as well, with Ailanthus altissima also listed 
as one of the top 10 invasive alien species with negative 
impacts on more than one aspect of well-being. These 
four invasive alien plant species have been well-studied in 

the literature and thus, benefits to good quality of life are 
frequently documented alongside negative impacts.

Similarly, the three vertebrates in this top 10 listing of 
positive impacts also have negative impacts on nature, 
nature’s contributions to people and good quality of life. 
Cyprinus carpio (common carp), Oreochromis niloticus 
(Nile tilapia), and Oreochromis mossambicus (Mozambique 
tilapia) are freshwater fish that have been introduced 
and adapted to as a food source and to support fishing 
industries and livelihoods, from which people derive material 
assets (Box 4.10), although some of these adaptations 
may not have been the preferred option for some local 
communities (section 4.6). Cyprius carpio is also listed as a 
top 10 species causing negative impacts on good quality of 
life (Table 4.21).

Three other invasive alien species that provide benefits to 
people are Equus ferus (wild horse), Eucheuma denticulatum 
(eucheuma seaweed), and Columba livia (pigeons). Wild 
horses are considered by some groups of people as a 
culturally-important species and thus benefit social and 
cultural relations (Collin, 2017), Eucheuma denticulatum 
contains medicinal properties, and Columba livia is used as 
a food source by local communities.
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4.5.1.1	 Invasive alien ants impact 
multiple constituents of good quality 
of life

Invasive alien ants are a group of invasive alien species with 
a high number of impacts documented across multiple 
constituents of good quality of life, particularly affecting 
human health, more so than material assets. Invasive 
ants have been well-studied in terms of socio-economic 
impacts (Gruber et al., 2022). Using the SEICAT (Box 4.2), 
550 socio-economic impacts of invasive ants have been 
documented for 65 named species in 50 countries and 
territories, with most documented impacts from the United 
States (36 per cent), Brazil (22 per cent), Australia (5 per 
cent) and Malaysia (5 per cent). The most frequently 
identified socio-economic impacts are on health (60.6 per 
cent of documented impacts) and material assets (35.1 per 
cent). The remaining impacts are on social (4.7 per cent), 
spiritual (0.4 per cent), and cultural relations (2.4 per cent) 
and non-material assets (1.9 per cent). Health impacts 
(269/279 documented impacts) are predominantly 
from stings and bites, and some deaths have also 
been documented.

Vectoring of pathogens in hospitals and food preparation 
facilities have been considered minor health impacts. 
Effects on material assets are mostly electrical damage 
from ants nesting in appliances and infrastructure, and 
damage to crops and livestock that affected livelihoods, 
also usually to a minor degree (128 out of 153 documented 
impacts). Impacts on non-material assets and social, 
spiritual, and cultural relations include avoidance of outdoor 
activities and health effects on pets. Under the SEICAT 
methodology, which categorizes a species based on the 
highest magnitude of documented impact, Wasmannia 
auropunctata (little fire ant) poses the most serious 
socio-economic threat (massive impact as determined 
by permanent disappearance of an activity), followed by 
Solenopsis invicta (red imported fire ant) and Anoplolepis 
gracilipes (yellow crazy ant). However, these highest 
categorizations were each based on a single record 
only. Of these three species, Anoplolepis gracilipes is 
the most widespread having a pan-tropical distribution. 
The introduced range of Wasmannia auropunctata is 
predominantly in the Caribbean, but also includes some 
islands in the Pacific, eastern Australia, western Africa, 
southern United States, and in Europe and northern 
America. Solenopsis invicta has been introduced to the 

Invasive alien species  Taxa

Frequency of positive impacts documented for constituents 
of good quality of life

Assets Health Relations Safety Freedom Total

Robinia pseudoacacia (black locust) 30 0 8 8 0 46

Prosopis juliflora (mesquite) 10 0 0 4 0 14

Pontederia crassipes (water hyacinth) 7 6 0 1 0 14

Columba livia (pigeons) 10 0 0 0 0 10

Equus ferus (wild horse) 0 0 6 0 1 7

Cyprinus carpio (common carp) 6 0 0 0 0 6

Eucheuma denticulatum (eucheuma seaweed) 6 0 0 0 0 6

Oreochromis mossambicus (Mozambique tilapia) 6 0 0 0 0 6

Oreochromis niloticus (Nile tilapia) 6 0 0 0 0 6

Ailanthus altissima (tree-of-heaven) 4 0 2 0 0 6

Table 4  23  	 Main invasive alien species causing positive impacts on good quality of life.

The top 10 (by number of documented impacts) invasive alien species causing positive impacts on good quality of life. A data 
management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069

Plants: 	 Vertebrate: 	
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southern United States, the Caribbean, China, Japan, and 
Australia. All other species are ranked as having, at most, 
moderate impacts (changes in activity size, switching or 
moving activities) or minor impacts (difficult to carry out 
normal activities).

4.5.1.2	 Small island states and the 
impact of invasive alien species on 
good quality of life
One fifth of the documented impacts (20.5 per cent, 
776 impacts) of invasive alien species on good quality 
of life are found in island states. Among these, 76.5 per 
cent (594) are negative impacts, and 23.5 per cent (182) 
are positive impacts (Figure 4.40). While the proportion 
of negative to positive impact cases in the islands is 
about 3.3 (594/182), this figure for the mainlands is about 
6.7 (2614/394), suggesting positive impacts on good 
quality of life are proportionally higher in islands than on 
mainland. These numbers suggest that island ecosystems 
and good quality of life in islands are vulnerable to invasive 
alien species and their impacts (D’Antonio & Dudley, 1995; 
section 4.3.1.1). Both positive and negative impacts are 
primarily documented on material and immaterial assets, 
such as food production in agriculture, followed by health 
and relations. About half of the positive impacts of good 
quality of life in health and relations (52 of 111 cases, and 

52 of 97 cases, respectively) are documented from island 
states. Islands tend to lack some of the species that can be 
beneficial for human uses, and thus inhabitants introduced 
alien species to improve their good quality of life. This could 
explain why positive impacts on good quality of life are 
documented at a higher rate from islands. For the same 
reason, agriculture introductions are the major pathway of 
invasive alien species introduction in island states (Driscoll 
et al., 2014). This probably leads to the proportionally 
larger number of documented cases in cultivated lands. 
Documented impact across units of analysis in islands 
are disproportionally distributed: while the number of 
documented negative impact cases from dry land in islands 
is equal to the mainlands (201 and 214), there are only 
4 cases from boreal forest as opposed to 292 cases in 
mainlands. This is probably because studied islands are 
predominantly biased to the tropics in the Asia-Pacific 
region. Indeed, 70.2 per cent of the documented impacts 
on good quality of life in islands are found in Asia-Pacific, 
although Asia-Pacific represents 40.9 per cent of all 
documented impacts on good quality of life. Invertebrates 
have caused 55.4 per cent of negative and 46.7 per cent 
positive impacts on the good quality of life in islands, while 
this figure is 50 per cent and 28.9 per cent in mainlands. 
While plants are the largest group with positive impacts in 
mainlands, invertebrates are the largest group with positive 
impacts in islands. 
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Figure 4  40  	 Number of impacts (y axis) of invasive alien species on constituents of good 
quality of life (x axis) in islands and in mainlands. 

This figure shows the number of negative (-) and positive (+) impacts on good quality of life in islands and in other locations globally, 
and for each constituent of good quality of life. A data management report for the database of impacts developed through this 
chapter, with underlying data for this figure is available at https://doi.org/10.5281/zenodo.5766069
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In islands, two aquatic plant species, Pontederia crassipes 
(water hyacinth) and Salvinia × molesta (kariba weed), are 
the major species that reduce good quality of life through 
compromising assets and health constituents, followed 
by Lissachatina fulica (giant African land snail), Dengue 
virus, and Laevicaulis alte (tropical leatherleaf slug). Among 
invertebrates, molluscs are the major invasive alien species 
groups that provide positive impacts on good quality of life 
in islands. Lissachatina fulica and Laevicaulis alte are the 
two most documented invasive alien species from islands 
causing both positive and negative impacts. They are major 
agriculture pests (Cowie et al., 2009) as well as intermediate 
hosts for various parasites, such as Angiostrongylus 
cantonensis (rat lungworms; Barratt et al., 2016). At the 
same time, those molluscs were documented to positively 
impact assets and health through predating invasive alien 
molluscs or transmitting parasites to their final hosts, such 
as invasive alien rats (Nurinsiyah & Hausdorf, 2019). Studies 
on the positive impacts of invasive alien species on good 
quality of life are still limited, and information on the positive 
impacts caused by molluscs is based on a single study 
(Nurinsiyah & Hausdorf, 2019).

4.5.1.3	 Direct and indirect impacts on 
human health

Invasive alien species negatively impact human health, 
from nuisance to allergies, poisoning, disease and death 
(Martinou & Roy, 2018; Figure 4.41; Box 4.15).

The widely dispersed agricultural and garden pest 
Lissachatina fulica (giant African land snail; Figure 4.42) 
serves as the intermediate host of a parasitic nematode, 
Angiostrongylus cantonensis (rat lungworm). Human 
infection with its larvae, through handling or consumption, 
causes eosinophilic meningitis, which may result in cranial 
nerve abnormalities, ataxia, encephalitis, coma, and, rarely, 
death (Kwon et al., 2013; Malvy et al., 2008; Thiengo et 
al., 2010; Tsai et al., 2001). The aggressive and venomous 
invasive alien ant Solenopsis invicta (red imported fire ant; 
Figure 4.42), introduced from Brazil to the southern United 
States, Caribbean, East Asia, and Australia, represents a 
significant health hazard. Its venom induces an immediate, 
severe burning sensation; subsequent reactions may 
range from local pustules and rash to life-threatening 
anaphylaxis (deShazo et al., 1990, 1999; deShazo & 
Banks, 1994; Stafford, 1996; Xu et al., 2012; Zhang et al., 
2007). Incidence of fatalities attributed to fire ant-induced 
anaphylaxis have been rare to none in the southeastern 
United States (Prahlow & Barnard, 1998; Rhoades et al., 
1989). Between 30 and 60 per cent of the population in 
urban areas infested by imported fire ants are stung every 
year (deShazo et al., 1990). 

Many vector-borne pathogens have appeared in the past 
few decades in new regions as result of introductions, 
some causing explosive epidemics (Kilpatrick & Randolph, 
2012; Box 4.16). Zoonotic diseases transmitted by invasive 
mosquito genera (e.g., Aedes, Anopheles, Culex) include 

Box 4  15  	 Direct and indirect impacts of invasive alien species on human health.

Invasive alien species occasionally have deleterious impacts on 
human health, presenting serious challenges to the good quality 
of life (Chapter 1, section 1.6.7.2). They can affect physical 
as well as psychological health (Martinou & Roy, 2018), directly 
(e.g., injury to people) or indirectly (e.g., through a reduction 
in food security). Their role as disease vectors is discussed in 
Box 4.16.

In the terrestrial realm, biological invasions are directly affecting 
people. There are many invasive alien terrestrial plants with 
highly allergenic pollen, including Ambrosia artemisiifolia 
(common ragweed), native to Central and Northern America 
but now found throughout the world, and the dermatitis-
causing Heracleum mantegazzianum (giant hogweed), native 
to southern Russia and Georgia but now spread through 
northern Europe (Jakubska-Busse et al., 2013; Klimaszyk et 

al., 2014; Lim et al., 2021). Solenopsis invicta (red imported fire 
ant), invasive in North America since the 1930s, inflicts severe 
stings and has killed people with allergies to its venom (Jemal 
& Hugh-Jones, 1993). Invasive alien snakes were introduced 
in Guatemalan oil palm plantations to limit rodent populations, 
and have bitten local children living nearby, forcing families to 
relocate (IPBES, 2020). Invasive agricultural pests can also 

indirectly affect human health by reducing food security; for 
example, the income and nutrition of small holder farmers and 
their families involved in mixed maize farming in east Africa is 
hampered by several major invasive alien species, including 
Chilo partellus (spotted stem borer) and viruses causing Maize 
Lethal Necrosis Disease (C. F. Pratt et al., 2017). Spodoptera 

frugiperda (fall armyworm) has been described as an “emerging 
food security global threat” by the Food and Agricultural 
Organization of the United Nations (FAO) and International Plant 
Protection Convention; its impact has been painfully evident in 
countries facing other severe challenges to public health and 
governance, such as the Democratic Republic of the Congo, 
Sudan, and Yemen (FAO, 2018). Food security is tightly linked 
to invasive alien species management in China (McBeath & 
McBeath, 2010) and wheat-producing countries such as the 
United States and Canada need to protect against a variety 
of pernicious invasive alien species such as Trogoderma 

granarium (khapra beetle), one of the world’s worst storage 
pests (Athanassiou et al., 2019). 

In inland waters, the shells of Dreissena polymorpha (zebra 
mussel) can cause skin injuries to recreational swimmers and 
commercial fishers. Pontederia crassipes (water hyacinth) 
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can make small-scale freshwater fishing next to impossible, 
indirectly lowering income, food security, and nutrition levels 
for local communities. Moreover, its introduction has been 
implicated in the spread of malaria in Lake Victoria due to the 
creation of habitat for the mosquitoes that harbour Plasmodium 
parasites (Kasulo & Perrings, 2000). 

In the marine realm, venomous and poisonous invasive alien 
species include Plotosus lineatus (striped eel catfish) and 
Lagocephalus sceleratus (silver-cheeked toadfish), urchins and 
jellyfish (Galanidi et al., 2018; Galil, 2018; Figure 4.41). 

Figure 4  41  	 Injuries inflicted by the invasive jellyfish Rhopilema nomadica (nomad jellyfish). 

Rhopilema nomadica are invasive alien species found in the Mediterranean Sea. Their stings impact good quality of life in this 
area. Photo credit: Moti Mendelson – CC BY 4.0.

Combined with other threats to good quality of life described 
elsewhere in this assessment, invasive alien species directly 
and indirectly present formidable challenges to human health, in 
the midst of climate change (Schindler et al., 2018). Awareness 
of the extent of the threat posed to human health by invasive 
alien species is still limited. Studies on the impacts of invasive 

alien species on mental health impacts are also emerging. 
For example, a participant in an IPBES Indigenous and local 
knowledge workshop and a formal study both suggest there has 
been a noticeable decrease in “subjective well-being” due to the 
impacts of the invasive Agrilus planipennis (emerald ash borer) in 
North America (IPBES, 2020; B. A. Jones, 2017; Box 4.18). 

malaria, dengue fever, chikungunya, Zika, yellow fever, and 
West Nile fever, and inflict misery, chronic symptoms, and 
occasionally death (M. R. Duffy et al., 2009; Effler et al., 
2005; Enserink, 2006; Fares et al., 2015; Heukelbach et al., 
2016; Kilpatrick, 2011; Laras et al., 2005; Nash et al., 2001; 
Polwiang, 2020; Rezza et al., 2007; N. Singh et al., 2015). 
Several widely dispersed plant species (e.g., Prosopis juliflora 
(mesquite), Parthenium hysterophorus (parthenium weed)) 
significantly contribute to Anopheles mosquito longevity, and 
thereby enhance malaria transmission potential (Muller et al., 
2017; Nyasembe et al., 2015; Tyagi et al., 2015).

Some of the most widely dispersed invasive alien plants 
cause direct or indirect adverse effects. Hedera helix (ivy), 
native to Europe, is established in Australia, New Zealand, 
Hawaii, Brazil, and North America, where it causes allergic 
contact dermatitis (Bregnbak et al., 2015; J. M. Jones et 
al., 2009). The pollen of Ambrosia artemisiifolia (common 
ragweed), a native plant to Central and Northern America 
that has spread widely, is a common seasonal source 
of aeroallergens, and a major concern for public health, 
causing allergic rhinitis, fever, or dermatitis (Déchamp, 
1999; Möller et al., 2002). A single Ambrosia artemisiifolia 

plant can indeed release up to one billion pollen grains per 
season, and as low as 10 pollen grains per cubic meter of 
air can trigger an allergic reaction (DellaValle et al., 2012; 
Emberlin, 1994; Fumanal et al., 2007). High pollen exposure 
or volume may lead to increases in sensitization rate (Gabrio 
et al., 2010; Jäger, 2000). Prosopis juliflora (mesquite) 
pollen also elicits highly allergenic reactions (Al-Frayh et al., 
1999; Ezeamuzie et al., 2000; Kathuria & Rai, 2021; Killian 
& McMichael, 2004). Heracleum mantegazzianum (giant 
hogweed), native to southern Russia and Georgia but now 
spread throughout northern Europe, poses threats to human 
health due to its photoallergic properties, resulting from 
the intensely toxic furanocoumarin in its sap (Figure 4.42). 
Contact with the plant, followed by sun exposure, may 
lead to the development of blisters and symptoms of burns 
(Carlsen & Weismann, 2007; Jakubska-Busse et al., 2013; 
Klimaszyk et al., 2014; Lim et al., 2021). 

Health impacts caused by invasive alien marine species 
have been amply documented. In the Mediterranean Sea, 
for example, the venomous Rhopilema nomadica (nomad 
jellyfish; Figure 4.42), Pterois miles (lionfish), and the lethally 
poisonous Lagocephalus sceleratus (silver-cheeked toadfish) 
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Box 4  16  	 Invasive alien species as disease vectors or reservoir hosts.

Beyond the health impacts discussed in Box 4.15, many 
invasive alien species can act as disease vectors (i.e., 
introducing parasites and pathogens to new regions along with 
their host, passing diseases directly to humans), reservoir hosts 
(where a disease can survive before a vector passes it onward), 
or facilitators (i.e., helping the occurrence of pathogen or vector). 

Global trade in livestock, wildlife and plants is a key driver 
facilitating both intended and unintended introductions of 
pathogens, hosts, and vectors to new land areas, increasing 
the rate of disease emergence and health impacts on human 
populations (Bezerra-Santos et al., 2021; Chinchio et al., 2020; 
Fèvre et al., 2006; Lounibos, 2002; Vilà et al., 2021). 

Diseases such as the bubonic plague, caused by the flea- 
and rat-borne bacterium Yersinia pestis (black death), have 
caused traumatic social and political upheavals (Athni et 

al., 2021; Kosoy & Bai, 2019; Wells et al., 2015). Mosquito 
species such as Aedes aegypti (yellow fever mosquito) and 
Aedes albopictus (Asian tiger mosquito) have spread since 
the fifteenth century, largely due to shipping, air and road 
transport and trade (Lounibos, 2002). These species have 
exacerbated the spread of the lethal yellow fever, dengue fever, 
chikungunya and Zika viruses, and other infectious diseases, 
throughout the Americas, Asia and, more recently Europe 
(Juliano & Lounibos, 2005; LaPointe, 2021; Romi et al., 2018). 
Culex quinquefasciatus (southern house mosquito), a vector 

for lymphatic filariasis, St. Louis Encephalitis virus, and West 
Nile virus, has spread from West Africa, killing over a million 
people a year (LaPointe, 2021; Lounibos, 2002; Romi et al., 
2018). Invasive mammals and birds can alter the epidemiology 
of resident pathogens and become reservoir hosts, increasing 
disease risk for humans (Capizzi et al., 2018). Most zoonotic 
human diseases are known to originate from mammals: rodents 
and bats are vectors for a high number of pathogens (Han 
et al., 2016), and so are Nyctereutes procyonoides (raccoon 
dog), implicated in rabies and tapeworm transmission, and 
Procyon lotor (raccoon), implicated in roundworm transmission 
(Lojkić et al., 2021; Page et al., 2016). Introduced bird species, 
in particular psittaciform (parrots), columbiform (pigeons) and 
anseriform (duck) species, represent a hazard to good quality 
of life. Main zoonoses include psittacosis, cryptococcosis, 
listeriosis and salmonellosis, transmitted by direct contact or 
via insect vectors (fleas, lice, ticks and mites). Some galliform 
species, introduced for hunting, can cause salmonellosis and 
other gastroenteric diseases (Mori et al., 2018).

The magnitude of risks and impacts arising from co-invasive 
pathogens is difficult to discern because few data exist on 
the links among invasive alien species, their parasites or 
pathogen load and zoonotic diseases (Hulme, 2014). Robust 
documentation of the prevalence and abundance of parasites, 
pathogens, and vectors of human diseases associated with high-
risk alien hosts would be needed to initiate effective management.

Figure 4  42  	 Examples of invasive alien species causing serious health problems. 

Lissachatina fulica (giant African land snail, top left), Solenopsis invicta (red imported fire ant, top right), Heracleum mantegazzianum 
(giant hogweed, bottom left), Rhopilema nomadica (nomad jellyfish, bottom right). Photo credits: Mark Brandon, Shutterstock – 
Copyright (top left) / Alexander Wild, WM Commons – Public domain (top right) / MurielBendel, WM Commons – CC BY-SA 4.0 
(bottom left) / Jimmy, Adobe Stock – Copyright (bottom right).
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present well-known dangers (Galil, 2018). With rising 
seawater temperature, it is likely these thermophilic species 
will expand their range. Though published records attest to 
the increasing spread and abundance of these species in the 
Mediterranean Sea, only fragmentary information is available 
concerning the spatial and temporal trends (Glossary) 
of their impacts (Bédry et al., 2021; Galil, 2018). Even for 
common, wide-spread species with acute symptoms such 
as Lagocephalus sceleratus and Rhopilema nomadica, 
incidents are poorly documented. Öztürk and İşinibilir (2010) 
reported that in summer 2009, nomad jellyfish envenomation 
caused 815 hospitalizations in Turkey, but no data is available 
for other years and other locations. A similar pattern emerges 
from the records of toadfish poisoning, reported mainly in 
local journals and digital media (Ben Souissi et al., 2014).
The lack of region-wide, quantitative data on medically-
treated health impacts could lead on one hand to medical 
errors (Beköz et al., 2013), and on the other, prejudice risk 
analyses undertaken by management. Incidents involving 
large numbers of patients may be expected to become more 
frequent with changing environmental conditions, unless this 
becomes a public health priority (Glatstein et al., 2018). 

4.5.1.4	 Impacts on human health: links 
with impacts on other constituents of 
good quality of life
Constituents of good quality of life are often linked, and 
impacts on human health are one type of impacts on other 
constituents of good quality of life. Many Indigenous Peoples 
and local communities experience these connections 
acutely due to their close physical and spiritual interactions 
with the environment (Box 4.17). Many invasive alien 
species impact Indigenous Peoples and local communities’ 

lifestyles, by restricting access to lands and participation in 
traditional activities (IPBES, 2020). For example, in Australia, 
Anoplolepis gracilipes (yellow crazy ant) and Solenopsis 
invicta (red imported fire ant), which can bite people, have 
prevented some Indigenous Peoples and local communities 
from taking part in traditional activities. Pastinaca sativa 
(parsnip), an invasive alien plant in Canada, has been 
documented by Indigenous Peoples and local communities 
to cause skin to become sensitive to sunlight, burning the 
skin, which is a problem for hunters of that community 
(IPBES, 2020). The increase of Lyme disease-bearing Ixodes 
scapularis (blacklegged or deer ticks) populations in Canada 
is indirectly impacting knowledge transmission as Indigenous 
Peoples and local communities are concerned about taking 
children out on the land, where the majority of Indigenous 
and local knowledge learning takes place (IPBES, 2020). 
Indigenous Peoples and local communities in Siberia have 
known that Heracleum pubescens (Sosnowskyi’s hogweed 
or Borshchievik in Russian) has been a problem for them 
since the 1980s (IPBES, 2020); they report that it is highly 
poisonous when over 60cm high and seeding, with stems 
and leaves causing allergic reactions, severe dermatitis and 
may cause cancerous tumours, congenital malformations 
and even fatalities in humans and animals (IPBES, 2020). 
Indigenous Peoples and local communities often try to 
maintain access to land and carry out traditional activities, 
particularly passing knowledge onto the next generation. 
When invasive alien species impact upon these activities, 
this can lead to “cultural erosion” (Pfeiffer & Voeks, 2008), 
whereby knowledge, particularly names of native species, 
their habitats, and their cultural values and stories are not 
passed down to younger people, which can have negative 
implications for the good quality of life of future generations 
(Robin et al., 2022; Box 4.17).

Box 4  17  	 The impacts on cultural species, cultural sites, cultural relationships and health 
of Indgenous Peoples and local communities, revealed through Indigenous and 
local knowledge and cross-cultural research in Australia’s Northern Territory.

Cross-cultural research (using methodologies from different 
knowledge systems), was used in Arnhem Land, at the 
northeast corner of Australia’s Northern Territory, to investigate 
invasive ungulates (buffalo, donkeys, pigs, cattle and horses) 
trampling and grazing on traditional bush food resources and 
impacting water quality at several culturally significant wetlands.

Wetlands provide Indigenous Peoples with drinking water, 
medicines and bush foods, including Eleocharis dulcis (Chinese 
water chestnut) and Nymphaea spp. (water lilies), and is 
host to aquatic fauna, including Chelodina rugosa (northern 
snake-necked turtle), which is an important seasonal source 
of protein (Fordham et al., 2006; Ens, Fisher, et al., 2015). 
The Indigenous People of Ngukurr, Arnhem Land, have raised 
concerns about drinking water from wetlands due to potential 

microbial contamination from feral invasive ungulates, yet 
deoxyribonucleic acid (DNA) analysis for the waterborne 
pathogens Cryptosporidium and Giardia revealed the latter 
was only detected in the late dry season and former was not 
detected at all (S. Russell et al., 2021). The presence of invasive 
ungulates negatively impacts on indigenous access to bush 
food, medicine and freshwater resources which then reduces 
opportunities for cultural and spiritual practices (S. Russell 
et al., 2020, 2021). For example, hooved ungulates damage 
Chelodina rugosa aestivating over the dry season (S. Russell 
et al., 2021), and feral pig predation depletes turtle stocks 
immediately before Aboriginal harvesting (Fordham et al., 
2006). An Indigenous knowledge holder described an eco-
cultural regime shift of a wetland ecosystem from a water lily 
(Nymphaea violacea and Nymphaea macrosperma) dominated 
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Box 4  17  	

system to a turbid, sediment dominated system. This was 
attributed to human depopulation of traditional lands and waters 
and the subsequent invasion by feral ungulates. Evidence for 
this “regime shift” is based on Indigenous ecological knowledge 
(S. Russell et al., 2021). Transformation of this ecosystem has 
had implications for access to bush food resources; Nymphaea 
spp. Roots, stems, and bulbs that were a staple food for local 
Indigenous Peoples.

Although invasive ungulates are impacting ecological condition, 
indigenous cultural practice, and potentially human health, 
these animals present a significant food source and potential 

source of income to remote living Indigenous Peoples and 
local communities who have low socio-economic status (C. J. 
Robinson et al., 2005). The conflicting impacts and benefits of 
these invasive alien species has meant that widespread and 
sustained control has not occurred across northern Australia. 
To accommodate the multiple values of these invasive alien 
species, at present, members of the Ngukurr community prefer 
maintenance of multi-functional landscapes where the multiple 
values of these species can be supported (Ens, Fisher, et al., 
2015). However, with economic development of this region, 
support of invasive ungulate management may increase 
(Figure 4.43). 

Figure 4  43  	 Invasive ungulates pollute wetlands in Australia’s Northern Territory; and 
indigenous rangers document the impacts on water quality and cultural 
species, including Nymphaea spp. (water lilies). 

Photo credit: Shaina Russell – CC BY 4.0.

4.5.2	 Documented impacts of 
invasive alien species on good 
quality of life by realm

Impacts of invasive alien species on good quality of life 
vary by realm and unit of analysis. As a general pattern, the 
impact database developed through this chapter reveals 
that impacts are most often experienced through changes 
to material and immaterial assets, followed by impacts on 
health and social and cultural relationships.14 Impacts on 
safety and freedom of choice and action are the two least 
documented components of good quality of life. 

Notably, a small number of the units of analysis account 
for most of the impacts on good quality of life (sections 

14.	Data management report available at: https://doi.org/10.5281/
zenodo.5766069

4.5.2.1 and 4.5.2.2). Among the documented negative 
impacts, 74 per cent occur in cultivated areas (including 
cropping, intensive livestock farming, etc.; 935 negative 
impacts caused by 332 invasive alien species), urban/
semi-urban (606 negative impacts caused by 245 invasive 
alien species), inland surface water and water bodies/
freshwater (411 negative impacts caused by 151 invasive 
alien species), and tropical and subtropical dry and humid 
forests (415 negative impacts caused by 136 invasive 
alien species). Similarly, 74 per cent of all positive impacts 
occur in cultivated areas (151 positive impacts caused by 
79 invasive alien species), tropical and subtropical dry and 
humid forests (118 positive impacts caused by 70 invasive 
alien species), temperate and boreal forests and woodlands 
(82 positive impacts caused by 40 invasive alien species), 
and inland surface water and water bodies/freshwater 
(80 positive impacts caused by 49 invasive alien species). 
Examining positive impacts helps put these percentages 

https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
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into perspective. The three least affected units of analysis 
with positive impacts, tundra and high mountain habitats 
(5 positive impacts, caused by 2 invasive alien species), 
Mediterranean forests, woodlands and scrub (2 positive 
impacts caused by 2 invasive alien species), and open 

ocean pelagic systems (1 positive impact caused by 
1 invasive alien species), make up less than 2 per cent of 
all positive documented impacts. Table 4.24 presents the 
main invasive alien species causing impacts on good quality 
of life in each unit of analysis.

Unit of analysis List of invasive alien species with negative 
impacts on good quality of life (# of 
observations)

List of invasive alien species with positive 
impacts on good quality of life (# of 
observations)

Tropical and 
subtropical dry 
and humid forests

Dengue virus (76) Subulina octona (thumbnail awlsnail) (9)

Lissachatina fulica (giant African land snail) (36) Gulella bicolor (two-tone gulella) (8)

Laevicaulis alte (tropical leatherleaf slug) (11) Allopeas clavulinum (Spike awlsnail) (7) 

Allopeas gracile (Graceful awlsnail) (7) 

Bradybaena similaris (Asian trampsnail) (7) 

Deroceras leave (meadow slug) (7) 

Gastrocopta servilis (wandering snag) (7) 

Geostilbia aperta (obtuse awlsnail) (7) 

Guppya gundlachi (glossy granule) (7) 

Temperate and 
boreal forests and 
woodlands

Agrilus planipennis (emerald ash borer) (35) Equus ferus (wild horse) (4)

Phytophthora ramorum (sudden oak death) (34) Cervus nippon (sika) (2)

Hymenoscyphus fraxineus (ash dieback) (25) Corythucha arcuata (oak lace bug) (3)

Mediterranean 
forests, woodlands 
and scrub

Xylella fastidiosa (Pierce’s disease of 
grapevines) (15)

Agave americana (century plant) (1) Ceratocystis platani (canker stain of plane) (13)

Seiridium cardinale (cypress canker) (11)

Tundra and High 
Mountain habitats

Conium maculatum (poison hemlock) (1)
Equus ferus (wild horse) (4) 

Pinus spp. (pine) (1)

Melilotus albus (honey clover) (1)
Equus ferus (wild horse) (1)

Tropical and 
subtropical 
savannas and 
grasslands

Corvus splendens (house crow) (9) Acacia mearnsii (black wattle) (1)

Acacia mangium (brown salwood) (3) Centaurea solstitialis (yellow starthistle) (1) 

Cenchrus biflorus (Indian sandbur) (3) Hyparrhenia rufa (jaragua grass) (1)

Prosopis juliflora (mesquite) (1)

Tithonia spp. (1) 

Table 4  24  	 Invasive alien species most frequently documented to cause negative or positive 
impacts on good quality of life by unit of analysis.

A data management report for the database of impacts developed through this chapter is available at https://doi.org/10.5281/
zenodo.5766069

Plants: 	 Invertebrate: 	 Vertebrate: 	 Microorganisms: 

https://doi.org/10.5281/zenodo.5766069
https://doi.org/10.5281/zenodo.5766069
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Unit of analysis List of invasive alien species with negative 
impacts on good quality of life (# of 
observations)

List of invasive alien species with positive 
impacts on good quality of life (# of 
observations)

Temperate 
Grasslands

Lonchura oryzivora (Java sparrow) (10) Sporobolus anglicus (common cordgrass) (1)

Acridotheres tristis (common myna) (8) Rosa rugosa (rugosa rose) (8)

Corvus splendens (house crow) (8) Bombus terrestris (bumble bee) (1)

Columba livia (pigeons) (10)

Alces alces (moose) (1)

Bos taurus (cattle) (1)

Capra hircus (goats) (1)

Cervus elaphus canadensis (elk) (1)

Cervus elaphus (red deer) (1)

Deserts and xeric 
shrublands

Cenchrus ciliaris (buffel grass) (7) Prosopis juliflora (mesquite) (9)

Prosopis spp. (5) Opuntia spp. (pricklypear) (2)

Camelus spp. (camels) (4) Prosopis glandulosa (honey mesquite) (2)

Urban/Semi-urban

Solenopsis invicta (red imported fire ant) (38) Columba livia (pigeons) (10)

Lissachatina fulica (giant African land snail) (32) Corvus splendens (house crow) (2)

Monomorium pharaonis (pharaoh ant) (16) Sarasinula plebeia (Caribbean leatherleaf 
slug) (7)

Trichocorixa verticalis (water boatman) (2)

Cultivated areas 
(incl. cropping, 
intensive livestock 
farming etc.)

Spodoptera frugiperda (fall armyworm) (46) Columba livia (pigeons) (10)

Bactrocera dorsalis (Oriental fruit fly) (40) Subulina octona (thumbnail awlsnail) (9)

Phenacoccus manihoti (cassava mealybug) 
(35) Gulella bicolor (two-tone gulella) (8)

Aquaculture areas

Cyprinus carpio (common carp) (7) Azolla filiculoides (water fern) (1)

Oreochromis niloticus (Nile tilapia) (6) Oreochromis mossambicus (Mozambique 
tilapia) (3)

Hypophthalmichthys molitrix (silver carp) (4) Clarias gariepinus (North African catfish) (1)

Oreochromis mossambicus (Mozambique 
tilapia) (4)

Oreochromis niloticus (Nile tilapia) (1)

Poecilia reticulata (guppy) (1) 

Wetlands – 
peatlands, mires, 
bogs

Elaeagnus angustifolia (Russian olive) (3) Trichocorixa verticalis (water boatman) (2)

Acridotheres tristis (common myna) (2) Acridotheres javanicus (Javan myna) (2)

Threskiornis aethiopicus (sacred ibis) (2) Threskiornis aethiopicus (sacred ibis) (2)

Inland surface 
waters and water 
bodies/freshwater

Dreissena polymorpha (zebra mussel) (19) Oreochromis niloticus (Nile tilapia) (6)

Cyprinus carpio (common carp) (19) Oreochromis mossambicus (Mozambique 
tilapia) (5)

Oreochromis niloticus (Nile tilapia) (14) Lates niloticus (Nile perch) (4)

Procambarus clarkii (red swamp crayfish) (4)

Table 4  24  
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Unit of analysis List of invasive alien species with negative 
impacts on good quality of life (# of 
observations)

List of invasive alien species with positive 
impacts on good quality of life (# of 
observations)

Shelf ecosystems 
(neritic and 
intertidal/littoral 
zone)

Rhopilema nomadica (nomad jellyfish) (10) Eucheuma denticulatum (eucheuma seaweed) 
(7)

Gonionemus spp. (4) Kappaphycus alvarezii (elkhorn sea moss) (3)

Lagocephalus sceleratus (silver-cheeked 
toadfish) (5) Paralithodes camtschaticus (red king crab) (2)
Plotosus lineatus (striped eel catfish) (4)

Open ocean 
pelagic systems 
(euphotic zone)

Pterois spp. (3) Pterois spp. (1)

Coastal areas 
intensively used 
for multiple 
purposes by 
humans

Dreissena polymorpha (zebra mussel) (10) Corbicula fluminea (Asian clam) (2)

Asterias amurensis (northern Pacific seastar) (3) Petromyzon marinus (sea lamprey) (2)

Dreissena rostriformis bugensis (quagga 
mussel) (3)

Salmo trutta (brown trout) (2)

Petromyzon marinus (sea lamprey) (3)

Table 4  24  

4.5.2.1	 Patterns of negative and positive 
impacts of invasive alien species on 
good quality of life in the terrestrial 
realm

The terrestrial realm accounts for most of the documented 
impacts on good quality of life compared to aquatic realms; 
with 82 per cent (2,629 impacts) of all negative impacts 
and 81 per cent (467 impacts) of positive impacts. This 
is consistent with the literature on impacts of invasive 
alien species on livelihood, which indicates that a greater 
proportion of studies focused on terrestrial ecosystems have 
been conducted in savanna and woodland environments 
compared to freshwater ecosystems (R. T. Shackleton, 
Shackleton, et al., 2019).

Most impacted units of analysis in the 
terrestrial realm

Cultivated areas have the highest number of documented 
invasive alien species (332) and negative impacts (935) 
(Table 4.25). This pattern may be attributed in part to the 
greater attention paid to cultivated areas in research, given 
the critical role of food security in meeting basic human 
needs. Additionally, the ease of measuring human access to 
food in cultivated areas may make them a more accessible 
unit of analysis than other ecosystems (P. L. Howard, 2019; 
Pimentel et al., 2005). Large numbers of invasive alien 
species have also been documented in urban/semi-urban 
areas (245 invasive alien species), tropical and subtropical 
dry and humid forests (136 invasive alien species), and 
temperate and boreal forests and woodlands (101 invasive 
alien species), which, together, round out the top four 

affected units of analysis, accounting for 83 per cent of 
all documented negative impacts in the terrestrial realm. 
Tundra and high mountain habitats and deserts and xeric 
shrublands are the least affected units of analysis, and only 
host 5 per cent of the documented invasive alien species 
causing negative impacts on good quality of life in the 
terrestrial realm. 

Material and immaterial assets are the most impacted 
constituent of good quality of life across units of analysis. 
However, in deserts and xeric shrublands, health is the 
dominant constituent negatively impacted by invasive alien 
species. There are very few documented impacts on safety 
across most units of analysis. 

Invasive alien taxa most often documented 
causing negative impacts on good quality of 
life in the terrestrial realm

The most prominent taxa negatively impacting good 
quality of life differ across units of analysis (Table 4.24). 
For example, cultivated areas, temperate grasslands, and 
urban/semi-urban areas are mainly affected by invasive alien 
animals such as Spodoptera frugiperda (fall armyworm) 
that causes significant damage to agriculture and rice 
crops (Kumela et al., 2019; Box 4.18). These species can 
create additional pressures for farmers in Africa or native 
American lands where the agricultural sector struggles 
to support farmers’ livelihoods because of the lack of 
ownership, low or no financial capital, and increasing risks 
due to climate change (Gautam et al., 2013; P. L. Howard, 
2019). Temperate grasslands contended with Acridotheres 
tristis (common myna) whose droppings can irritate 
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people’s skin and lungs (Peacock et al., 2007). Urban and 
semi-urban areas are most impacted by the aggressive 
Solenopsis invicta (red imported fire ant), whose powerful 
sting can cause injury and death to people, wildlife, and pets 
(Gutrich et al., 2007). Their ability to tunnel also impacts 
infrastructure, such as roads, power distribution systems, 
and irrigation systems (Gutrich et al., 2007). Impacts on 
good quality of life in Mediterranean forests, woodlands 
and scrub are mostly caused by microbes, such as Xylella 
fastidiosa (Pierce’s disease of grapevines), known for killing 
olive trees (Schneider et al., 2020), reiterating that material 
and immaterial assets are the most affected component of 
good quality of life. 

The remaining units of analysis experience impacts from 
several taxa. Tropical and subtropical dry and humid forests 
and temperate and boreal forests and woodlands are 
negatively affected by microbes and animals. Deserts and 
xeric shrublands, tropical and subtropical savannas and 
grasslands, tundra and high mountain, and wetland habitats 
contend with both plants and animals. In the deserts 
and xeric shrublands in Africa, Prosopis spp. (mesquite) 
threatens safety through impacts on personal safety and 
secure resource access as the invasion has forced large 
predators like lions to move closer to villages, leading to 
livestock and human deaths (P. L. Howard, 2019). There are 
no units of analysis exclusively impacted by plant species.

Material and 
immaterial 

assets

Freedom of 
choice and 

action
Health

Social and 
cultural 

relationships
Safety

Unit of analysis species impacts  species impacts species impacts species impacts species impacts

Tropical and subtropical dry 
and humid forests 66 213 7 14 41 143 17 37 5 8

Temperate and boreal 
forests and woodlands 48 183 7 10 24 54 15 34 7 15

Mediterranean forests, 
woodlands and scrub 11 77 0 0 3 3 0 0 1 1

Tundra and High Mountain 
habitats 1 1 0 0 1 1 1 1 0 0

Tropical and subtropical 
savannas and grasslands 18 33 4 4 20 28 13 21 2 2

Temperate Grasslands 54 103 0 0 12 32 3 4 0 0

Deserts and xeric 
shrublands 5 11 0 0 6 11 4 5 5 8

Wetlands – peatlands, 
mires, bogs 5 8 4 7 5 9 3 7 0 0

Urban/Semi-urban 111 299 2 3 89 240 31 48 12 16

Cultivated areas (incl. 
cropping, intensive 
livestock farming etc.)

224 730 21 26 56 129 22 38 9 12

Table 4  25  	 Negative impacts on good quality of life in the terrestrial realm.

Darker colours indicate higher documented numbers of invasive alien species or impacts. A data management report for the database 
of impacts developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069

Box 4  18  	 Spodoptera frugiperda (fall armyworm) – how impacts on nature’s contributions 
to people and impacts of management affect good quality of life for Indigenous 
Peoples and local communities.

Impacts on nature’s contributions to people: 
crop losses
A majority (61 per cent) of the studies reviewed15 have 
documented that Indigenous Peoples and local communities 
suffer yield losses due to the invasion of Spodoptera 

frugiperda (fall armyworm). The crop yield loss estimates due 
to Spodoptera frugiperda range from 10 per cent in Malawi 
(Murray et al., 2019) to as high as 58 per cent in Zimbabwe 
(Chimweta et al., 2020; Table 4.26). Most of the yield loss 
estimates are related to maize production, but the FAO also 

15.	Data management report available at: https://doi.org/10.5281/
zenodo.5760266

https://doi.org/10.5281/zenodo.5766069
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Box 4  18  	

found that Spodoptera frugiperda has caused 6 per cent and 
2 per cent millet and sorghum production losses, respectively, 
at the national level in Namibia (FAO, 2018). There is also 
evidence suggesting that the yield loss estimates were higher 
in the early years of the Spodoptera frugiperda invasion. For 
instance, Day et al. (2017) found maize yield losses of 45 per 
cent and 40 per cent in Ghana and Zambia respectively (or 
8.3 to 20.6 million tonnes annually in 12 African countries), but 
a follow-up study a year later by Rwomushana et al. (2018) 
showed maize yield losses of 26 per cent and 35 per cent 
in the two respective countries (or 4.1 to 17.7 million tonnes 

annually in 12 African countries). As noted by Rwomushana et 

al. (2018), this decline in yield losses could be due to build-up 
of natural enemies, climatic factors, improved management 
or the possibility that farmers are getting better at estimating 
Spodoptera frugiperda-induced yield loss. It should be 
mentioned that most of the yield loss estimates were based 
on farmers’ perceptions, which may have overestimated true 
losses (Baudron et al., 2019) even when controlling for potential 
confounding factors in a regression framework, documented 
Spodoptera frugiperda-induced yield losses are nearly 12 per 
cent (Baudron et al., 2019; Kassie et al., 2020).

Study Country Yield loss estimates

Asare-Nuamah (2022) Ghana Massive (no exact estimate)

Bariw et al. (2020) Ghana 17.2 per cent

Baudron et al. (2019) Zimbabwe 11.6 per cent

Chimweta et al. (2020) Zimbabwe 58 per cent

Day et al. (2017) Ghana and Zimbabwe 45 per cent in Ghana; 40 per cent in Zambia (extrapolated to up to 20.6 million 
tonnes annually in 12 Africa countries)

De Groote et al. (2020) Kenya 33 per cent or 1 million tonnes

FAO (2018) Namibia 14 per cent of maize (8 per cent in communal areas and 6 per cent in 
commercial farms); 6 per cent of millet; 2 per cent of sorghum

Turot et al. (2019) Tanzania 10.8 per cent at area level; 15.8 per cent at farm level

Girsang et al. (2020) Indonesia 26.6 per cent

Houngbo et al. (2020) Benin 49 per cent

Kansiime et al. (2019) Zambia 28 per cent

Kassie et al. (2020) Ethiopia 11.5 per cent

Koffi et al. (2020) Ghana 132,450 tons in 2016; 180,000 tons in 2017; 36,000 tons in 2018

Kumela et al. (2019) Ethiopia and Kenya 46.5 per cent in Ethiopia; 38.8 per cent in Kenya

Mayee et al. (2021) India Decline in maize area from 9.2 million ha in 2018 to 8.2 million ha in 2019 (no 
exact estimate)

Murray et al. (2021) Kenya Up to 50 per cent

Murray et al. (2019) Malawi 10 per cent

Nyangau et al. (2020) Kenya and Uganda No exact estimate

Rwomushana et al. (2018) Ghana and Zambia 26 per cent in Ghana; 35 per cent in Zambia) extrapolated to up to 17.7 million 
tonnes annually in 12 African countries)

van Loon et al. (2019) Ghana Severe (no exact estimate)

Table 4  26  	 Yield loss estimates due to Spodoptera frugiperda (fall armyworm) invasion.

A data management report for the literature review underpinning this table is available at https://doi.org/10.5281/
zenodo.5760266

https://doi.org/10.5281/zenodo.5760266
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Positive impacts caused by invasive alien 
species on good quality of life in the terrestrial 
realm
As with negative impacts, positive impacts in the 
terrestrial realm are clustered within a few units of analysis 
(Table 4.27). Cultivated areas are most positively impacted, 
with 79 invasive alien species causing 151 documented 
impacts. Tropical and subtropical dry and humid forests 
(70 invasive alien species causing 118 impacts) and 

temperate and boreal forests and woodlands (40 species 
causing 82 impacts) round out the top three positively 
impacted units of analysis. Taken together, these three units 
of analysis account for 75 per cent of documented terrestrial 
positive documented impacts. Meanwhile, the three least 
affected terrestrial units of analysis, Mediterranean forests, 
woodlands and scrub, tundra and high mountain habitats, 
and wetlands (peatlands, mires, bogs), account for only 
three per cent of positive terrestrial documented impacts. 

Box 4  18  	

Impacts on good quality of life
Spodoptera frugiperda caused crop yield loss in invaded 
systems and has consequently resulted in increased 
production costs, decline in farmers’ income, hunger and 
worsened food insecurity (Figure 4.44). For example, 
Girsang et al. (2020) found that Spodoptera frugiperda 
led to 50 per cent and 71.4 per cent per cent increase in 
labour and pesticide costs in 2019, respectively, in North 
Sumatra province of Indonesia. Similarly, it is estimated 
that farmer’s expenditure on pesticides has increased by 
US$195 per hectare (241 per cent) due to the Spodoptera 

frugiperda invasion in China’s Yunnan province (Yang et al., 
2021). Moreover, Kassie et al. (2020) found that Spodoptera 

frugiperda invasion was associated with a 25 per cent 
reduction in maize sales in southern Ethiopia, while Tambo et 

al. (2021) documented a reduction in per capita household 
income by 44 per cent and a 17 per cent higher likelihood 
of hunger in Zimbabwe due to severe levels of Spodoptera 

frugiperda infestation.

The Spodoptera frugiperda outbreak is also having negative 
impacts on the livestock sector in terms of reduced availability 
of livestock feed, such as stover, grains, straw and pasture land 
(FAO, 2018; Mayee et al., 2021). The Indian government imported 
130,000 tonnes of maize in 2019 for the poultry industry as a result 
of a reduction in maize production (Mayee et al., 2021).
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Figure 4  44  	 Percentage of documented impacts (y axis) of Spodoptera frugiperda 
(fall armyworm) on good quality of life of Indigenous Peoples and local 
communities. 

Spodoptera frugiperda negatively impacts crop yields, income and production costs, food security, health and livestock feed 
availability (x axis). The results are presented in percentages of the 33 case studies reviewed. A data management report for the 
literature review underpinning this figure is available at https://doi.org/10.5281/zenodo.5760266

The synthetic pesticides used by smallholders for Spodoptera 

frugiperda control have been shown to pose high risks to 
human health (Murray et al., 2019, 2021; Kumela et al., 2019). 
Several studies have shown that farmers who used pesticide 
to control Spodoptera frugiperda experience pesticide-related 

illness, such as dizziness, headache, skin and eye irritation and 
stomach ache (Kansiime et al., 2019; Rwomushana et al., 2018; 
Tambo et al., 2020). The use of pesticides also has been shown 
to affect native species (Kumela et al., 2019).

https://doi.org/10.5281/zenodo.5760266
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Material and immaterial assets account for the most 
positively documented component of good quality of life 
across most units of analysis, followed by health, showing 
a similar pattern than for negative impacts. However, the 
order differs for tundra and high mountain habitats, tropical 
and subtropical savannas and grasslands, and temperate 
grasslands that are mainly impacted through positive 
changes to social and cultural relationships, followed by 
positive changes to material and immaterial assets. Safety 
is the least documented positively impacted component 
of good quality of life, accounting for only three per cent of 
positive terrestrial impacts. 

Examining the positive impacts highlights the different 
ways invasive alien species interact with people across 
landscapes. Plants are one of the most documented taxa 
affecting Mediterranean forests, woodlands and scrubs 
(e.g., Agave americana (century plant)), deserts and xeric 
shrublands (e.g., Prosopis juliflora (mesquite)), and tropical 
and subtropical savannas and grasslands (e.g., Acacia 
mearnsii (black wattle)). This result mirrors findings from R. T. 
Shackleton, Shackleton, et al. (2019), who documented that 
most case studies on positive impacts on livelihoods involve 
invasive alien plants, often intentionally introduced. These 
plant species affect different components of good quality of 
life, which widely differ across units of analysis. For example, 
as a source of fuelwood, Prosopis juliflora is an important 

source of energy for cooking and heating, along with a 
possible source of income for those who sell the wood, 
which can cause significant positive impacts on assets. 
Human health is positively affected by species such as 
Acacia mearnsii, known for its antibacterial properties and 
effectiveness in treating illnesses as shigellosis (Olajuyigbe 
& Afolayan, 2012). Sociocultural relationships benefit from 
species such as Agave americana (century plant). 

Tropical and subtropical dry and humid forests, temperate 
and boreal forests and woodlands, urban/semi-urban, 
cultivated areas, and wetlands (peatlands, mires, bogs), 
are mainly positively impacted by animals. Many of these 
species impact good quality of life either through material 
and immaterial assets, by providing a new way of creating 
or enhancing livelihood or through improvements to human 
health outcomes. Equus ferus (wild horse) in temperate 
and boreal forests and woodlands (and tundra and high 
mountain habitats) illustrates the prominent role some 
invasive alien species play in maintaining cultural identities, 
especially among Indigenous peoples and local communities 
(Bhattacharyya et al., 2011; Bhattacharyya & Larson, 2014). 
The remaining units of analysis, tundra and high mountain 
habitats, temperate grasslands, benefit from a several 
invasive alien plants and animals. Importantly, there are no 
documented cases of microbes producing positive terrestrial 
impacts on good quality of life. 

Material and 
immaterial 

assets

Freedom of 
choice and 

action
Health

Social and 
cultural 

relationships
Safety

Invasive alien species species impacts species impacts species impacts species impacts species impacts

Tropical and subtropical dry 
and humid forests 25 48 1 1 30 41 13 27 1 1

Temperate and boreal 
forests and woodlands 8 33 1 1 14 14 16 26 1 8

Mediterranean forests, 
woodlands and scrub 0 0 0 0 0 0 2 2 0 0

Tundra and High Mountain 
habitats 1 1 0 0 0 0 1 4 0 0

Tropical and subtropical 
savannas and grasslands 3 3 0 0 4 4 3 4 1 1

Temperate Grasslands 4 15 0 0 15 15 15 18 1 1

Deserts and xeric 
shrublands 3 9 1 1 1 1 3 3 1 2

Wetlands – peatlands, 
mires, bogs 1 1 0 0 3 5 2 2 0 0

Urban/Semi-urban 9 20 0 0 6 7 2 4 1 1

Cultivated areas (incl. 
cropping, intensive 
livestock farming etc.)

27 65 1 1 36 54 14 30 1 1

Table 4  27  	 Positive impacts on good quality of life in the terrestrial realm.

Darker colours indicate higher documented numbers of invasive alien species or impacts. A data management report for the database 
of impacts developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069
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4.5.2.2	 Patterns of negative and positive 
impacts of invasive alien species on 
good quality of life in the marine and 
inland waters realms

There are 575 documented negative impacts on good 
quality of life affecting the marine and inland waters realms. 

Negative impact caused by invasive alien 
species on good quality of life across units 
of analysis in the marine and inland waters 
realms

Inland surface waters and water bodies are the most 
impaired of all aquatic units of analysis (151 invasive alien 
species causing 411 negative impacts), accounting for 
71 per cent of all negative aquatic impacts (Table 4.25). The 
least affected unit of analysis, open ocean pelagic systems, 
has only one documented invasive alien species, generating 
three negative impacts on material and immaterial assets, 
which accounts for less than one per cent of negative 
aquatic impacts. 

The top two components of good quality of life most 
negatively affected across all aquatic domains are material 
and immaterial assets, followed by health (Table 4.28). In 
shelf ecosystems (neritic, intertidal and littoral zone), health 
dominates followed by material and immaterial assets. 

The top documented invasive alien species causing 
negative impacts on good quality of life in the aquatic 
realm are attributed solely to animals. Inland surface waters 

and water bodies are subject to impacts by invasive alien 
animals such as Dreissena polymorpha (zebra mussel) and 
Cyprinus carpio (common carp). For example, Dreissena 
polymorpha, which also impacts coastal areas intensively 
used for multiple purposes by humans, is known for its 
impacts on livelihoods and access to goods by clogging 
pipes used in water treatment plants, irrigation, and power 
generation stations (Elliott et al., 2005). Cyprinus carpio 
limits access to nutritious food and adequate livelihoods by 
quickly dominating native fish species, negatively affecting 
fishing and recreation opportunities (Beardmore, 2015; 
A. K. Singh et al., 2010). These two species highlight 
the numerous ways invasive alien species can negatively 
impact a single unit of analysis. Aquaculture areas are 
impacted by species such as Oreochromis niloticus (Nile 
tilapia) that negatively affect native fish and harms local 
fishermen’s livelihoods (Ogutu-Ohwayo, 1990). Open 
ocean pelagic systems can be invaded by Pterois spp. 
(lionfish), which negatively affects commercially important 
native species (Johnston et al., 2017). Health is the 
most impacted component of good quality of life in shelf 
ecosystems, with, for instance, Rhopilema nomadica 
(nomad jellyfish), known for its venomous stings (Öztürk & 
İşinibilir, 2010).

Positive impacts caused by invasive alien 
species on good quality of life across units of 
analysis in the marine and inland waters realm

The aquatic realm had 117 positive documented impacts 
caused by 73 invasive alien species. Inland surface waters 
and water bodies (49 invasive alien species, causing 

Material and 
immaterial 

assets

Freedom of 
choice and 

action
Health

Social and 
cultural 

relationships
Safety

Unit of analysis species impacts  species impacts species impacts species impacts species impacts

Aquaculture areas 38 69 0 0 4 4 0 0 1 1

Inland surface waters and 
water bodies/freshwater 64 224 16 41 32 83 23 44 16 19

Shelf ecosystems (neritic 
and intertidal/littoral zone) 11 15 0 0 14 35 0 0 0 0

Open ocean pelagic 
systems (euphotic zone) 1 3 0 0 0 0 0 0 0 0

Coastal areas intensively 
used for multiple purposes 
by humans

16 20 0 0 5 10 4 6 1 1

Table 4  28  	 Negative impacts on good quality of life in the marine and inland waters realms.

Darker colours indicate higher documented numbers of invasive alien species or impacts. A data management report for the database 
of impacts developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069
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80 impacts) and Coastal areas intensively used for multiple 
purposes by humans (12 invasive alien species, causing 
15 impacts) account for 81 per cent of aquatic realm 
positive impacts (Table 4.29). Open ocean pelagic systems 
are the least impacted unit of analysis, with only one 
documented invasive alien species, Pterois spp. (lionfish). 
Material and immaterial assets, social/cultural relationships, 
and health are documented to be the most affected 
components of good quality of life. Impacts on safety are 
the least documented component, and only observed in 
inland surface waters and water bodies where, for instance, 
Pontederia crassipes (water hyacinth) assist with creating 
resilient communities by removing heavy and toxic metals 
from waterways (Dixit & Dhote, 2010). 

While invasive alien plants are documented to cause more 
positive impacts than negative impacts (R. T. Shackleton, 
Shackleton, et al., 2019), positive impacts are mostly 
caused by invasive alien animals in inland surface waters 
and water bodies/freshwater (e.g., Oreochromis niloticus 
(Nile tilapia)), in coastal areas intensively used for multiple 
purposes by people (e.g., Corbicula fluminea (Asian 
clam)), and in open ocean pelagic systems (e.g., Pterois 
spp. (lionfish)). Many of these positive impacts are due to 
changes in material and immaterial assets, such as creating 
new opportunities for income and recreation. Postive 
impacts on good quality of life in aquaculture and shelf 
ecosystems are mostly caused by invasive alien plants and 
animals. As with positive terrestrial impacts, there are no 
documented microbes causing positive impacts on good 
quality of life in the aquatic realm.

4.5.3	 Documented impacts on 
good quality of life by region and 
taxonomic group

4.5.3.1	 General patterns

Invasive alien species affect good quality of life in all regions. 
Several patterns of documented impacts emerge when 
examining the positive and negative impacts across regions. 
In particular, for both negative and positive impacts, the 
Asia-Pacific region has the most documented impacts, 
followed by Europe and Central Asia, the Americas, Africa, 
and Antarctica. The database of impacts developed 
through this chapter mirrors previous reports, showing that 
most impacts of invasive alien species on livelihoods are 
documented in the developing world, particularly southeast 
Asia (R. T. Shackleton, Shackleton, et al., 2019). Negative 
impacts on good quality of life are mostly documented for 
material and immaterial assets and health. Safety is the least 
documented component of good quality of life. This result 
differs for positive impacts, where material and immaterial 
assets and social and cultural relationships are the most 
impacted components of good quality of life, while freedom 
of choice and action is least affected. 

However, there are few consistent patterns when comparing 
the taxa that cause impacts across regions. For example, 
even though invertebrates cause the majority of negative 
impacts for most regions, the second, third, and fourth 
most prominent species vary for each region. The order 
of impacts by region is as follows, Africa: invertebrates, 
plants, vertebrates, microbes; Europe and Central Asia: 

Material and 
immaterial 

assets

Freedom of 
choice and 

action
Health

Social and 
cultural 

relationships
Safety

Unit of analysis species impacts  species impacts species impacts species impacts species impacts

Aquaculture areas 5 7 0 0 0 0 0 0 0 0

Inland surface waters and 
water bodies/freshwater 32 59 1 1 6 10 7 7 3 3

Shelf ecosystems (neritic 
and intertidal/littoral zone) 5 13 0 0 1 1 0 0 0 0

Open ocean pelagic 
systems (euphotic zone) 1 1 0 0 0 0 0 0 0 0

Coastal areas intensively 
used for multiple purposes 
by humans

6 8 0 0 0 0 6 7 0 0

Table 4  29  	 Positive impacts on good quality of life in the marine and inland waters realms.

Darker colours indicate higher documented numbers of invasive alien species or impacts. A data management report for the database 
of impacts developed through this chapter is available at https://doi.org/10.5281/zenodo.5766069
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invertebrates, microbes, plants, vertebrates; Americas: 
invertebrates, vertebrates, plants, microbes; Asia-Pacific: 
invertebrates, plants, vertebrates, microbes; Antarctica: 
vertebrate only. In terms of positive impacts, plants generally 
have the most significant number of impacts documented 
for all regions, except for the Asia-Pacific region, where 
invertebrates have the highest number of invasive alien 
species with documented positive impacts. Finally, negative 
impacts tend to be more evenly distributed across regions 
when looking beyond the most impacted taxonomic group 
(i.e., the second, third or fourth most dominant taxonomic 
group). In contrast, positive impacts vary widely among taxa. 
This result follows (R. T. Shackleton, Shackleton, et al., 2019), 
where the positive impacts of invasive alien species varied 
substantially between case studies and different species.

4.5.3.2	 Patterns of negative impacts on 
good quality of life by taxonomic group 
and region
A total of 484 documented invasive alien species have 
caused negative impacts on good quality of life in Asia-
Pacific, 347 in Europe and Central Asia, 296 in the 

Americas, 90 in Africa, and one in Antarctica (Figure 4.45). 
Across almost all regions, change to material and immaterial 
assets is the most frequently documented negative impact 
on good quality of life. The highest number of documented 
negative impacts is found in Asia-Pacific (853 impacts), 
followed by Europe and Central Asia (598 impacts), Africa 
(286 impacts), and the Americas (265 impacts) (Figure 
4.46). Antarctica only has one documented impact on good 
quality of life, through health changes. Health impacts are 
the second most commonly documented impact on good 
quality of life for all other regions, with the highest number 
of impacts documented in Asia-Pacific (290 impacts). There 
are 223 documented negative impacts on health in the 
Americas, 139 in Europe and Central Asia, and 69 in Africa. 
Social and cultural relationships, such as environmental 
equity and social infrastructure, is the third most impacted 
component of good quality of life, which is relatively evenly 
distributed across Asia-Pacific (89 impacts), the Americas 
(81 impacts), and Europe and Central Asia (62 impacts). 
Impacts on safety, such as risks to personal safety and 
security from disasters, have been less documented, where 
the top two impacted regions are the Americas (42 impacts) 
and Asia-Pacific (27 impacts).
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Figure 4  45  	 Number of invasive alien species (y axis) causing negative impacts on 
constituents of good quality of life by taxonomic group and IPBES region (x axis). 

A data management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069
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The number of documented negative impacts on good quality 
of life for specific taxa varies by region, but some patterns do 
emerge (Figures 4.45 and 4.46). Invasive alien invertebrates 
are the main taxonomic group causing negative impacts on 
good quality of life across regions, with 594 species (51 per 
cent of all invasive alien species causing negative impacts on 
good quality of life). Negative impacts caused by invertebrates 
are relatively evenly distributed across regions: they have 
caused 494 negative impacts (31 per cent) in Europe and 
Central Asia, 457 in the Asia-Pacific region (30 per cent), 
365 in the Americas (23 per cent), 258 in Africa (16 per 
cent), and none in Antarctica. Plants account for 21 per cent 
of all negative impacts across regions and are the second 
most documented taxonomic group affecting good quality 
of life in Asia-Pacific and Africa. More than half of negative 
impacts caused by plants on good quality of life are heavily 
concentrated in Asia-Pacific (391 impacts; 58 per cent of 
all impacts caused by plants on good quality of life). The 
remaining share of negative impacts are spread evenly across 
Europe and Central Asia (108 impacts; 16 per cent), the 
Americas (92 impacts; 14 per cent), and Africa (78 impacts; 
12 per cent). There are no observed impacts of invasive 
alien plants in Antarctica (Figure 4.46). Vertebrates cause 

17 per cent of documented negative impacts on good quality 
of life across all regions, where documented impacts are 
heavily concentrated in the Asia-Pacific region (347 impacts; 
64 per cent of all negative impacts caused by vertebrates). 
There are 116 impacts (21 per cent) caused by invasive alien 
vertebrates on good quality of life in the Americas, 49 in 
Africa (9 per cent), and 30 in Europe and Central Asia (6 per 
cent). Vertebrates are the least documented taxonomic group 
in Europe and Central Asia, and there is only one impact 
caused by a vertebrate documented in Antarctica (Figure 
4.46). Finally, microbes are the least documented taxonomic 
group to negatively impact good quality of life in most 
regions, accounting for 10 per cent of impacts across taxa 
(Figure 4.46).

Europe and Central Asia record the majority of impacts 
caused by microbes across all regions (177 impacts; 52 per 
cent of all impacts caused by microbes). The Americas have 
the second-highest share of negative impacts caused by 
microbes (87 impacts; 26 per cent), closely followed by the 
Asia-Pacific region (74 impacts; 22 per cent). There are no 
documented microbes affecting good quality of life in Africa 
or Antarctica. 
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Figure 4  46  	 Number of negative impacts (y axis) on constituents of good quality of life by 
taxonomic group and region (x axis). 

A data management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069
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4.5.3.3	 Patterns of positive impacts on 
good quality of life by taxonomic group 
and region

There are 236 documented species that cause positive 
impacts on good quality of life, including 156 in the Asia-
Pacific region, 56 in Europe and Central Asia, 61 in the 
Americas, and 26 species in Africa (Figure 4.47). There 
are no documented species causing positive impacts on 
good quality of life in Antarctica. This pattern translates 
to the number of documented impacts, with 46 per cent 
(241 impacts) of the positive impacts on good quality of life 
documented in Asia-Pacific, 21.6 per cent (113 impacts) in 
Europe and Central Asia, 15.6 per cent (82) in the Americas, 
and 8.4 per cent (44) in Africa (Figure 4.48). Across all 
regions, good quality of life is mostly positively impacted 
through changes to material and immaterial assets (180 
impacts). Health (111 impacts) is the second most positively 
impacted component of good quality of life across regions. 
There are 92 impacts on health in the Asia-Pacific region, 
11 impacts in Africa, 6 impacts in Europe and Central 
Asia, and 2 impacts in the Americas. Social and cultural 
relationships is the second most impacted component to 

good quality of life, with 52 positive impacts in Asia-Pacific, 
20 in the Americas, and 18 in Europe and Central Asia. 
Safety and freedom of choice and action are the two least 
positively impacted components of good quality of life 
across all regions.

Compared to negative impacts, fewer patterns emerge with 
positive impacts by taxonomic group and region. Plants 
are the dominant taxonomic group causing 37 per cent 
(213 impacts) of all positive impacts on good quality of life 
across most regions, including Europe and Central Asia, the 
Americas, and Africa. Of all documented positive impacts 
caused by invasive alien plants, 40 per cent are in the Asia-
Pacific region (86 impacts). The remaining share of positive 
impacts occur in Europe and Central Asia (71 impacts; 
33 per cent), the Americas (34 impacts; 16 per cent), and 
Africa (22 impacts; 10 per cent). 

Invertebrates are responsible for 170 positive impacts, 
or 29.6 per cent of all positive impacts on good quality 
of life across regions. Invertebrates are the dominant 
taxonomic group positively affecting the Asia-Pacific region 
(108 impacts), accounting for 64 per cent of all invertebrate 
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Figure 4  47  	 Number of invasive alien species (y axis) causing positive impacts on 
constituents of good quality of life by taxonomic group and region (x axis). 

A data management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069
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impacts. Europe and Central Asia account for 24 per 
cent of invertebrate impacts (41 impacts). The Americas 
(18 impacts; 10 per cent) and Africa (3 impacts; 2 per 
cent) are the regions with the fewest documented positive 
impacts from invertebrates. 

Aside from microbes that do not have any documented 
positive impacts (section 4.7.2), vertebrates are the least 
documented taxonomic group causing positive impacts on 
good quality of life, accounting for 24 per cent of impacts by 
taxon. As with negative impacts, positive impacts caused 
by vertebrates are heavily concentrated in the Asia-Pacific 
region (77 impacts; 61 per cent of all positive impacts 
caused by vertebrates). The Americas document 30 positive 
impacts (24 per cent), Africa records 19 impacts (15 per 
cent) and Europe and Central Asia document only 1 impact 
(1 per cent) caused by invasive alien vertebrates on good 
quality of life.

4.6	 REVIEW OF IMPACTS OF 
INVASIVE ALIEN SPECIES 
FOR INDIGENOUS PEOPLES 
AND LOCAL COMMUNITIES

This section presents the results of a systematic cross-
chapter review on Indigenous Peoples and local communities 
and invasive alien species,16 which supplements the chapter 
impact database. Of the 131 sources reviewed, a total of 
124 sources provided evidence of impacts of invasive alien 
species on, or as perceived by Indigenous Peoples and local 
communities, with 79 sources containing direct information 
(e.g., from survey data, interviews and quotations) from 
Indigenous Peoples and local communities. 

Overall, this review has revealed a total of 368 impacts on 
nature, nature’s contributions to people and good quality 
of life, as documented by Indigenous Peoples and local 
communities. Indigenous Peoples and local communities 

16.	Data management report available at: https://doi.org/10.5281/
zenodo.5760266
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Figure 4  48  	 Number of positive impacts (y axis) on constituents of good quality of life by 
taxonomic group and region (x axis). 

A data management report for the database of impacts developed through this chapter, with underlying data for this figure is available 
at https://doi.org/10.5281/zenodo.5766069
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have identified a varied range of invasive alien species, 
with nearly two-thirds of the sources reviewed being 
associated with invasive alien plants. Additionally, they have 
documented the presence of invasive alien vertebrates and 
invertebrates, as well as a single microbe (Table 4.30). 
This may represent a research bias towards invasive alien 
plants in rural communities, but all taxonomic groups are 
represented in this analysis.

Impacts are presented as they were described by Indigenous 
Peoples and local communities, but authors have assigned 
directions of impact following the classification used 
throughout this chapter (section 4.1.2). While it may seem 
straightforward to identify negative and positive impacts of 
alien species invasions on nature and native species (i.e., a 
native species suffers or is advantaged by the an invasive 
alien species) or on good quality of life (i.e., people derive a 
benefit from an invasive alien species), Indigenous Peoples 
and local communities have emphasized that a positive 
impact on nature’s contribution to people or good quality 
of life may not be considered as wholly positive for their 
communities, and instead may represent the “least-worst” 
option (IPBES, 2022). For example, while the capture and 
sale invasive of alien fish species introduced into traditional 
fishing grounds may be considered as positive for some 
(Riedmiller, 1994; K. Smith et al., 2010; Cid-Aguayo et 
al., 2021), it may not be the case for Indigenous Peoples 
and local communities, especially when they have not had 
agency or choice in the initial introduction of the invasive alien 
species (K. Smith et al., 2010; Broderstad & Eythórsson, 
2014), and/or if their preference still is for the native species 
that have been displaced (IPBES, 2022). Therefore, when 

interpreting the findings of this review, it is important to 
consider the options available to Indigenous Peoples and 
local communities and whether their use of and adaptation to 
invasive alien species has been freely determined by choice. 
Some Indigenous Peoples and local communities lack 
resources, funding and capacity to voice and implement their 
preferences regarding management of biological invasions, 
and may have chosen eradication instead of adaptation if 
they had access to more resources (IPBES, 2022). However, 
it is also important to note that some Indigenous Peoples 
and local communities have shown considerable capacity 
for adaptation using their detailed and intimate knowledge 
and skills connected with their environment as well as 
partnerships with emerging technologies, and can be a 
model for resilience to future impacts (Chapter 5, section 
5.7, Africa Uncensored, 2022; P. L. Howard, 2019). Overall, 
positive impacts documented on nature’s contribution to 
people and good quality of life refer to where humans have 
derived a benefit, and yet they are often part of a more 
complex trade-off between positive and negative impacts 
inherent in socio-cultural-ecological systems.

4.6.1	 Impacts on nature as 
documented by Indigenous Peoples 
and local communities

Indigenous Peoples and local communities report that 
approximately 92 per cent of impacts on nature caused 
by invasive alien species are negative, and only 8 per cent 
are positive impacts (Table 4.31). They have observed an 
overall reduction in specific native species (31 per cent), 

Table 4  30  	 The number of Indigenous and local knowledge sources reviewed with 
information about the impacts of invasive alien plants, vertebrates, invertebrates 
and microbes.

A data management report for this cross-chapter literature review on Indigenous Peoples and invasive alien species is available 
at: https://doi.org/10.5281/zenodo.5760266

Taxonomic group Number and percentage of Indigenous and local knowledge sources reviewed

 Plants 
80 65%

 Invertebrates 14 11%

 Vertebrates 19 15%

 Microbe 1 1%

Multiple Taxa 10 8%

Total 124 100%

https://doi.org/10.5281/zenodo.5760266
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and a loss in vegetation cover and diversity due to invasive 
alien species (19 per cent), as well as negative impacts 
on native animals, including displacement, reduction 
in animal food and habitat and predation (7 per cent 
combined). Indigenous Peoples and local communities 
note that ecosystem processes, including fire regimes 
and regeneration, have also been disrupted by invasive 
alien species (e.g., Jevon & Shackleton, 2015), and that 
some invasive alien species are increasing the abundance 
of other invasive alien species. For example, local rice 
farmers in Cambodia report that the invasive shrub, Mimosa 
pigra (giant sensitive plant), has increased other invasive 
pests such as nematodes and rodents, which are more 
problematic for Indigenous Peoples and local communities 
in their rice fields (Rijal & Cochard, 2016).

Almost one-third of the reviewed sources highlight that 
invasive alien species have caused the reduction in specific 
native animal and plant species, with impacts occurring to 
species of similar niche or taxon (e.g., plants outcompeting 
other plants) or across different taxa (e.g., plants displacing 
fauna). For example, the Ifugao farmers in the Philippines 
have noted that Pomacea canaliculata (golden apple snail 
or “batikor” in local language) outcompetes native snails 
(R. C. Joshi et al., 2001) and Aboriginal people in north-
eastern Australia have reported that the invasion by Rhinella 
marina (cane toad) led to the disappearance of native 
frogs (Boll, 2006). The impact of invasive alien species on 
native species of a different taxon was highlighted by local 
communities in Nepal, who documented that the invasive 
vine, Mikania micrantha (bitter vine), limits food sources for 

Table 4  31  	 Number and type of impacts on nature caused by invasive alien species, as 
documented directly by Indigenous Peoples and local communities.

A data management report for the systematic cross-chapter review on Indigenous Peoples and local communities and invasive alien 
species is available at: https://doi.org/10.5281/zenodo.5760266

Types of negative and positive impacts of invasive alien species on nature, as 
documented by Indigenous Peoples and local communities

Number of 
reports

Percentage of 
total reports

Total negative reports 57 92%

Reduced specific species 19 31%

Reduced vegetation diversity/abundance 12 19%

Limits regeneration 5 8%

Negative impact on biodiversity 4 6%

Altered fire regimes 3 5%

Physical damage to habitat 3 5%

Increased abundance of other invasive alien species 3 5%

Kills trees 3 5%

Displaces animals 2 3%

Kills fish 1 2%

Predation 1 2%

Reduced animal habitat/food 1 2%

Total positive reports 5 8%

Provided animal habitat/food 2 3%

Increased animals 1 2%

Assist regeneration by limiting grazing 1 2%

Increased vegetation abundance 1 2%

https://doi.org/10.5281/zenodo.5760266
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wildlife, resulting in large and potentially dangerous fauna 
(tigers, rhinos, boar) increasingly leaving the forest in search 
of food (Sullivan et al., 2017). Indigenous Peoples and local 
communities value specific species that may be important 
to livelihoods, be totem or culturally important species, and 
indicator species for seasonal or environmental changes 
(Curran et al., 2019; C. J. Robinson & Wallington, 2012). 

Aside from specific species and ecological properties, 
Indigenous Peoples and local communities also report an 
overall negative impact on biodiversity (8 per cent of reports; 
Table 4.31) which reflects their understanding of the 
impacts on nature as a whole. Invasive alien species causing 
declines in biodiversity are seen as a degradation of the 
overall habitat (Sundaram et al., 2012), or a reduction in the 
condition of the forest (Jevon & Shackleton, 2015), leading 
to a decline in the health of landscapes. For example, 
weeds have caused “significant upheaval to their Aboriginal 
ancestral landscapes” (Bach et al., 2019).

Positive impacts of invasive alien species on nature 
represent less than 10 per cent of impacts reported by 
Indigenous Peoples and local communities. Most of 
the reported positive impacts concern the increases in 
vegetation structure and cover provided by larger invasive 
alien shrubs and trees (Table 4.31). For example, in open 
grasslands or previously degraded landscapes, some 
invasive alien species have provided habitat structure or 
additional food for animals (Bach et al., 2019), or assisted 
regeneration of native seedlings underneath spiky canopies 
as seedlings were protected from browsing by animals (R. T. 
Shackleton et al., 2017).

Brazil provides an example of how Indigenous Peoples and 
local communities can experience a range of impacts on 
nature, including connections with different taxa and with 
ecosystem properties such as water regulation.

“We live on an island surrounded by [invasive alien] 
acacia plants! Before, we hunted and fished, now we 
have bees that attack us and acacia plants that invade 
our farm plots as soon as we clear (burn) them, and they 
grow even stronger. I’ve killed rattlesnakes there that are 
attracted by the rats, and there have been more foxes 
and opossums, which damage the buriti palms. There 
are no more electric eels, and the water is rusty. You 
can’t drink the water in the Manoá igarapé, and even 
our wells are drying up. The ingá trees have stopped 
producing fruit since the acacia appeared. Parrots used 
to make nests in São Domingo, but now the bees have 
taken over. Rolinha doves used to wake us up and tell 
us when it was going to rain; now those birds don’t exist 
here anymore” (Souza et al., 2018, p. 6) 

4.6.2	 Impacts on nature’s 
contributions to people as 
documented by Indigenous Peoples 
and local communities

Of the 368 documented impacts of invasive alien species,17 
over 50 per cent are on nature’s contributions to people, 
which reflects the direct connection and dependence 
of many Indigenous Peoples and local communities on 
nature’s contributions to people for their livelihoods (R. T. 
Shackleton, Shackleton, et al., 2019) and reveals they have 
valuable knowledge on more complex ecosystem processes 
and services (F. Walsh et al., 2013; Ens, Pert, et al., 2015). 
Traditional and customary practices have often been 
developed over a long period of time to respectfully derive 
services from nature (Sangha et al., 2018). Although the 
number of documented impacts on nature’s contributions 
to people were relatively balanced between negative (55 per 
cent) and positive (45 per cent) (Table 4.32), the incidence 
of these impacts varied across categories. There are more 
negative than positive documented impacts on the provision 
of food and feed, on the availability and quality of water, and 
on cultural identities; whereas Indigenous Peoples and local 
communities report more positive than negative impacts 
on materials, labour and transport, energy, medicines, soil 
processes, physical and psychological experiences, and 
climate, with the last two categories mostly related to the 
provision of shade and ornamental aesthetics from plants 
(Table 4.32). 

For Indigenous Peoples and local communities, the 
provision of food and feed is the most negatively impacted 
(31 per cent) category of nature’s contributions to people 
(Table 4.32). This broad category includes the abundance 
and condition of wild food or crops for people, wild food and 
fodder for domestic animals and wildlife, as well as broader 
scale impacts such as a reduction in the size of land or 
interaction with other invasive alien species that cause crop 
damage. Impacts upon crops alone lead to various impacts 
on good quality of life, as local swidden farmers in West 
Africa documented in interviews that:

“in decreasing order of importance, [Imperata cylindrica 
(cogon grass)], reduces crop yield, limits field size that 
family labour can handle, increases labour requirements 
for weeding, causes physical injury to the skin, reduces 
quality of tuber crops, increases the occurrence of bush 
fires in perennial crops, and increases the incidence of 
insects and pathogens of economic crops” (Chikoye et 
al., 2000; Table 4, p. 485).

Many Indigenous Peoples and local communities highlighted 
the negative impact of invasive alien species on livestock 

17.	Data management report available at: https://doi.org/10.5281/
zenodo.5760266

https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266
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Table 4  32  	 Number and type of impacts on nature’s contributions to people caused by 
invasive alien species that were documented directly by Indigenous Peoples and 
local communities in peer-reviewed sources.

A data management report for the systematic cross-chapter review on Indigenous Peoples and local communities and invasive alien 
species is available at: https://doi.org/10.5281/zenodo.5760266

Types of negative and positive impacts of invasive alien species on  
nature’s contributions to people, as documented by Indigenous Peoples and  
local communities

Number of 
reports

Percentage of 
total reports

Total negative reports by category 103 55%

Food and feed (includes 13 reports (7%) of impacts on livestock health) 57 31%

Freshwater quantity 10 5%

Materials, companionship, labour 8 4%

Soils 7 4%

Supporting identities 6 3%

Freshwater quality 5 3%

Detrimental processes 2 1%

Maintenance of options 2 1%

Climate 1 1%

Energy 1 1%

Hazards 1 1%

Medicinal 1 1%

Physical/psychological experiences 1 1%

Pollination 1 1%

Total positive reports by category 84 45%

Food and Feed 22 12%

Energy 14 7%

Materials, companionship, labour 12 6%

Soils 11 6%

Medicinal 10 5%

Physical/psychological experiences 4 2%

Climate – shade 4 2%

Supporting identities 2 1%

Water quantity 2 1%

Air quality 1 1%

Habitat creation/maintenance 1 1%

Hazards 1 1%

https://doi.org/10.5281/zenodo.5760266
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health (7 per cent of reports), as a specific element within food 
and feed (Table 4.32). These negative impacts subsequently 
affected their good quality of life, as poorer condition livestock 
need more labour to be looked after, and livestock have 
inherent cultural value. For example, Puri (2015) described 
how for local people from southern Karnataka, India, cattle 
are a cultural keystone species, and yet “Lantana camara 
[lantana] causes difficulties feeding cattle as it covers up and 
suppresses fodder grasses. This has led to underfed and 
malnourished animals, which has weakened them and led 
to increased vulnerability to disease, injury due to accidents, 
and attack by wild animals, such as leopards. People in these 
communities fear for their own safety – having to take cattle 
further into the forest, on to steeper and more marginal terrain, 
and having to stay longer every day.” (Puri, 2015, p. 259).

Indigenous Peoples and local communities have reported 
significant impacts of invasive alien species on water 
resources, including water availability and security (5 per 
cent of reports) and water quality (3 per cent of reports). 
Their level of concern about these impacts was as high 
as that for impacts on livestock health (Table 4.32). 
Indigenous Peoples and local communities have also 
documented negative impacts of invasive alien species on 
soils (4 per cent of reports), which include impacts on soil 
fertility, erosion, microbiological processes, and overall land 
degradation. In a similar holistic perspective to impacts on 
nature, Indigenous Peoples and local communities view soil 
health as connected to other ecosystem processes such 
as regulation of water and the provision of food and feed, 
health, and the land (Koichi et al., 2012). 

Indigenous Peoples and local communities have documented 
positive impacts of invasive alien species across multiple 
categories of nature’s contributions to people, mostly on 
food and feed (12 per cent of reports), followed by energy 
(7 per cent), materials (6 per cent), soil processes (6 per cent), 
medicinal purposes (5 per cent), and physical/psychological 
experiences (2 per cent) and climate regulation (2 per cent), 
mostly related to shade and aesthetics from invasive trees 
(Table 4.32). Positive impacts can generally be observed by 
Indigenous Peoples and local communities in two situations: 
where invasive alien species are introduced, recognized and 
used for a particular purpose, and where they have adapted 
to the invasive alien species in a way that is different or 
supplementary to the original purpose of introduction or 
unintentional introductions. Indigenous Peoples and local 
communities have however highlighted that the use of or 
adaptation to an invasive alien species may not always be their 
preferred option, while other Indigenous Peoples and local 
communities have shown capacity for adaptation (section 4.6).

There are many examples where Indigenous Peoples and 
local communities can derive food, energy, materials and 
recognize land rehabilitation from invasive alien species, in 
line with the original purpose of introduction. Invasive alien 

fish species including Oncorhynchus tshawytscha (Chinook 
salmon), Lates niloticus (Nile perch), Cyprinus carpio 
(common carp), and Tilapia species have been introduced 
to traditional waterways as a food resource, and several 
Indigenous Peoples and local communities use the invasive 
alien species in this way to sustain their livelihoods (Riedmiller, 
1994; K. Smith et al., 2010; Cid-Aguayo et al., 2021). 
However, Indigenous Peoples and local communities are 
often not the agency in charge of such introductions (K. Smith 
et al., 2010; Broderstad & Eythórsson, 2014), and, alongside 
use of the invasive alien species, they report negative impacts 
on the original food supply, such as native fish in this case 
(Macnaughton et al., 2015; Santos & Nóbrega Alves, 2016; 
Cid-Aguayo et al., 2021). Similarly, many invasive trees have 
been introduced for timber supply (e.g., Acacia mearnsii 
(black wattle)), as a fuel source for household energy (e.g., 
Prosopis juliflora (mesquite)), and for erosion control and 
land rehabilitation (e.g., Grevillea banksii (Banks’ grevillea), 
Prosopis juliflora), and these species are used and recognized 
by Indigenous Peoples and local communities for these 
particular purposes (Duenn et al., 2017; Kull et al., 2019; 
C. M. Shackleton et al., 2007). However, Indigenous Peoples 
and local communities report that whilst invasive alien species 
are used for these purposes, the materials or energy source 
may be of lower quality to the original native species that they 
have replaced (Kull et al., 2019).

More commonly, Indigenous Peoples and local communities 
documented positive impacts where they adapted to 
the invasive alien species in new ways with additional or 
supplementary uses. For example, Grevillea banksii (Banks’ 
grevillea) was introduced to Madagascar for erosion control 
but Indigenous Peoples and local communities now value 
this plant for honey production, as well as for charcoal and 
fuel, fencing, and as habitat for birds (Kull et al., 2019). 
Branches of the invasive shrub, Lantana camara (lantana), 
are now used to make baskets for transporting goods, and 
supports basketry industry for local communities in southern 
India (Kannan et al., 2014). Other adaptive uses for invasive 
alien plants include making manures and fertilizer, soaps, 
oils and glues, and in particular, adapting to use invasive 
alien plants as medicines (5 per cent of reports). Adaptation 
can lead to improvements in good quality of life, such as 
facilitating cultural knowledge transfer.

4.6.3	 Impacts on good quality of 
life of Indigenous Peoples and local 
communities 

Indigenous Peoples and local communities also experience 
impacts of invasive alien species on their good quality of 
life.18 The systematic cross-chapter review on Indigenous 

18.	Data management report available at: https://doi.org/10.5281/
zenodo.5760266

https://doi.org/10.5281/zenodo.5760266
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Peoples and local communities and invasive alien species 
highlights that over two-thirds of impacts on their good 
quality of life are negative (68 per cent), and less than one-
third are positive (32 per cent) (Table 4.33).

4.6.3.1	 Affected constituents of good 
quality of life

When considering the different constituents of good 
quality of life (Chapter 1, Table 1.4; section 4.1.2; 
Box 4.3), Indigenous Peoples and local communities 
are experiencing both negative and positive impacts on 
material and immaterial assets, in a similar proportion, with 
28 per cent and 24 per cent of all reports, respectively 
(Table 4.33). However, when considering all the remaining 
elements of good quality of life, there are far more 
documented negative impacts than positive impacts 
of invasive alien species on human health (13 per cent 
negative, 1 per cent positive), safety (10 per cent negative, 
1 per cent positive), and freedom of choice and action 
(8 per cent negative, no positive reports), and slightly 
more negative than positive reports for social, cultural 
and spiritual relationships (10 per cent negative and 7 per 
cent positive). Spiritual impacts may have been under-
documented as, for many Indigenous Peoples and local 
communities, spirituality is a foundational consideration 

for all aspects of daily living and worldview, that is 
interconnected with more than one constituent of good 
quality of life (Robin et al., 2022). However, spirituality may 
be private knowledge that is not shared in public research, 
or may be all encompassing and taken as an obvious 
component of everyday life that is therefore not singled out 
during interview questions (IPBES, 2022). 

4.6.3.2	 Themes directly documented 
from Indigenous Peoples and local 
communities
Indigenous Peoples and local communities have consistently 
identified themes within the literature that reviews how 
invasive alien species impact the five main constituents 
of their good quality of life (Table 4.34). Some of these 
themes feed into multiple constituents of good quality 
of life, for example, maintaining access and mobility is 
considered by Indigenous Peoples and local communities 
in access to resources (material/immaterial assets, Adams 
et al., 2018; Kent & Dorward, 2015), cultural sites (social/
spiritual/cultural relationships; C. M. Shackleton et al., 2007; 
Bach et al., 2019) and the freedom to move as they have 
always done (freedom of choice or action, (Rettberg, 2010). 
This accounts for slightly different numbers of reports in 
Table 4.33, compared to Table 4.34.

Table 4  33  	 Number of impacts of invasive alien species on the five constituents of good 
quality of life for Indigenous Peoples and local communities.

A data management report for the systematic cross-chapter review on Indigenous Peoples and local communities and invasive alien 
species is available at: https://doi.org/10.5281/zenodo.5760266

Negative and positive impacts on the five constituents of good quality of life for 
Indigenous Peoples and local communities

Number of 
reports

 Percentage of 
total reports

Total negative reports 81 68%

Material/Immaterial assets 33 28%

Health 15 13%

Safety 12 10%

Social/Spiritual/Cultural 12 10%

Freedom of choice/action 9 8%

Total positive reports 38 32%

Material/Immaterial assets 28 24%

Social/Spiritual/Cultural 8 7%

Health 1 1%

Safety 1 1%

Grand Total 119

https://doi.org/10.5281/zenodo.5760266
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Affected constituent of good quality of life

Impacts on good quality of life 
across themes

Number 
of reports

Percentage of 
total reports Assets Health Safety Relations Freedom

Negative impacts

Health 15 13%

Labour – more difficult/costly/time/
amount 14 11%

Access and Mobility 13 11%

Cultural knowledge transfer/practices/
relations/values 9 7%

Safety 9 7%

Livelihoods overall negatively impacted 7 6%

Abandon activities or land 4 3%

Damage to material assets 4 3%

Reduced land area 4 3%

Conflict individual level 3 2%

Damage to cultural sites 3 2%

Feeling disturbed by changes in 
environment and way of life 3 2%

Affected industry/economy 2 2%

Freedom of choice/action – considering 
future generations 2 2%

Enjoyment of areas 1 1%

Reduced income 1 1%

Increased expenditure 1 1%

Reduced social cohesion/quality 1 1%

Positive impacts

Livelihood resource – income 9 7%

Cultural knowledge transfer/practices/
relations/values 5 4%

Develop an industry/employment 4 3%

Labour is easier 2 2%

Livelihood resource 2 2%

Health 1 1%

Livelihood resource – income savings 1 1%

Livelihoods – housing 1 1%

Relaxation 1 1%

Table 4  34  	 Impacts on good quality of life documented by Indigenous Peoples across 
different themes.

Number and type of impacts on the good quality of life of Indigenous Peoples and local communities, by themes directly documented 
by Indigenous Peoples and local communities in the reviewed sources. Colours in the columns to the right indicate the constituents 
affected by the documented life theme. A data management report for the systematic cross-chapter review on Indigenous Peoples and 
local communities and invasive alien species is available at https://doi.org/10.5281/zenodo.5760266

https://doi.org/10.5281/zenodo.5760266
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Impacts of invasive alien species on material and immaterial 
assets have been documented as negative and positive in 
similar proportions (Table 4.33), but breaking this down into 
themes from Indigenous Peoples and local communities, 
it appears that positive impacts derive from gaining 
income or developing an industry (10 per cent of reports 
combined), and negative impacts translate into increased 
labour, reduced mobility and access, and less availability 
of traditional lands (28 per cent of reports combined) 
(Table 4.34).

Some invasive alien species provide income streams 
and support Indigenous Peoples and local communities 
to engage in or develop an industry such as honey 
production, basketry, Melaleuca oil distilleries, sports 
fishing, hunting, or tourism (Kannan et al., 2014; Aigo & 
Ladio, 2016; Ens, Fisher, et al., 2015; Kull et al., 2019; 
Maldonado Andrade, 2019; Fache, 2021). In some cases, 
local industries supports employment that maintains 
cultural connections, with long-lasting and broad benefits 
to health and good quality of life for Indigenous Peoples 
and local communities (A. Wright et al., 2021). Industries 
based on invasive alien species can also provide a more 
stable income stream, such as charcoal-making, which 
is more reliable and as economically beneficial as rain-
fed rice cultivation (Chandrasekaran & Swamy, 2016). 
Industries specialized on a single invasive alien species can 
however become a more susceptible income stream for 
people, and reduce the diversity of earlier income stream 
made before invasion, for example from a wide variety of 
non-timber forest products (Kannan et al., 2014). A study 
on Lantana camara (lantana) in Karnataka, India, showed 
little difference in household income derived from invasive 
alien species compared to original forest resources 
(Kannan et al., 2014). As noted before, while Indigenous 
Peoples and local communities can adapt to an invasive 
alien species and derived benefits, they may have preferred 
to maintain and protect the original native species, had this 
option been available (IPBES, 2022)

The positive reports of income from invasive alien 
species are contrasted with reports of harder labour, 
reduced access and mobility, abandoned traditional 
activities or abandoned/reduced land area (Table 4.34). 
Reduced access and mobility, and increases in labour 
requirements due to invasive alien species were both 
equally documented by Indigenous Peoples and local 
communities (11 per cent of reports each). Invasive alien 
species can indeed reduce access to traditional lands, 
cultural sites or access to basic resources such as to 
clean water by physically blocking travelling routes, limiting 
mobility of people and making it more time consuming 
to reach resources, and even leading to the thought of 
traditional lands being “blocked” by invasive alien species 
(R. T. Shackleton et al., 2017; Witt et al., 2019). There were 
no reports of invasive alien species improving access and 

mobility for Indigenous Peoples and local communities, nor 
increasing the size of available land, and only one mention 
of an invasive forb, Chromolaena odorata (Siam weed), 
which made labour easier for some local rice farmers in 
Laos (Roder et al., 1995). Ensuring the rights of Indigenous 
Peoples to maintain, use, and control their traditional 
lands (Article 26 of the United Nations Declaration on the 
Rights of Indigenous Peoples (UNDRIP)) is important for 
Indigenous Peoples and local communities to maintain 
their cultural identity and self-determination as well as be 
able to better respond to and manage biological invasions. 
Loss of access and rights to traditional lands has been 
highlighted as a driver of the establishment and spread of 
invasive alien species (IPBES, 2022; Chapter 3, section 
3.2.5), which facilitates further negative impacts. 

Health of Indigenous Peoples and local communities has 
been documented to be more negatively impacted (13 per 
cent of reports) than positively (1 per cent) (Table 4.34). 
Negative health impacts include injury, allergies, toxicity, 
lack of access to clean water, but they have also been 
documented when the lands of Indigenous Peoples and 
local communities and nature were affected by invasive alien 
species (Sloane et al., 2019), inducing stress and sadness 
from working on “sick country” (Maclean et al., 2022), or 
feeling despair at the influence of humans in environmental 
change (Aigo & Ladio, 2016). Indirect impacts on health 
have also been documented such as from charcoal 
production derived from invasive alien species (Kull et al., 
2019), and there may be more indirect health effects that 
have not yet been documented in the literature. There are 
multiple ways by which health of Indigenous Peoples and 
local communities can be affected. For example, Rogers 
et al. (2017) document that for traditional Afar pastoralists 
in Ethiopia, Prosopis (mesquite) has indirectly reduced 
the availability of milk for domestic consumption and/or 
market, resulting in a lack of cash resources for education 
and healthcare. Afar pastoralists also observed that their 
economic status, social health, and community well-being 
are negatively affected, leading to reduced capacity to 
adapt to change and cope with environmental risks, as 
well as contributing to a widespread feeling of despair and 
uncertainty regarding their overall quality of life (Rogers et al., 
2017). Invasive alien species can also impact the safety and 
security of Afar pastoralists, as dense invasive alien plants 
can provide a hiding place for larger wildlife or criminals, 
causing violent conflict with Issa pastoralists over resources 
(Rogers et al., 2017).

Impacts on society-wide good quality of life

There are 66 documented examples where invasive alien 
species have impacted the well-being of communities and 
societies at a higher level (Table 4.35). More research 
with input from Indigenous Peoples and local communities 
is required on this topic as these society-level impacts 
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have often been interpreted solely by authors of the 
publications. A vast majority (over 80 per cent) of these 
society-level impacts are negative, they include conflicts 
between groups, major changes in land use and resource 
tenure, and disruptions or other harms to ancestral cultural 
identities, laws and relationships (Amanor, 1991; Bekele 
et al., 2018; Pretty Paint-Small, 2013; Costanza et al., 
2017; Sloane et al., 2019). Some positive impacts have 
also been documented, highlighting that adaptation to 
invasive alien species can contribute, in some cases, to 
maintain cultural institutions and knowledge, and language 
transfer between generations, especially when Indigenous 
Peoples and local communities still have access to their 
traditional lands (Maldonado Andrade, 2019; Bach et al., 
2019). In some cases, invasive alien species have become 
part of the cultural identity of Indigenous Peoples and local 
communities (e.g., feral cattle in Hawaii, Fischer, 2007).

4.6.4	 Indigenous Peoples and local 
communities: comparing positive 
and negative impacts of invasive 
alien species 

The lack of data on the magnitude of impacts of invasive 
alien species on nature, nature’s contributions to people 
and good quality of life, as assessed by Indigenous 
Peoples and local communities (section 4.7.2), poses a 
challenge in comparing impacts between studies, regions 
or communities. The magnitude of impacts of invasive alien 
species may not be simply categorized as either wholly 
positive or negative, as there are often trade-offs to be 
considered. In some cases, the positive impacts may be 
the “least-worst” option, while still having some negative 
effects (IPBES, 2022). In 12 of the reviewed sources, 

Table 4  35  	 Number and type of impacts on society-wide good quality of life for Indigenous 
Peoples and local communities.

A data management report for the systematic cross-chapter review on Indigenous Peoples and local communities and invasive alien 
species is available at https://doi.org/10.5281/zenodo.5760266

Negative and positive impacts of invasive alien species on society-wide good 
quality of life for Indigenous Peoples and local communities

Number of 
reports

 Percentage of 
total reports

Total negative reports 55 83%

Conflict 15 23%

Cultural institutions 11 17%

Resource tenure 7 11%

Settlement/land-use 7 11%

Education/knowledge 6 9%

Governance 4 6%

Social stratification 4 6%

Social security 1 2%

Total positive reports 11 17%

Cultural institutions 3 5%

Education/knowledge 2 3%

Resource tenure 2 3%

Social stratification 2 3%

Governance 1 2%

Settlement/land use 1 2%

Grand Total 66

https://doi.org/10.5281/zenodo.5760266
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Indigenous Peoples and local communities have conducted 
a comparison of the negative versus positive effects within 
the same study, considering these trade-offs. In 11 out of 
the 12 cases, invasive alien species were found to have 
more negative than positive impacts overall.

Particularly, Indigenous Peoples and local communities 
reported an equal number of negative and positive 
impacts on material and immaterial assets. Studies on the 
perspectives and experiences of Indigenous Peoples and 
local communities with invasive alien species have therefore 
sought further qualitative and contextual analysis through 
survey data to better understand these impacts (Table 4.36). 

4.6.5	 Interactions between impacts 
and trends, drivers, management 
documented by Indigenous Peoples 
and local communities

Interaction of invasive alien species trends 
and impacts

Indigenous Peoples and local communities report changes 
in the impacts of invasive alien species depending on the 
trend in abundance over time. In this review, some impacts 

increased with time, whilst other impacts decreased 
depending on the interaction with livelihoods.19 For example, 
Paralithodes camtschaticus (red king crab) was initially seen 
as a pest by the Saami fisher people in Norway, but was 
later viewed as a major economic resource (Broderstad & 
Eythórsson, 2014). In contrast, in Botswana, local people 
initially “embraced” Prosopis juliflora (mesquite), but as rates 
of spread increased in the 1990s, its negative impacts on 
livelihoods started to become a serious concern (Mosweu et 
al., 2013).

Interactions of invasive alien species and 
other drivers of change amplify impacts for 
Indigenous Peoples and local communities

Other drivers were identified by Indigenous Peoples 
and local communities to interact with invasive alien 
species and amplify impacts. Climate-related drivers, 
including drought, rainfall and temperature variability were 
documented as reducing the resilience of livestock and 
crops to invasive alien species and diseases (Rettberg, 
2010; Upadhyay et al., 2020; Fenetahun et al., 2020). 
A lack of resources, such as limited access to irrigation 
equipment or tools in the context of increased labour 

19.	Data management report available at: https://doi.org/10.5281/
zenodo.5760266

Table 4  36  	 Examples of invasive alien species with conflicting values.

Sources retrieved from a systematic cross-chapter review on Indigenous Peoples and local communities and invasive alien species. 
Data management report available at https://doi.org/10.5281/zenodo.5760266

Comparison of beneficial and detrimental impacts within the text
Invasive alien 

species

“Only 37% of respondents said that mimosa could be (and sometimes was) used as firewood; 63% saw no plant uses” 
(Rijal & Cochard, 2016) 

Mimosa pigra 
(giant sensitive 
plant)

“A fifth (20%) of respondents reported eating O. stricta fruit, with the remaining 80% saying they ate it only rarely or 
never. Significantly, more men reported eating O. stricta than women … Respondents mentioned that a lot of time 
and effort is needed to remove the small barbs (glochids) from the fruit and that it could only be eaten in moderation 
otherwise it would result in stomach ‘irritation’” (R. T. Shackleton et al., 2017, p. 2433)

Opuntia stricta 
(erect prickly 
pear)

“Some people use the plant’s milky latex sap as a livestock insecticide, applying it to insects that are attached to cattle. 
However, this is not widely practiced because, as a number of participants explained, the sap is also a skin irritant and 
will burn a person if any touches exposed skin.” (Luizza et al., 2016)

Cryptostegia 
grandiflora 
(rubber vine)

“Respondents reported that they have other trees superior to S. spectabilis in their compounds that serve as shade, 
flower and fence provision, and wind brakes.” (Mungatana & Ahimbisibwe, 2012, p. 189) 

Senna spectabilis 
(whitebark senna)

“Health problems include animal teeth falling out from eating too many P. juliflora pods, as a pastoralist suggested, 
‘For two months of the year, the pods are good so animals can eat something; if they eat it every two days it creates no 
problems, but too much makes the teeth fall’” (Duenn et al., 2017, p. 571)

Prosopis ssp.

“Some farmers say Acheampong [Chromolaena odoratum] is bad. But if you are strong and can cut out its roots it is not 
bad. Maize grows well where Acheampong has been. It has some moisture in its roots and this is good. But if you can't 
cut out its roots it is trouble. It will grow back very quickly and spoil your crops” (Amanor, 1991, p. 9)

Chromolaena 
odorata (Siam 
weed)

https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266
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demands, further put strain on Indigenous Peoples and 
local communities and their ability to cope with impacts 
of both invasive alien species and climate change (Rijal 
& Cochard, 2016). For some Indigenous Peoples and 
local communities, the introduction of invasive alien 
species to traditional lands and water is representative of 
human intervention by non-indigenous people at sacred 
landscapes, which causes additional distress on well-being 
due to historical and ongoing disempowerment (Aigo & 
Ladio, 2016; Bach et al., 2019).

Impacts of interactions between management 
of invasive alien species by Indigenous 
Peoples and local communities

For Indigenous Peoples and local communities, positive 
impacts of invasive alien species can include opportunities 
for skills development, knowledge sharing and employment 
when managing biological invasions and controlling invasive 
alien species. For example, invasive weed management 
provided opportunities for elders to teach young Aboriginal 
peoples about culture, and to experiment with traditional 
burning regimes as a form of weed control (Bach & Larson, 
2017). In North America, traditional methods to locate and 
harvest ash trees are being documented by Indigenous 
Nations in response to the spread of Agrilus planipennis 
(emerald ash borer), responsible for the death of culturally 
significant Fraxinus nigra (black ash). Family and tribal 
stories associated with traditional gathering areas are also 
being documented as part of this effort (Poland et al., 2017; 
Reo et al., 2017; Box 4.14). 

Some reports have emphasized that the management of 
biological invasions can divert resources, such as time and 
money from other important priorities, or even cause harm 
itself. For instance, forest management committees in Nepal 
have been allocating a portion of their annual income for 
the management of Mikania micrantha (bitter vine), which 
would be otherwise spent on infrastructure development 
and social services (Sullivan & York, 2021). Additionally, they 
have reported an increase in the amount of labour and time 
required for controlling invasive alien species (Table 4.34). 
As mentioned in previous sections, Indigenous Peoples and 
local communities have also reported experiencing health 
problems when controlling invasive alien species, particularly 
through the excessive or unsafe use of pesticides (Head & 
Atchison, 2015; Machekano et al., 2017). 

4.7	 DISCUSSION AND 
FUTURE DIRECTIONS 

4.7.1	 Models and scenarios of 
impacts

Authors have conducted a systematic literature review of 
778 papers on models and scenarios involving biological 
invasions, of which 171 papers address the impacts 
of invasive alien species.20 Most studies consider the 
impacts of invasive alien species to native species or native 
ecosystems, and 18 per cent (31 papers) consider the 
impacts of invasive alien species on nature’s contributions 
to people, 8 per cent (14 papers) on good quality of life, 
and 1.8 per cent (3 papers) on Indigenous and local 
knowledge (Table 4.37). Material contributions (assets) 
are the most well-studied, both in nature’s contributions to 
people and good quality of life. Most model and scenario 
studies on impacts of invasive alien species are conducted 
in the Americas, followed by Europe and Central Asia, 
and Asia and the Pacific (Table 4.38). The United States 
has been the most extensively modelled country, followed 
by Australia, New Zealand, and Canada (Table 4.39). 
Modelling studies in Europe often include more than one 
country and these studies are covered under the “several” 
category in Table 4.39. Process-based models are the most 
frequently used (81 papers) to study the impacts of invasive 
alien species, followed by correlative models (68 papers), 
hybrids (19 papers) and expert-based system (3 papers). 
The largest proportion of studies used exploratory scenario 
(138 papers), followed by policy-screening scenario 
(17 papers) and target-seeking scenario (16 papers). 
Climate change is the largest scenario type (60 papers), 
followed by invasive alien species managements. The 
most modelled taxonomic group for impact assessment is 
invertebrates (63 papers), followed by plants (54 papers), 
mammals (23 papers), and fish (22 papers). Terrestrial realm 
is the most frequently modelled realm (126 papers) followed 
by inland waters and marine.

Models quantifying the impacts of invasive alien species 
can be a helpful tool to inform decision-makers and 
stakeholders as they evaluate management options. The 
systematic review showed that a large proportion of model 
and scenarios studies focus on predicting the potential 
distribution ranges of invasive alien species (61 per cent), 
often using climate change scenarios (48 per cent), but the 
efforts to evaluate their impacts on nature’s contributions to 
people, good quality of life and Indigenous local knowledge 
are limited. Building such models faces numerous 
challenges (Venette, 2015; Leung et al., 2012) because 
the impacts of invasive alien species on nature, nature’s 

20.	 Data management report available at https://doi.org/10.5281/
zenodo.5706520

https://doi.org/10.5281/zenodo.5706520
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contributions to people, and good quality of life are complex 
and highly context-dependent, and differ among invaded 
regions (Essl et al., 2020; Kumschick et al., 2015). Moreover, 
predicting future trajectories of the impacts of invasive alien 
species depends on the development of reliable scenarios 
for the introduction, time lags, and spread of the invasive 
alien species, but such attempts are still limited (Corrales et 
al., 2018; Essl et al., 2019). Currently, predicted trajectories 
of invasive alien species are primarily based on experts’ 
knowledge and opinions from western regions, and inputs 
from other regions are rare (Essl et al., 2020). Recently, 
however, conceptual frameworks for building alien species 
scenarios are emerging (Lenzner et al., 2019), and future 
predictions of invasive alien species incursions and spread 
have been evaluated at the continental scale (Seebens 
et al., 2021). Those studies will help to develop scenario-
based assessments, such as climate change (IPCC, 2014) 
or biodiversity loss (IPBES, 2016), for biological invasions 
in the near future. Moreover, standardized global impact 
assessment schemes (Bacher et al., 2018; IUCN, 2020; 
Vimercati et al., 2022) and databases, such as InvaCost for 
the economic costs of biological invasions on a global scale 
(Diagne, Leroy, et al., 2020), are available. A recent InvaCost 
study showed rising economic costs of biological invasions 
both in management and damage caused by invasive alien 

species (Diagne, Leroy, et al., 2020; Diagne, Turbelin, et al., 
2021). Although there is no such global database nor study 
for the impacts of invasive alien species on native species or 
native ecosystems (but see section 4.3.1), it is most likely 
that those impacts are also increasing, since the number 
of invasive alien species establishments is still increasing 
globally (Seebens et al., 2017; Chapter 2, section 
2.2.1). Combining the predicted distribution of invasive 
alien species with those studies will provide an excellent 
opportunity to estimate the impacts of invasive alien species 
in a changing world. 

The systematic literature review on scenarios and models 
completed for this assessment only focused on studies 
published in English, resulting in a potential bias towards 
western countries, especially English-speaking countries. 
Indeed, the United States is by far the most represented 
country in the dataset (23 per cent), followed by Australia 
(8 per cent), New Zealand (3 per cent) and Canada (3 per 
cent). Countries in other regions, especially Africa, are much 
less prevalent or missing altogether A recent study showed 
that non-English studies can contribute to improve our 
knowledge in conservation biology (T. Amano et al., 2021), 
as well as estimation of the costs of biological invasions 
(Angulo, Diagne, et al., 2021). 

Table 4  37  	 Number of publications on the impacts of invasive alien species on nature’s 
contributions to people, good quality of life, and Indigenous and local knowledge, 
using models and scenarios.

Data management report available at https://doi.org/10.5281/zenodo.5706520

Type of impact Both Negative Positive Total

Nature’s contributions to people

No 16 120 4 140

Yes 7 22 2 31

Material 1 12 1 14

Non-material 3 3

Regulating 6 7 1 14

Good quality of life

No 22 129 6 157

Yes 1 13 14

Material 1 8 9

Non-material 5 5

Indigenous and local knowledge

No 23 139 6 168

Yes 3 3

https://doi.org/10.5281/zenodo.5706520
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Table 4  38  	 Number of publications per region on the impacts of invasive alien species using 
models and scenarios.

Data management report available at https://doi.org/10.5281/zenodo.5706520

IPBES regions Number of papers

The Americas 73

Europe and Central Asia 41

Asia and the Pacific 30

NA/NS (Not applicable/Not stated) 10

Africa; The Americas; Asia and the Pacific; Europe and Central Asia 8

Africa 4

Africa; Europe and Central Asia 1

Asia and the Pacific; The Americas 1

The Americas; Africa 1

The Americas; Asia and the Pacific; Africa 1

The Americas; Asia and the Pacific; Europe and Central Asia 1

Grand Total 171

Table 4  39  	 Number of publications per country (top 12) on the impacts of invasive alien 
species using models and scenarios.

Data management report available at https://doi.org/10.5281/zenodo.5706520

Countries Number of papers

United States of America (the) 54

Several 37

Australia 11

New Zealand 7

Canada 6

France 4

Mexico 4

Finland 3

Germany 3

Italy 3

Japan 3

Portugal 3

https://doi.org/10.5281/zenodo.5706520
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4.7.2	 Challenges for future studies 
of impacts (based on knowledge 
gaps)

Chapter 4 identifies a number of challenges that may 
limit the understating of impacts of invasive alien species. 
This section highlights the main challenges that have been 
identified in the hope that future research will help close these 
important knowledge gaps. Aiming for a more complete and 
global understanding of the impact of invasions will contribute 
to their successful management and governance (Nuñez et 
al., 2020; Chapters 5 and 6). 

The data and information presented in this chapter reveal 
substantial geographical and taxonomical gaps on the 
documentation, quantification and understanding of impacts, 
with lesser-studied regions potentially more affected, and 
lesser-studied taxa potentially more impactful (e.g., invasive 
alien viruses, bacteria, protists, fungi). The quality and quantity 
of impact information available for different taxa, units of 
analysis, regions and realms differ greatly, and research efforts 
for invasive alien species impacts are unevenly distributed 
geographically, temporally, and taxonomically. 

The impact database developed through this chapter 
highlights the incompleteness of information on impacts of 
invasive alien species in Central Asia (mainly due to language 
barriers) and Africa. There are also discernible biases 
within regions. For example, in Africa, most impacts are 
documented from South Africa; eastern and northern Africa 
being much less covered. 

These biases are observed across all realms, but especially 
in marine ecosystems, where the extent and timing of 
research efforts lag behind terrestrial studies (Ojaveer et al., 
2015). Quantitative data on ecological impacts are generally 
scarce, even in well-studied regions. Although research on 
marine invasive alien species is relatively recent (initiated in 
the 1960s and 1970s), there are already distinct geographic 
and taxonomic knowledge biases on impacts of marine 
invasive alien species. Impacts for the vast majority of marine 
alien species have not been quantitatively or experimentally 
studied over sufficiently long temporal and spatial scales, 
and their cumulative and synergetic connections with other 
drivers of change affecting the marine environment are largely 
unknown. A literature survey on alien marine macroalgae 
revealed information on impacts for only 30 species globally 
(Davidson et al., 2015). Evidence for most of the documented 
ecosystem impacts in European seas is based on expert 
judgement or correlations, with only 13 per cent of the 
documented impacts inferred from manipulative or natural 
experiments. A similar paucity of impact data is apparent 
in North America. A recent synthesis of global ecological 
impacts21 comprises 76 species, about 4 per cent of 

21.	https://www.marinespecies.org/introduced/

documented marine alien species, and the ecological impacts 
of 49 of the species were quantified in only one study each. 

This chapter also highlights biases in the study of impacts of 
invasive alien species across units of analysis: in the marine 
realm, most studies were confined to intertidal/shallow 
subtidal areas, and in the terrestrial realm few impacts have 
been documented in deserts, tundra and high elevation 
mountainous habitats.

The impact database developed through this chapter also 
reveals a lack of understanding and synthesis of impacts of 
invasive alien microbes across all regions of the world. Some 
microbes are pathogens of plants, animals or humans, and 
due to their small size and parasitic lifestyle, many microbes 
can frequently be transported, introduced and established. 
While microbes can be considered as invasive alien 
organisms (Nuñez et al., 2020; H. E. Roy et al., 2017), they 
have been long ignored in the field of ecology, and this could 
be a reason for their small representation.

Similar to trends in publications in other disciplines (Nuñez et 
al., 2021), many of the publications reviewed in this chapter 
focus on impacts occurring in a narrow set of wealthy 
countries. Although references in other languages could 
drastically improve the understanding of impacts of invasive 
alien species, about 95 per cent of the publications listed in 
the impact databased developed through this chapter are in 
English, severely underrepresenting studies in non-English 
scientific journals (Angulo, Diagne, et al., 2021; Nuñez & 
Amano, 2021). 

The intrusion of geopolitical boundaries in biological invasion 
science constitutes another information-related challenge, 
as invasive alien species are often transported from one 
region to another within the same country. Subsequently, a 
species native to one region may, under certain definitions, 
be considered invasive in another region in the same 
country, especially in large countries (Nelufule et al., 2022). 
In the impact database developed through this chapter, 
geopolitical boundaries have been considered, i.e., species 
were only defined alien if they crossed national borders. 

Context dependency presents a fundamental challenge 
(Sapsford et al., 2020) when determining whether impacts 
are deemed detrimental or beneficial. Assessing the 
directionality of impact can be influenced by subjective 
human perceptions and values, resulting in potential 
disagreement among different stakeholders. Some invasive 
alien species have conflicting values associated with them, 
whereby they may cause negative impacts for some, but 
may be treasured by others. They may negatively affect 
some native taxa, but create conditions that favour other 
native taxa (Vitule et al., 2012) or have economic benefits 
to some sectors (Box 4.10). Impacts may also change 
over time, with some species having very low negative 

https://www.marinespecies.org/introduced/
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impacts for long periods of time, before they become 
highly problematic (Chapter 1, section 1.4.4; Chapter 2, 
section 2.2.2; Essl et al., 2012). Furthermore, the same 
invasive alien species can also have a large impact in one 
area but no impact in another (Zenni & Nuñez, 2013). A 
deeper understanding on the socioecological context 
of conflict species and time lags will contribute to more 
successful management programmes (Chapter 5, 
section 5.6.1.2).

This chapter highlights several other research and 
knowledge gaps that impede a comprehensive 
understanding of impacts of invasive alien species. 
Compared to the information available on impacts on 
nature, there is incomplete data on impacts on nature’s 
contributions to people and good quality of life. Furthermore, 
there is very little systematic research on gender differences 
in impacts of invasive alien species beyond anecdotal 
evidence of direct impacts (for further examples see IPBES, 
2022). Most studies on impacts of marine invasive alien 
species relate to impacts on nature, including ecosystem 
health. The number of marine invasive alien species with 
sufficient data to satisfy the criteria for “significant negative 
impact” is small, as the understanding of marine ecosystem 
functions is constrained. Unless impacts are conspicuous, 
induce direct economic cost, or impinge on human health, 
they fail to elicit public awareness, attract funding, or result 
in scientific analysis (Katsanevakis et al., 2014; Ruiz et al., 
1999). Improving the data and understanding on the extent 

and variety of the impacts marine invasive alien species 
create, singly and cumulatively, will contribute to providing 
timely and efficient management and policy instruments.

Finally, impacts resulting from interactions amongst invasive 
alien species and with other drivers of change, are largely 
misunderstood. Interactions among co-occurring invasive 
alien species (“invasional meltdown”; Glossary; Chapter 
1, section 1.3.4; Chapter 3, section 3.3.5.1; Simberloff 
& Von Holle, 1999) or with other drivers of change can 
exacerbate their impacts and facilitate additional invasive 
alien species, increasing competition with native species, 
and creating new challenges for restoration (Glossary) of 
native habitats (Kuebbing & Nuñez, 2016). For instance, 
global extinctions (Box 4.4) are often caused by multiple 
factors, including invasive alien species. Understanding the 
interactions of invasive alien species with other drivers of 
change such as land- and sea-use change, climate change, 
pollution and sociocultural drivers (e.g., hunting of wildlife), 
will improve the understanding of impacts of invasive alien 
species and inform future predictions of the impact of 
invasive alien species. 
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Chapter 5

MANAGEMENT; CHALLENGES, 
OPPORTUNITIES AND LESSONS 
LEARNED

EXECUTIVE SUMMARY

 1 Substantial knowledge, options and experience 
in management of biological invasions exist at the 
regional, national and local levels (well established) 
{5.2, 5.3, 5.4, 5.5, 5.6}. Key challenges for the effective 
implementation of biological invasion management include 
developing appropriate policies and regulations to support 
management {5.6.2.1}, building management capability and 
capacity {5.6.2.4} (Table 5.11), fostering collaborative 
governance to assist stakeholder engagement within cultural 
contexts {5.2.1} and developing and implementing 
processes to manage cross-jurisdictional and transboundary 
issues (Table 5.11). Addressing these challenges can 
ensure effective implementation of management strategies 
(well established) {5.6.2}. 

 2 Options for management of biological invasions 
include pathway, species-based and site- or 
ecosystem-based approaches (well established) 
{5.1.1}. When implemented, these approaches will help 
mitigate impacts of invasive alien species and 
enhance ecosystem resilience (well established) {5.3, 
5.5}. Pathway management is a major component of 
prevention (well established) {5.5.1}. Species-based 
management, which includes surveillance, detection, 
eradication, containment and control, has been effective in 
many contexts (well established) {5.5.2, 5.5.3, 5.5.4, 5.5.5} 
(Figure 5.1). Species-based and site-based approaches, 
such as species removal through adaptive management and 
ecosystem restoration, are likely to enhance cost-effective 
improvement of nature, nature’s contributions to people and 
good quality of life (well established) {5.5.1, 5.3.2, 5.5.3, 
5.5.6}. Integrated pathway, species-based and site-based 
management through engagement of stakeholders and 
Indigenous Peoples and local communities, can optimize 
management outcomes (established but incomplete) 
{5.2.1, 5.6.2.1}.

 3 Prevention, where possible, together with 
preparedness through surveillance and rapid 
intervention, is a cost-effective long-term biosecurity 
approach (well established) {5.5.1, 5.5.2}. Preventive 
actions early in the biological invasion process decrease 
new species’ arrivals and interception rates at the border 
and post-border (well established) {5.5.1}. Pre-border 

biosecurity planning and the implementation of prevention 
strategies through anthropogenic pathways is cost-effective 
in reducing biological invasions (well established) {5.5.2, 
5.6.3.3}. Prevention is particularly effective for managing 
biological invasions in marine and connected water systems 
(e.g., ballast water and biofouling management) (well 
established) {5.5.1}. Safe trade that avoids biological 
invasions is supported by international sanitary, 
phytosanitary and animal health standards (well established) 
{5.3.1.1}. Preparedness based on surveillance, early 
detection and rapid response systems can quickly support 
cost-effective delimitation and eradication of newly 
established alien species when possible (well established) 
{5.5.1, 5.5.2, 5.5.3}. General surveillance systems for new 
alien species (e.g., through citizen science) are the most 
cost-effective approach to preparedness (established but 
incomplete) {5.4.2.2}. Many policies exist to support 
prevention of movement of invasive alien species pre-border, 
at the border and post-border (well established) {5.6.3.3}. 

 4 Eradicating invasive alien species can be highly 
cost-effective on small islands or similar 
biogeographically isolated habitats of high biodiversity 
value and for localized and easily delimited invasive 
alien species (established but incomplete) {5.5.3}. 
Eradication methods for invasive alien species on islands 
and similar isolated habitats are well developed, particularly 
for animals, and provide good examples of successful 
management (well established) {5.5.3}. Eradication other 
than on relatively small islands is typically only effective for 
highly localized incursions that spread slowly and/or where 
detection of invasive alien species’ presence and 
delimitation is easy, where re-introductions are unlikely, and 
where effective removal techniques are available {5.5.3}. For 
invasive alien plant eradication, tested decision support 
tools exist (well established) {5.5.3}. Eradication 
programmes with community support on inhabited islands 
can become more challenging as island size increases 
(established but incomplete) {5.5.3}. Successful eradication 
of invasive alien species directly benefits good quality of life 
(well established) {5.5.3}. 

 5 Effective management tools and technologies 
have been developed for prevention, preparedness 
and intervention (well established) {5.4}. New 
technologies are also being developed to improve 
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complementary management approaches including 
ecosystem restoration (well established) {5.4}. Many 
platform-based tools exist or are under development 
including a) surveillance tools using remote sensing, sensory 
and genetic data capture and analytics, b) lab-based and in 
field diagnostics, c) robotic detection and intervention, 
d) biological control and e) adaptive management and 
ecosystem restoration (well established) {5.4.4} (Table 5.6, 
Table 5.7). Smartphone-based data capture and analysis 
have game-changed affordability and adoption of digital 
invasive alien species management tools (well established) 
{5.4.4}. Developing novel technologies using a transparent 
precautionary approach in consultation with stakeholders, 
Indigenous Peoples and local communities, and regulators 
builds social licence and avoids unintended consequences 
(well established) {5.4.3.2}.

 6 Many decision-support approaches, tools and 
methods exist to assist choice of management 
actions (well established) {5.2}. Decision-support 
approaches, tools and methods include scenarios and 
modelling, evidence-based tools that can identify hazards, 
prioritize pathways, species and sites for action (well 
established) {5.2.2.1}. Decision-support systems support 
transparency, adaptability and repeatability, through broad 
stakeholder community engagement, learning and 
endorsement of actions (well established) {5.2.2, 5.6.3.2}. 
Evidence- and consultation-based, quantitative and 
qualitative decision-support tools exist as standards and 
frameworks, and are supported by scenario and modelling 
platforms (well established) {5.2.2, 5.2.2.1, 5.6.3.2}. 

 7 Adaptive management, wherever possible led by 
stakeholders and Indigenous Peoples and local 
communities, promotes wide acceptance and 
capacity-building, and optimization of management 
success (well established) {5.2, 5.3, 5.6). Failure to 
engage with Indigenous Peoples and local communities, 
especially those who are adapted to and use invasive alien 
species, in planning and implementing management actions 
can reduce good quality of life through loss of livelihoods, 
marginalization and/or gender inequity (well established) 
{5.2.1, 5.3.1.3, 5.4.4.2, 5.6.1.1, 5.6.1.2}. Broad and 
inclusive engagement improves planning, decision-making 
and undertaking management actions (established but 
incomplete) {5.2.1, 5.5.1.2}. This engagement is best 
achieved through partnerships around co-design, co-
development and co-implementation and social learning 
(established but incomplete) {5.2.1, 5.4.4.3, 5.6.2.1}. 
Management programmes are most successful when their 
goal stretches beyond invasive alien species suppression to 
include restoring ecosystem resilience and nature’s 
contributions to people (established but incomplete) {5.5.6}.

 8 Though gaps exist in knowledge, data and 
management implementation, collective management 

actions can still proceed supported by stakeholders 
and Indigenous and local knowledge under a 
precautionary approach (well established) {5.2.2.1, 
5.2.2.3, 5.2.2.4, 5.3.3, 5.4.4} (Box 5.13). Many sources of 
open-access data and analytical tools already exist to 
support capacity-building, priority setting, monitoring and 
management. However, there are many knowledge and data 
gaps which impede the development and implementation of 
pathway, species-based and site/ecosystem-based 
management approaches (well established) {5.6.2.1, 
5.6.2.2, 5.6.2.3}. Despite this, effective decision-making and 
adaptive management programmes can still lead to 
successful outcomes if supported by stakeholders and 
Indigenous and local knowledge (well established) {5.2, 5.4, 
5.6}. Addressing these knowledge and data gaps and 
uncertainty (e.g., on global change impacts) will improve 
management decisions and outcomes (established but 
incomplete) {5.2, 5.4, 5.6}. Improvements can be achieved 
by better capturing, sharing, integrating and analysing data 
in a manner that supports decision-making (well established) 
{5.2., 5.4}. 

 9 International and cross-sectoral collaboration 
through capacity-building networks and research and 
management partnerships improves transboundary 
management of biological invasions (well established) 
{5.6.3.1, 5.3.1}. The establishment of international networks 
between governments, scientists, non-governmental 
organizations, industries, relevant stakeholders, and 
Indigenous Peoples and local communities can help in the 
implementation of transboundary and cross-sectoral 
management of biological invasions (well established) 
{5.6.3.1}. International networks and partnerships help 
collective action, which may lead to societally acceptable 
and feasible management strategies and outcomes (well 
established) {5.6.3.1, 5.3.1}. 

 10 Failure to effectively manage biological invasions 
can result from data gaps, lack of awareness and 
societal, capacity, capability, resource and policy-
related constraints especially in developing countries 
(well established) {5.3.1, 5.6.2.1, 5.6.2.2, 5.6.2.4}. Goals 
for the management of biological invasions are often not 
achieved even after considerable efforts. Gaps in data and 
knowledge on the distribution and spread of invasive alien 
species and lack of information on direct and indirect drivers 
of change facilitating biological invasions impede 
management in certain regions (e.g., parts of Asia, Africa 
and America) (well established) {5.6.2.1, 6.6.1.4}. Failures in 
management success can also be attributed to conflicting 
interests and values, lack of public awareness and 
understanding of impacts (well established) {5.6.2.1, 
5.6.2.4}, inadequate policies and governance, poor 
capability and capacity, lack of resources, poor knowledge 
on modern tools and techniques and inefficiency to utilize 
them, and divergent public perspectives on individual 
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species (well established) {5.3.1, 5.6.2.1, 5.6.2.2, 5.6.2.4}. 
Policy generally fails to address collective management for 
conflict species, for which there are positive and negative 
impacts of the invasive alien species on different 
stakeholders or sectors (well established) {5.6.1.2}. 

 11 Management of biological invasions that takes 
into account global change can also improve climate 
change resilience in ecosystems impacted by invasive 
alien species (established but incomplete) {5.6.1.3}. 
Effective management of invasive alien species can increase 
the long-term functional resilience of threatened ecosystems 
and habitats to climate change. Conversely, extreme climate 
events increase ecosystem susceptibility to invasive alien 
species. In such situations, rapid response through targeted 
adaptive management practices and ecosystem restoration 
supported by monitoring and collective decision-making can 
maintain benefits from existing management programmes 
(established but incomplete) {5.6.1.3}. 

 12 Long-term monitoring effectively supports 
management actions and sustains beneficial 
outcomes (well established) {5.4.4.2, 5.4.4.3, 5.5.3}. 
Long-term monitoring can be used to assess efficacy and 
outcomes of management actions and ensure sustained 
control of invasive alien species and ecosystem restoration 
(well established) {5.5.6, 5.5.7}. Long-term monitoring is 
also important for early detection of reinvasion (well 
established) {5.5.3}. These long-term efforts and strategies 
are best supported by cost-benefit, cost-effectiveness and 
risk analyses {5.2.2.1, 5.5.3} that consider benefits to 
Indigenous Peoples and local communities (established but 
incomplete) {5.4.4.2}.   

5.1	 INTRODUCTION
“Management” of biological invasions is conceptualized 
in at least two ways in different parts of the world. In the 
context of the invasive alien species assessment of the 
Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services (IPBES), this term encompasses 
any activity or action undertaken to directly or indirectly 
prevent or mitigate negative impacts of invasive alien 
species. This includes pathway, species-based and site- or 
ecosystem-based management activities (Glossary). 

Management of biological invasions is a global concern, 
and thus was an explicit element of Aichi Target 9 of 
the Strategic Plan for Biodiversity 2011-2020, and is a 
main focus of Target 6 of the Kunming-Montreal Global 
Biodiversity Framework (CBD, 2022a; Chapter 1, section 
1.1, Box 1.2) and Target 15.8 of the 2030 Agenda for 
Sustainable Development. In this context, this chapter 
provides policymakers and practitioners with a range of 
options and scenarios where management actions can be 
optimally applied (Box 5.1). 

Chapter 5 has been written based on a comprehensive 
literature and technical review of tools, strategies, 
challenges and key outcomes of management of biological 
invasions. It reflects the current state of management 
of biological invasions and its implications as covered in 
existing peer-reviewed and grey literature available to the 
assessment team.

Section 5.1 provides an overview of the invasion continuum, 
the management objectives and approaches applicable at 

Box 5  1  	 Rationale of the chapter.

Chapter 5 assesses the efficacy of past and current 
programmes and tools for the local, national and global 
prevention (Glossary) and management of biological invasions 
and the impacts of invasive alien species. In particular, the 
chapter reviews past experience with: (a) preventing the 
spread of invasive alien species including the role of trade 
and economic development; (b) the precautionary approach 
(Glossary) in preventing and managing biological invasions and 
the efficacy of risk assessment as a tool for their management; 
(c) the adoption of biosecurity approaches (Glossary); 
(d) managing complexity and intersectoral conflicts, including on 
the use of an invasive alien species depending on contexts and 
values; (e) uses of social media and citizen science (Glossary) 
for the detection of invasive alien species and prevention and 
management of biological invasions; (f) eradicating or managing 
invasive alien species, including control options such as 
precision application of pesticides, baits, biological control and 
“gene drive” technology (Glossary); (g) capacities of different 

countries to manage biological invasions, and barriers to the 
uptake of tools; (h) managing biological invasions in protected 
areas, including wetlands and biosphere reserves; (i) managing 
biological communities invaded by alien species, considering 
co-existence, including direct and indirect interspecific 
interactions; and (j) managing biological invasions in the context 
of the complex interactions between alien species, their invasion 
status and climate change.

Guiding questions: 
•	 What are the decision-support processes, tools and 

frameworks available for prevention and management of 
invasive alien species? (section 5.2)

•	 How best to target invasive alien species management 
through pathway, species-based and site-based or 
ecosystem-based management options under different 
scenarios such as management goals, status of invasion 
and the socio-economic context? (section 5.3)
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different phases of invasion and suited to different biomes. It 
discusses the challenges and opportunities of management.

Section 5.2 focuses on decision-making frameworks for 
identifying and prioritizing targets and options in pathway, 
species-based and site-based management. It reviews 
methodologies and tools available, how these can be 
used to prioritize targets and addresses uncertainty 
considerations in decision-making.

Section 5.3 assesses what pathway, species-based 
and site-based management strategies are and when to 
implement each, and integrates these for application at local 
to regional scales. Practical examples of these approaches 
are nested within a sociological and socio-economic context 
to enhance good quality of life, with a focus on protected 
areas and islands. 

Section 5.4 presents a summary of management 
approaches, frameworks, platforms, scenarios and models, 
tools and technologies for current and potential application 
of management actions. It explores how new technologies 
are deployed and the efficacy of various tools and their 
future potential to improve management actions. 

Section 5.5 assesses examples of successful and 
unsuccessful management approaches and examines 
how evidence-based decision-making and modern tools 
and technologies have brought successful management 
outcomes. It also provides evidence on management costs.

Section 5.6 summarizes the challenges in achieving 
effective management of biological invasions. It emphasizes 
context dependency and perspectives of various 
stakeholders and Indigenous Peoples and local communities 
on invasive alien species and related social conflict and 
discusses the knowledge gaps, lack of expertise and 
uncertainty which constrain effective management. 

Section 5.7 provides a short conclusion. 

5.1.1	 Biological invasion 
management continuum 

This chapter explores solutions to mitigate the impacts of 
invasive alien species (Glossary; Chapter 1, Figure 1.1) 
across biomes, species and regions. Any successful 
management action to prevent spread and ameliorate 
current or future potential impacts of an invasive alien 
species is built on a co-developed overarching management 
objective that goes beyond targeting one or more of the 
invasive alien species. The progression of a biological 
invasion by a species is generally divided into four stages, 
with a range of optimal management strategies which 
vary along this biological invasion continuum (Figure 5.1; 
Chapter 1, Figure 1.8). The management-invasion 
continuum (often called the “Invasion Curve”, see Glossary) 
can be visually conceptualized to show the changes in 
management objectives and focus through each of the 
stages of the biological invasion process (Figure 5.1). 
“Introduction” refers to the many introductions from 
intermittent or continuous propagule pressure (Glossary). 
Management approaches and responses may vary 
depending on whether the affected ecosystem is terrestrial 
or closed water systems, such as catchment basins, 
coastal systems and salt marshes, or an open water system 
(e.g., marine, brackish and water connected systems). 
Therefore, management-invasion continuum is presented 
here for these two scenarios; one for terrestrial and closed 
water ecosystems (Figure 5.1A) and another for an open 
water system (Figure 5.1B). The management-invasion 
continuum presented here can support decision-making at 
multiple spatial scales, for example the entry and spread 
of an alien species into a new region/country, or into a 
defined space such as a protected area or an island. Also, 
it can help decision-making from a temporal dimension 
by identifying management actions suited for each stage 
of invasion. The management-invasion continuum can 
also be used to identify how management approaches 
targeting pathways, species, sites and ecosystems are inter-
connected with each management objective and action. 

Box 5  1  	

•	 How to use databases, modern tools, emerging 
technologies and scenarios and modelling more effectively 
in detecting, preventing and managing invasive alien 
species? (section 5.4)

•	 How effective are the various management options at 
various steps in the invasion process? (section 5.5) 

•	 How can international networks assist in the prevention 
and management of invasive alien species? What role can 
regional partnerships play? (section 5.6)

•	 How critical is stakeholder participation including of 
Indigenous Peoples and local communities in management 
success? (section 5.5)

•	 What are the obstacles to the uptake of invasive alien 
species prevention and management implementation? 
(section 5.6)

•	 What methods are available for managing invasive alien 
species on islands and similar habitats (Glossary) of high 
biodiversity value? (sections 5.5 and 5.6)

Keywords: 
Biological control, containment, eradication, invasion stages, 
monitoring, pathway, prevention, surveillance, site-based 
management, species-based management.



THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

570

EXAMPLES OF SUCCESS

Management objectives

Prevention 
and 

preparedness
Early detection
and eradication

Containment
Control

and 
restoration

WidespreadSpreadEstablishmentAbsent

Introduction

Lag phase
TIME

Conceptual invasion curve without management
Conceptual invasion curves with management

A
R

E
A

 IM
P

A
C

T
E

D

A) Terrestrial and closed water systems

WidespreadSpreadEstablishmentAbsent

WidespreadSpreadEstablishmentAbsent

Managing pathway

Management target - Relative importance (white highest)

Managing species

Managing site/catchment

Managing ecosystem/catchment

Actions to achieve objective

Border
biosecurity/
quarantine

Preparedness

Risk assessment, prioritization & decision-making

Surveillance and monitoring

Chemical, physical, and biological controls

Adaptive management

Management objectives

A
R

E
A

 IM
P

A
C

T
E

D

Spread         WidespreadEstablishmentAbsent

Lag phase
TIME

Conceptual invasion curve without management
Conceptual invasion curves with management

Prevention
and  

preparedness
Early detection
for low-mobility 

organisms, eradication

Post-establishment
management is

largely ineffective

B) Marine and connected water systems

Introduction Spread         WidespreadEstablishmentAbsent
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Managing pathway

Managing species

Managing sites
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Zero tolerance biosecurity in 
Barrow Island, Australia
A risk analysis of all material 
and passenger pathways and a 
quarantine system prevent the 
entry of alien species to the 
island and surrounding marine 
habitats (Box 5.2).

Ceroplastes cirripediformis 
(barnacle scale)
Eradicated by burning the 
infested plant stems soon after 
its detection in 2021 in India 
(Box 5.16).

Caulerpa taxifolia (killer algae)
A rapid response using liquid 
chlorine achieved the 
eradication in a lagoon in the 
United States of America (5.5.3).

Ageratina adenophora 
(Croftonweed)
National containment lines were 
proposed to prevent spread 
while a biological control 
program is under development 
in China (5.3.1.2).

Lymantria dispar (gypsy moth)
Using pheromone traps, spread 
of the species was slowed in 
North America (5.5.4).

Sus scrofa (feral pig) 
In the El Palmar National Park 
in Argentina, wild boar 
damaged Butia yatay (yatai 
palm tree). Through a controlled 
shooting program, abundance 
of wild boar was reduced to 
levels causing minimal damage 
to soil and the yatai palm tree 
recruitment (Box 5.6).

Prevention Eradication Containment Control & retoration

Figure 5  1  	 Conceptual diagram of the management-invasion continuum. 
The generalized invasion curve without management and the expected changes in the invasion curve with appropriate management 
actions in A) terrestrial and closed water systems (including coastal systems and salt marshes) and in B) marine and connected 
water systems. Boxes indicate the optimal management objectives at each invasion stage (Glossary). Colour gradient of managing 
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For biological invasions in terrestrial and closed water 
ecosystems, there are generic management objectives such 
as prevention, early detection, eradication, containment 
and control and restoration associated with the status of 
the invasive alien species (absent, established, spread and 
widespread; Robertson et al., 2020; Glossary; Chapter 1, 
section 1.4). Adaptive management and long-term 
monitoring need to be part of all modes of management 
(Glossary). Prevention is implemented by jurisdictions in 
the pre-entry phase and points of entry for intercepting 
new alien species, and by definition has to target arrivals of 
all alien species, not just those that may become invasive. 
Although context dependent, in the ensuing lag-phase 
(Glossary; Chapter 2, section 2.2.1) during establishment, 
opportunities may exist for eradication and the potential 
to flatten the invasion curve (Figure 5.1). Early detection 
enables a rapid response to eradicate or contain an alien 
species before it spreads. The likelihood of eradication 
generally decreases during the rapid dispersal phase. Long-
term species-based or site-based adaptive management 
approaches of invasive alien species that can no longer be 
eradicated or for which containment alone is not viable, can 
then effectively minimize biophysical and/or socioecological 
and socio-economic impacts. 

In terrestrial and closed water ecosystems, effective 
management involves a series of actions, including objective 
decision-making (section 5.2), surveillance (Glossary) and 
monitoring (particularly at ports of entry; section 5.5) and 
chemical, physical and biological controls (section 5.5.5), all 
supported by a range of platforms, tools and technologies 
(section 5.4). Decision-making includes agreeing on clearly 
defined objectives (“why manage?”) and carrying out evidence-
based risk assessment and prioritization to undertake the most 
effective actions, responding to the questions: “what actions?”, 
“where to take actions?” and “how to take actions?”. 
Management programmes can focus on the following three 
management options, namely the pathways of introduction, 
the invasive alien species and the invaded sites/ecosystems 
singly or in combination (section 5.3). 

Pathway, species-based and site-based strategies for 
the management of biological invasions are alternative or 
complementary approaches given particular socioecological 
contexts. The approach taken is dependent on the 
management goal, the status of invasion of an alien species 
along the introduction-invasion continuum (Figure 5.1) and 

the socio-economic situation. Pathway management, which 
aims to prevent the introduction of a species into new sites, 
functions across the biological invasion continuum (Figure 
5.1; section 5.3.1.1), where efforts are generally aimed to 
prevent introduction into a new region/country, but also to 
manage the wider spread during the rapid expansion phase. 
Species-based management either proactively minimizes 
future impact risks (Glossary) through interventions to 
eradicate or contain new incursions of a species or targets 
suppression of a priority single species (e.g., through 
landscape level control such as classical biological control – 
sections 5.4.3.2f and 5.5.5, or lethal control programmes 
– section 5.4.3.2d), or multiple established alien species 
(Glossary) through localized extirpation (McGeoch, 
Genovesi, et al., 2016; Simberloff, 2013). Site-based or 
ecosystem-based management focuses on a specific area 
or ecosystem defined by its inherent value (e.g., biosphere 
reserves, heritage sites or protected areas; section 5.3.2) 
and the threat that invasive alien species pose to biodiversity 
conservation value and management objectives of that site 
(Owen & Sheldon, 1996). These objectives and ecosystems 
include the broader socioecological context (Stokols, 1996). 

In marine and water connected systems, post-entry 
management of invasive alien species is generally ineffective 
(Booy et al., 2020; Lehtiniemi et al., 2015). Therefore, 
prevention at the pre-entry phase and surveillance and 
early detection before the establishment stage are the most 
effective management options in these ecosystems. In 
the marine context, site-based activities mainly consist of 
surveillance (e.g., in ports, harbours, mariculture facilities 
and marine protected areas). Eradication of established 
invasive alien species is rarely achieved in these ecosystems 
and may be possible only for sessile or low mobility 
organisms (Lehtiniemi et al., 2015), with few examples of 
chemical control (section 5.5.3) in small bays or enclosed 
waters. Nonetheless, prevention is the optimal viable 
option to avoid negative consequences of invasive alien 
species (Galil, Danovaro, et al., 2019) in marine systems 
given the complex nature (Glossary) and vastness of these 
environments for implementing management procedures. 
Early detection is important, even if eradication is not 
achievable, to explore the possibility of mitigation (Lehtiniemi 
et al., 2015). In any case, all management actions would 
need resourcing for the costs of stakeholder engagement 
and communication, implementation of techniques and 
tools, restoration and long-term evaluation.

Figure 5  1  	

pathway, species, site and ecosystem boxes show how the relative focus generally changes as invasion progresses. Boxes below 
indicate typical management actions necessary to achieve each management objective. Post-establishment management actions 
are not shown under panel B since these are generally not achievable in these systems. In a management context, the first detection 
(introduction point), the lag phase and the exponential spread phases are important points to design an early detection and rapid 
response management plan. This figure is conceptual, and the curves do not represent actual population dynamics of invasive 
alien species.



THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

572

5.1.2	 Scope of the chapter

Chapter 5, which covers all the key elements of 
management of biological invasions along the management-
invasion continuum (Figure 5.1), consists of an introduction 
section (section 5.1) and five theme-specific sections 
(sections 5.2 to 5.6), with the relationships between 
each shown in Figure 5.2. This solution-focused chapter 
has strong links to other chapters of the assessment, 
since management and decision-making are intrinsically 
dependent on knowledge of the impacts of invasive alien 
species (Chapter 4), their status and trends (Chapter 2; 
Glossary) and how to manage direct and indirect drivers 
of change that impact invasion (Chapter 3). Collective 
community management decisions are also supported by 
good understanding of Indigenous and local knowledge 
and how invasive alien species impact good quality of life 
(Glossary; Chapter 4, sections 4.5, 4.6; Chapter 1, 
section 1.6.7.1). Lessons that can be learned from previous 
and current management efforts and control options 
presented in this chapter can inform and improve future 
policy options (Glossary; Chapter 6). 

5.1.3	 Management: challenges and 
opportunities

Throughout sections 5.2 to 5.6 (Box 5.1), various 
challenges, case studies and future opportunities have been 
identified and distilled as lessons to be learned. 

Challenges that managers of biological invasions face are 
jurisdictional boundaries (Flueck, 2010; Stokes et al., 2006), 
inadequacy of regulations (Burgiel et al., 2006; Garcia-de-
Lomas & Vilà, 2015), lack of expertise (Shine, 2005), poor 
stakeholder engagement (Driscoll et al., 2014; Simberloff 
et al., 2005; Chapter 6, section 6.4) and uncertainty 
on where to allocate limited resources (Prior et al., 2018; 
section 5.6). Some decision makers are hesitant to attempt 
prevention given only a small proportion of alien species 
arriving may ultimately become invasive (Chapter 1, 
Figure 1.1), so in some cases it is perceived as best to 
wait until the impacts of the alien species are understood 
(Finnoff et al., 2007; Chapter 4, section 4.2) but this can 
result in delays rendering subsequent management costly 
or even impractical. Additionally, implementing some of 
the management approaches may not be acceptable to 
all the stakeholders and Indigenous Peoples and local 
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Figure 5  2  	 Content of sections in this chapter and their linkages with the other chapters of 
the assessment. 

This figure shows the structure of Chapter 5, and how it connects to Chapter 2 (status and trends of biological invasions), 
Chapter 3 (direct and indirect drivers affecting biological invasions), Chapter 4 (impacts of invasive alien species) and Chapter 6 
(future policy options to manage biological invasions). It also informs and provides feedback and clarity to all these chapters.
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communities. For example, there is increasing opposition 
to some control methods, e.g., use of chemical pesticides 
or lethal control of alien vertebrates using toxins (Genovesi 
& Bertolino, 2001; Longcore et al., 2009); concern about 
the non-target effects of certain methods (e.g., biological 
control, genetic control options), high costs of management 
and the paucity of funds for continuous management and 
monitoring (Wittenberg & Cock, 2003). Some invasive 
alien species are also considered by some stakeholders 
as beneficial (Niemiera & Holle, 2009; Scasta et al., 2015; 
section 5.6; Chapter 4, sections 4.3, 4.4, 4.5). Removal 
of invasive alien species which have commercial or cultural 
values can deprive people who utilize these for livelihood 
and other adapted uses (Grechi et al., 2014; N. A. Marshall 
et al., 2011; van Wilgen, 2012), though other benefits 
through management of invasive alien species can also 
contribute to nature’s contributions to people and to good 
quality of life. As the concept of an invasive alien species is a 
human construct, interests and perceptions of invasive alien 
species for different stakeholders and Indigenous Peoples 
and local communities may differ and the management of 
some invasive alien species may result in conflicting values 
(Chapter 1, section 1.5.2).

There are many opportunities for the successful prevention 
and management of biological invasions. Modern tools 
and techniques, combined with long-standing proven 
management methods, often involving Indigenous and 
local knowledge, can reduce the impacts of invasive alien 
species in many instances. There is an increasing global 
willingness and desire among stakeholders to cooperate 
on management, undertake collaborative research and 
build awareness on the impacts of invasive alien species. 
Promoting such collective efforts to address issues are 
important in the management process (sections 5.4, 
5.5). Scientific information and databases (section 5.4) 
and decision-making tools (section 5.2) are being made 
openly available to policymakers and resource managers 
to enable informed decision-making. Collaboration among 
governments, agricultural industries, the general public, 
including Indigenous Peoples and local communities, non-
government institutions and land users, and concerted 
actions by all parties will assist in addressing the challenge 
in a strategic, holistic and timely manner (Reaser, 2003) at 
the most appropriate scales (Glen et al., 2017). There is 
evidence to suggest that even less extensive cooperation 
and coordination among independent landowners can 
have a profound positive effect on managing invasive alien 
species (Epanchin-Niell & Wilen, 2015). Clear objective-
driven invasive alien species management involving, and 
agreed upon by relevant stakeholders can bring substantial 
ecological and social benefits, and can eventually open new 
opportunities for improving good quality of life (Chikoye et 
al., 2006; H. P. Jones et al., 2016; Samways et al., 2010; 
Chapter 6, section 6.4). 

5.2	 EVIDENCE BASED 
DECISION-MAKING 

Attaining good community collaboration, co-development 
and governance of any form of environmental management 
has many challenges (Margerum & Robinson, 2016). 
Invasive alien species are the result of human activities, 
situations or events that are subject to human experiences, 
concerns and values (Chapter 3, section 3.2.1). Thus, 
the management of their threats and impacts implies 
effective multiway stakeholder community engagement in 
communication, knowledge sharing and co-development 
around goal setting, decision-making and intervention 
through action (Chapter 6, section 6.4.2). As for many 
environmental issues, there are also a wide variety of 
actions to address invasive alien species, for example, 
technical, legal, economic, social, behavioural, cultural or 
knowledge based. Whatever the action is, decisions are 
taken by representatives of societies, communities and 
individuals confronted with invasive alien species using a 
precautionary approach. Decision makers may be public 
or private, including policymakers, land and waterway 
managers, Indigenous Peoples and local communities, 
volunteers working on public land, private tenants, non-
governmental organizations or community groups (IPBES, 
2020). Decision-making can also be differential between 
communities and gender. For example, in many parts of 
the world women are action takers while men make most 
of the decisions (e.g., in smallholder crop management; 
Fish et al., 2010; Upadhyay et al., 2020). Decision-making 
relies on available evidence, respective values, interest and 
responsibilities of stakeholders, available management 
resources (D. L. Larson et al., 2011; Piria et al., 2017), and 
likely trade-offs. 

A variety of frameworks and decision-support tools and 
systems have been developed to facilitate the decision-
making process, linking science, policy and management 
(Matthies et al., 2007; J. R. U. Wilson et al., 2020). 
These can help choose between particular strategies 
and treatment options for management of biological 
invasions (Kriticos et al., 2018) and can support adaptive 
management “learn as you go” systems (section 5.4.3.3). 
When direct management actions are required, these 
tools can assist in evaluating the progress or success 
of management (Garner & Beckett, 2005). This section 
describes stakeholder community engagement and 
knowledge-sharing frameworks, prioritization processes 
and available methodologies and tools for management 
decision-making to combat invasive alien species.
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5.2.1	 Stakeholder community 
engagement and knowledge-
sharing frameworks for developing 
communities of practice

Approaches involving collaborative governance networks 
of stakeholder communities to mitigate the impacts of 
different invasive alien species will vary depending on 
context (Chapter 1, section 1.5.1; Chapter 6, section 
6.4.4), with each community having different a) perspectives 
and engagement reasons (directly and indirectly affected 
communities), b) knowledge bases (understanding 
of drivers, processes, trends and impacts of invasive 
alien species) and c) roles in the response (resourcing, 
governing and implementing; Chapter 1, section 1.5). 
Effective environmental, social and cultural knowledge and 
governance (Glossary; Chapter 6) supports effective 
stakeholder community engagement and collaboration. The 
foundation of community engagement is building trust and 
understanding through knowledge sharing. For invasive alien 
species, this concerns knowledge of impacts on nature, 
good quality of life and nature’s contributions to people 
(Glossary); and the likelihood that impacts can be mitigated 
with high benefit-cost and cost-effective management 
actions and that long-term system resilience (Glossary) 
benefits can result from these actions. Stakeholder 
engagement systems need to address the challenges of 
community collaboration (McAllister et al., 2017), be cost-
effective (S. Liu et al., 2019), and grow social resilience to 
invasive alien species (Maclean et al., 2018). Indigenous 
Peoples and local communities often have different motives 
for engagement than other stakeholders (Supplementary 
material 5.1), and manage biological invasions for multiple 
purposes which are closely related to each other (IPBES, 
2022b). It may be noted that spirituality is an overarching 
motivation for Indigenous Peoples and local communities 
to protect their land and assets from invasive alien species, 
even though this is often underreported (IPBES, 2022b; 
Chapter 4, section 4.6). Therefore, they can provide unique 
knowledge and management response capacity (Bach et al., 
2019; Kannan et al., 2016; Madegowda & Rao, 2014). These 
stakeholder community engagement systems can be highly 
context specific (e.g., low vs. high income countries, peri-
urban vs. rural situations, terrestrial vs. marine environments, 
public vs. private, etc.) but are vital to create co-developed 
communities of practice around effective community-led 
responses that support prevention, preparedness (Glossary; 
section 5.4.2), rapid response and widespread control.

Collaboration and knowledge sharing among stakeholder 
communities (governments, scientists and non-
governmental organizations) and Indigenous Peoples and 
local communities also help management of, or if needed 
adaptation to, new invasive alien species in localities and 
regions (IPBES, 2020). For example, the volunteering 
programme at the Horus Institute for Environmental 

Conservation and Development of Brazil with the Federal 
University of Santa Catarina engages university students 
and the local community to do hands on work controlling 
invasive alien pines and restoring coastal areas in the 
Dunas da Lagoa da Conceição Natural Municipal Park 
(Florianópolis, Santa Catarina state, Brazil), one of the most 
impacted ecosystems in the Atlantic Forest Biome in Brazil 
where some 470 thousand pines have been eliminated. 
Without the programme, invasive alien pine trees would 
have degraded half of the total area of the park in two 
decades (Dechoum et al., 2019). In another example, by 
organizing tournaments or derbies since 2009, volunteers 
from Colombia, Bahamas and Florida (United States of 
America) helped raise awareness of Pterois volitans (red 
lionfish) and Pterois miles (lionfish), an Indo-Pacific invasive 
alien species widespread in the Caribbean region (Green et 
al., 2017). There are two other similar initiatives described by 
Anderson et al. (2017) and Kleitou et al. (2021). 

Community-based management of biological invasions 
often happens through profit-making activities such as 
harvesting for sale in new markets or by encouraging 
recreational hunters to act as management agents, however 
this can create conflicts (section 5.6.1.2). Paralithodes 
camtschaticus (red king crab) was introduced in the Barents 
Sea affecting local fisheries. The Saami community and 
other coastal fishermen communities of Norway played an 
important role adapting to this invasive alien species and 
participating in management actions with financial return 
and changing the fishing system (Broderstad & Eythórsson, 
2014). Stakeholder communities can collectively plan 
options and select management interventions and evaluate 
and transparently communicate outcomes, recognizing 
potential negative and positive impacts. Societal and political 
support for management decision-making and engagement 
with Indigenous Peoples and local communities can be 
achieved through participatory decision-making to ensure a 
common understanding of the pros and cons of decisions 
and actions (S. Liu et al., 2019). It is important that these 
participatory mechanisms respect social structures, 
intellectual property, land rights and self-determination 
through free, prior and informed consent, respect spiritual 
values and processes, including prayers, ceremonies and 
other ways through which relationships between humans 
and nature are balanced (Bajwa et al., 2019; IPBES, 2020; 
Pretty Paint-Small, 2013). Once action has been decided, 
adaptive management involves observation, experimentation 
and collective learning to optimize outcomes (Alexander 
et al., 2017). Communication activities imply consultation 
to understand and respect Indigenous Peoples and local 
community perspectives (IPBES, 2020). Without such 
engagement, conflicts may result leading potentially to loss 
of livelihoods, threats to cultural systems, displacement from 
lands, marginalization and gender inequity (e.g., as occurred 
with the Il Chamus in Ng’ambo pastoralists in Kenya; 
Mwangi & Swallow, 2005). 
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Standardized frameworks can support stakeholder 
community engagement, but still need improvement 
(Novoa et al., 2018; R. T. Shackleton, Larson, et al., 2019). 
Context-specific frameworks have been developed and 
analysed (Lansink et al., 2018; McAllister et al., 2015). There 
are a number of approaches that have been developed 
and applied to management of biological invasions which 
also support effective decision-making across multiple 
management options (Firn et al., 2015; Carwardine et 
al., 2019). Shackleton et al. (2019) argue that “to make 
stakeholder involvement more useful, we encourage more 
integrative and collaborative engagement to (1) improve 
co-design, co-creation and co-implementation of research 
and management actions; (2) promote social learning and 
provide feedback to stakeholders; (3) enhance collaboration 
and partnerships beyond the natural sciences and academia 
(interdisciplinary and transdisciplinary collaboration); and 
(4) discuss some practical and policy suggestions for 
improving stakeholder engagement in [biological] invasion 
science research and management”. 

5.2.2	 Evidence based decision-
making framework vs. ad hoc 
decision-making

How decision-making is undertaken with regards to what, 
where and how to manage biological invasions is rarely 

explicitly stated in most management contexts. Many 
management action decisions are done in an ad hoc 
way as a flexible emergency response to new incursions, 
a belated observed impact, or as a political imperative 
(Sheail, 2003). Often decisions on actions need to be made 
under a degree of uncertainty, such as when containing 
new incursion to avoid spread. Sometimes the science lags 
behind the operational tools required. Less often is there 
a formal community or government framework in place 
for decision-making.

Preparedness is improved through adopting a systems-
based adaptive management approach allowing learning 
to lead to improvements. Explicitly addressing the 
rationale behind decision-making allows for transparency, 
repeatability, learning as well as endorsement and support 
for the actions resulting from the decision-making process 
(De Fine Licht, 2014; Estévez et al., 2013; Moon et al., 
2015, 2017; Vanderhoeven et al., 2017). This practice 
is the basis of some international standards such as the 
International Standards for Phytosanitary Measures (ISPM) 
of the International Plant Protection Convention (IPPC; 
IPPC, 2019; Supplementary material 5.8) and World 
Organisation for Animal Health (WOAH, founded as OIE) 
standards (World Organisation for Animal Health, 2020). 

Conceptually, actions are often categorized into three main 
approaches (Figure 5.3) all of which are underpinned 
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Figure 5  3  	 The three main approaches to support decision-making actions on management 
of biological invasions and examples of contributing tools. 

Decision-making relies on a sequence of steps consisting of the hazard identification, the prioritization of threats and the identification 
of the best management options. This applies whether the decision deals with pathways, species, or sites.
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by decision-making to identify and prioritize targets and 
management actions: 

	 Focusing on the pathways of introduction of alien/invasive 
alien species: this approach aims to answer questions 
such as “Is pathway ‘X’ a major source of supply of alien 
species for a given area?”; “Which are the most high-
risk pathways for the arrival of invasive alien species?”; 
and “What is likely the most effective way to reduce the 
introduction of species via this pathway?”

	 Focusing on the alien and/or invasive alien species of 
interest: this approach aims to answer questions such 
as “Is species ‘X’ impacting a given region?”; “Which 
species is most at risk of entry and establishment in a 
given jurisdiction?”; “Which species is most impactful?”; 
“How established or spread is this species?”; “Can it 
be contained or eradicated?”; “What is likely to be the 
most effective management action?”; or “How much will 
it cost?”

	 Focusing on invaded sites: this approach aims to answer 
questions such as “What sites harbour the most sensitive 
habitats prone to invasive alien species establishment?”; 

“Does this site similarly include site Y which provides 
important ecosystem services to livelihoods?”; “Which 
sites are a high priority for management based on the 
level of invasion or the value of the biodiversity and 
ecological assets at that site?”; and “What are the best 
actions to manage high priority sites?”

A “site” here is a clearly defined land/freshwater/marine area 
including the sociological system (i.e., the social, institutional 
and cultural contexts of the relationship between people and 
the environment; Stokols, 1996). Management of biological 
invasions is also considered holistically in decision-making 
frameworks for ecosystem-based management, increasingly 
applied (Espinosa-Romero et al., 2011; Lampert et al., 
2014; Tanentzap et al., 2009).

5.2.2.1	 Analytical approaches, methods 
and tools for decision-making support

Many analytical approaches, methods and tools are 
available to address the types of decisions under species, 
pathways and site management approaches, aimed at 
mobilizing existing knowledge around the three analytical 
elements. These are hazard identification, prioritization and 

Table 5  1  	 Analytical approaches, tools and methods available to making decisions about 
biological invasions.

This table shows the different analytical approaches, tools and methods available to decision makers to tackle biological invasions as 
well as their respective utility and different levels of governance to which they apply.

Tools and Methods Utility

Hazard identification Prioritization Identification of 
best management 

options

Horizon scanning X X

Pathway analysis X X

Impact assessment X

Risk analysis X X X

Risk assessment X X

Risk modelling and mapping X X

Risk management X X

Economic approaches X X

Multi-criteria analyses X X X

Case study learnings from past successes/failures X

Evidence synthesis X

Best management practices X
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identification of best management options (Figure 5.3; 
Table 5.1). Approaches, methods and tools may be used 
in isolation or in a complementary manner for answering 
common questions across the different approaches. The 
analytical approaches, methods and tools presented 
below align with the conceptual biological invasion process 
(Chapter 1, Figure 1.6; Figure 5.4). Several tools rely 

on information in previous chapters, including up to 
date knowledge of species distribution and abundance 
(Chapter 2), direct and indirect drivers facilitating biological 
invasions across the invasion continuum (Chapter 3) and 
invasive alien species impacts (Chapter 4). This highlights 
the importance of knowledge and data for evidence-based 
decision-making on management.
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Figure 5  4  	 Applicability of different tools and methods along the conceptual diagram 
of management along the invasion curve which provides a continuum for 
management interventions. 

This shows how tools and methods support decision-making in relation to the management targets for A) terrestrial and closed 
water systems (including coastal systems and salt marshes) and B) in marine and connected water systems. Gradients indicate the 
management target and the associated tools and methods necessary to support management decision-making, as well as their 
relative focus changing as invasion progresses. This figure is conceptual, and the curves do not represent actual population dynamics 
of invasive alien species.
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The range of tools presented below is not intended to be 
exhaustive but to illustrate the diversity of tools available to 
meet different decision-making objectives.

a)	 Horizon scanning 

Horizon scanning is the systematic examination of emerging 
and future potential threats and opportunities within a 
given context (Food Standard Agency, 2018) and has been 
used to prioritize potentially new alien species threats in 
jurisdictions supporting prevention and preparedness (Copp 
et al., 2007; H. E. Roy et al., 2014). Horizon scanning has 
been considered for discrete taxonomic groups, such 
as plants (Andreu & Vilà, 2010) or animals (Parrot et al., 
2009), and specific environments such as freshwater 
(Gallardo & Aldridge, 2013), at the national level (Lucy 
et al., 2020; Peyton et al., 2019) or for a wider region 
(H. E. Roy, Bacher, et al., 2018) and globally (Dawson et 
al., 2022). Horizon scanning usually follows a structured 
process based on some form of impact or risk assessment, 
often involving expert elicitation, to reduce and simplify a 
long list of potential invasive alien species to a prioritized 
subset. The inherent lack of evidence for horizon scanning, 
compared to risk assessment of established species, 
results in uncertainty but this can be documented through 
the process (H. E. Roy et al., 2020). This has been applied 
in the United Kingdom (H. E. Roy et al., 2014), where 
predictions subsequently supported future arrivals of eight 
out of the top ten species, including Dreissena rostriformis 
bugensis (quagga mussel; Aldridge et al., 2014) and Vespa 
velutina (Asian hornet; Keeling et al., 2017). The Centre 
for Agriculture and Bioscience International (CABI) has 
developed an online Horizon Scanning Tool quickly allowing 
identification and categorization of species that might 
enter one geographic area from another (CABI, 2021). 
Improvements to the process to quantify the likelihoods of 
economic, environmental and social impacts of species with 
no prior history of introduction outside their native range 
(Glossary) are now starting to be included (Peyton et al., 
2019, 2020). 

b)	 Pathway risk analysis 

Introduction pathway (Glossary) risk assessment, 
supported by standardized pathway categorization (IUCN, 
2017), is needed to support pathway management decision-
making, regardless of the geographical context or the many 
potential taxon–pathway combinations (A. P. Robinson et 
al., 2017). The use of standard pathway categories allows 
to readily collate and compare introductions to prioritize 
pathways (Faulkner et al., 2020; McGrannachan et al., 
2021; Saul et al., 2017).

Analysis and prioritization of pathways supports regulatory 
approaches likely to also use and compare pathway data on 
commodities and vectors (McGeoch, Genovesi, et al., 2016; 

Chapter 3, section 3.1.1; Glossary). Quantitative pathway 
risk analysis requires a set of key variables (Essl et al., 2015; 
Hulme, 2009): 

	 Historical strength of the association between the 
species threat and the commodity, vector or pathway at 
the point of departure;

	 Origin, volume and type of commodities or vector 
introduced for each pathway;

	 Frequency of introduction;

	 Species survivorship and population growth 
during transport/storage;

	 Environmental suitability in the region of introduction for 
species establishment (e.g., climate matching);

	 Time of year relevant for species establishment 
following introduction;

	 Ease of species detection and identification;

	 Effectiveness of management measures;

	 Movement of the commodity or vector in the region 
following introduction;

	 Likelihood of transfer from port of entry to a suitable  
habitat.

As such parameters are only known for very few alien 
species and only for specific pathways, pathway risk 
analysis (and management) remains challenging, requiring 
inferences based on statistical aggregates across species, 
but have been undertaken in different contexts (Leung 
et al., 2014; Nunes et al., 2015). Costello et al. (2007) 
developed an analytical model linking alien species 
introductions to trade volumes. In practice, pathway risk 
analyses often rely on information on the range of vectors 
and routes by which alien propagules are introduced, and 
their respective propagule loads (McGeoch, Genovesi, et 
al., 2016). For example, a pathway risk analysis performed 
for the Antarctic identified high propagule loads linked with 
the importation of fresh produce (Hughes et al., 2011), 
infrastructure development activities, and entrainment on 
the clothing of visiting tourists and scientists (Chown et 
al., 2012). A similar pathway analysis for Barrow Island 
introductions provided details on the type of organism 
detected (classification and state; e.g., seed) attributed to 
specific pathways at and post-border (Box 5.2 in section 
5.3.1.1; Scott et al., 2017). 

The temporally dynamic nature of the introduction pathways 
for alien species makes pathway risk analysis particularly 
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difficult to perform (Piel et al., 2007), but is helped by 
increasing, harmonizing and consolidating pathway 
information across multiple sources and explicitly using 
border interception (Trouvé & Robinson, 2021) and post-
border detection data (Essl et al., 2015; Saul et al., 2017) to 
strengthen pathway risk analyses. Postal mail is an explicit 
pathway risk for invasive alien species and understanding 
how mail inspections avoid biosecurity risks helps manage 
this pathway (S. Clarke et al., 2018). Most attempts to 
model pathways have focused on describing the likelihood 
of species introduction and establishment (Bradie & Leung, 
2015; Paini et al., 2016) and rather few have attempted 
to address explicit strategies for the management of 
biological invasions(Hulme, 2009). García-Diaz et al. (2017) 
demonstrated that biosecurity activities implemented in 
Australia have decreased introduction probability of alien 
amphibian stowaways, in turn reducing the likelihood of 
a virus-infected animal entering the country. For pathway 
risk analysis the number of amphibian interceptions across 
six Australian States were more positively related to the 
amount of shipping than air transport. Risk assessment 
has also been recently applied to understand the pathways 
of introduction for marine invasive alien species incursions 
(K. R. Hayes et al., 2019) and guidelines on pathways risk 
analysis application have been developed for the attention of 
sectors such as aquaculture (FAO, 2008). 

c)	 Species impact assessment 

Understanding and predicting the magnitude of actual or 
potential impacts of invasive alien species is key to deciding 
whether management actions are required (Chapter 4, 
section 4.7). Alien species impact assessments often 
differ in purpose, taxonomic scope, spatial scale and 
methods; often with bespoke ways of characterizing and 
assessing uncertainty. Some consider only environmental 
impacts (Van der Colff et al., 2020; Vanderhoeven et 
al., 2015) whereas others also include socio-economic 
impacts (Bacher et al., 2018; Chapter 4, Box 4.13). Some 
protocols were designed to be taxonomically generic 
(Sandvik et al., 2019) whereas others were developed 
for specific environments (Olenin et al., 2007) or specific 
taxonomic groups. Some evaluation procedures rely on 
a panel of assessors to participate in the assessment 
(Kumschick, Bacher, et al., 2020; Volery et al., 2020), 
others are based on assessments performed by single 
experts or do not clarify this (Vanderhoeven et al., 2017). 
Impact assessment systems have also been standardized, 
such as the Environmental Impact Classification for Alien 
Taxa (EICAT; IUCN, 2020b) and the Socio-Economic 
Impact Classification of Alien Taxa (SEICAT; Bacher et 
al., 2018; Chapter 4). EICAT has been developed by the 
International Union for Conservation of Nature (IUCN; IUCN, 
2020b; Van der Colff et al., 2020). Unlike risk assessment, 
impact assessment does not consider the likelihood of 
establishment or spread following introduction.

d)	 Risk analysis

Risk analysis is a process of three complementary 
components: 1) risk assessment, supported by risk 
modelling and mapping; 2) risk management and 3) risk 
communication (EFSA Scientific Committee & Scientific 
Opinion on Risk Assessment Terminology, 2012; Geering 
& Lubroth, 2002; IPPC, 2019; Lanzoni et al., 2019). These 
components are often undertaken independently and are 
described hereafter. Risk communication is often not explicit 
or even absent from decision-making processes.

As expressed by Liu et al. (2011), “the separation of risk 
assessment and management disrupts essential connections 
between the social values at stake in risk management and 
the scientific research involved in gauging the likely impacts of 
management actions, leaving the (…) decisions to be made 
in the wake of political pressures that reflect competing views 
on the proper trade-offs among competing values.” 

In order to improve the reliability of expert-based risk 
analysis, Vanderhoeven et al. (2017) provided the following 
eight recommendations: 

1.	 Clearly define the scope and objective of any risk 
analysis; 

2.	 Select an appropriate risk analysis/assessment 
approach; 

3.	 Gather all baseline data and available information; 

4.	 Identify missing data and information; 

5.	 Define clear and transparent quality control procedures 
such as a peer-reviewing or consensus building; 

6.	 Explicitly address feasibility of management; 

7.	 Explicitly consider uncertainty in the analysis (assess 
level of confidence, quantify level of agreement among 
experts and highlight context-dependent variability); and

8.	 Explicitly consider uncertainty in risk communication.

Risk analysis requires mechanisms for acquiring expert 
information and opinion through an unbiased expert 
elicitation process (Burgman, 2005).

Detailed risk analyses are based on probability analyses 
and are complicated quantitative expert elicitation 
processes based on Bayesian belief networks and 
probability distributions. Although they have been applied 
in some invasion contexts such as the proposed release 
of genetically modified organisms (K. R. Hayes, Hosack, 
Dana, et al., 2018), they are generally too costly for the 
assessment of most invasive alien species risks.
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e)	 Risk assessment

The notion of “risk” is the chance that a particular 
hazardous event may actually cause harm, and is regarded 
as a product of three factors: exposure x likelihood x 
consequence (Kinney & Wiruth, 1976; A. P. Robinson et 
al., 2017). For invasive alien species, exposure results from 
the successive introductions, establishments and spread 
of an alien organism, whereas likelihood and consequence 
underpin the impact assessment referred to in section c 
(D’hondt et al., 2015). Likelihood is the probability that 
an invasive alien species impact affects nature, nature’s 
contributions to people and good quality of life; and 
consequence is the magnitude of impact if it occurs. 

Most commonly risk assessment is a relatively straightforward 
semi-quantitative approach based on a scoring system where 
different components of risk are assessed and scored, and a 
total score is obtained in some manner to define the overall 
level of risk. This was initially developed for assessing import 
risks of alien plants (“Weed Risk Assessment”; Bomford & 
Hart, 1999; Pheloung et al., 1999). This approach is relatively 
quick and incurs only low cost per species and therefore 
is most favored by policy makers (e.g., Bomford & Hart, 
1999; Pheloung et al., 1999) and such approaches have 
been adopted as international standards (Devorshak, 2012; 
IPPC, 2019). Risk assessment tools have been established 
for particular types of invasive alien species in different 
parts of the world (Essl et al., 2011; Groves et al., 2001), 
including Australia (Pheloung et al., 1999; Scott & Panetta, 
1993), North America (Hiebert & Stubbendieck, 1993; Kolar 
& Lodge, 2002; Reichard & Hamilton, 1997), South Africa 
(Tucker & Richardson, 1995), Brazil (Ziller et al., 2019) and 
Japan (Nishida et al., 2009). In Europe a diversity of risk 
assessment systems have been developed (Baker et al., 
2008; Copp et al., 2005; D’hondt et al., 2015; Essl et al., 
2011; Gollasch & Nehring, 2006), including for specific use 
in sectorial activities such as aquaculture (Copp et al., 2016). 
Each system has its own characteristics and decision-making 
contexts including taxonomic focus, geographical scope, 
type of environment, type of impact considered, scoring of 
impact, uncertainty consideration and expert contribution 
to the assessment (H. E. Roy, Rabitsch, et al., 2018). 
Nonetheless, all systems follow the three factor standard 
premise and synthesize information based on formalized 
criteria to determine the overall risk. While risk assessment 
approaches based on scoring systems are relatively quick 
and easy, their effectiveness is rarely evaluated and there 
remain many shortcomings (Hulme, 2012).

Some initiatives have established repositories or databases 
giving access to available species risk assessments 
existing for a given territory, like the Canadian Invasive 
Species Center2 or region, like the European Commission 

2.	 https://www.invasivespeciescentre.ca/invasive-species/what-is-at-risk/
invasive-species-risk-assessment/

(CIRCABC, 2021). A comprehensive review of more than 
1,000 risk assessment results is available for species that 
are invasive in Brazil from the National Invasive Species 
Database.3 The database is open access and available in 
English, Portuguese and Spanish. Such an initiative does 
not currently exist on a global scale.

f)	 Risk modelling and mapping

Risk assessments are often supported by projection models 
to help evaluate species pathways, entry, establishment, 
spread and/or impact within an area of interest (Beaumont 
et al., 2009, 2014; Elith, 2017; A. P. Robinson et al., 2017; 
Stevenson, 2004; Venette et al., 2010). Spatially modelling 
potential alien species distribution is a common practice 
for species either not present or of limited distribution 
(Chapter 1, section 1.6.7.3). Simple models generally 
based on species distribution data and climate matching 
software are often crude and can exaggerate the risks. 
Considering additional environmental data is one way to fine 
tune spread and distribution. Such models can also project 
likely future distributions under climate change (Kriticos et 
al., 2005; Venette et al., 2010). More complex process-
based models can incorporate physiological limits of the 
target invasive alien species to better define habitat suitability 
(Kriticos et al., 2020). Similar approaches have been applied 
for predicting and mapping habitat suitability and distribution 
of invasive alien vertebrate species, invasive alien arthropods, 
invasive alien plant pests and pathogens and biological 
control agents released to manage invasive alien plants 
(Haye et al., 2018; Kriticos et al., 2009, 2013). The maps 
generated can be used to guide decisions regarding the 
implementation of geographically targeted monitoring which 
allows early warning and rapid response (T. P. Robinson et 
al., 2010). Creating accurate risk maps relies on available 
spatial data of species distribution, areas of interest, and 
climate, species physiological tolerances and environmental 
data layers. This is nowadays facilitated by geographic 
information systems (GIS) and facilities such as Global 
Biodiversity Information Facility (GBIF), having the capacity 
to process and give access to spatial data sets worldwide 
(McGeoch, Groom, et al., 2016). Models are selected, 
calibrated, and verified to satisfy underlying assumptions and 
validated where possible against independent data. Results 
are depicted on maps and interpreted relative to uncertainty 
in the models (Yemshanov et al., 2015).

Although these methods are not unchallenged, and despite 
a continuing debate on the accuracy of the different 
modelling algorithms, on the relevance and reliability of 
environmental data sources and on transferability of models 
(Capinha et al., 2018; Datta et al., 2020; Liu et al., 2020), 
methodologies are still improving (Chapman et al., 2019; 
Mainali et al., 2015). Maps are commonly produced to 

3.	 http://bd.institutohorus.org.br

https://www.invasivespeciescentre.ca/invasive-species/what-is-at-risk/invasive-species-risk-assessment/
https://www.invasivespeciescentre.ca/invasive-species/what-is-at-risk/invasive-species-risk-assessment/
http://bd.institutohorus.org.br
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illustrate potential risks from invasive alien species under 
different climate change scenarios (Venette, 2015; Venette 
et al., 2010; sections 5.6.1.3, 5.6.3.2), and validated 
in their successful prediction of invasive alien species 
establishment and spread (Barbet-Massin et al., 2018). 
For example, the Tool for Assessing Pest and Pathogen 
Aerial Spread (TAPPAS) is an online platform for modelling 
the dispersal and impact of pests and diseases (Durr et 
al., 2017). It can be used to assess the likelihood that a 
given pest or pathogen will be wind transported from a 
location where it is established, using global air current data 
in support of ongoing eradication or control programmes. 
Non-expert users can run climate-based scenarios for the 
spread of a given pest or pathogen in near-real-time, with 
downloadable data and visualization of results as risk-maps. 
Baysian regression models are also being used to create 
frameworks that can anticipate the likelihood of illegal wildlife 
trade of particular pet species of global popularity through 
wildlife smuggling pathways (Stringham et al., 2021).

g)	 Risk management

Risk management is an extension of risk assessment to 
help prioritize species for management. It evaluates the 
implementation (feasibility and likelihood of success) of 
management options to reduce the known risks from 
invasive alien species (FAO, 1995; A. P. Robinson et al., 
2017). Very few risk management schemes specifically 
dedicated to invasive alien species exist. However, 
elaborate taxonomic or sector specific schemes are 
available for invasive alien plants (Auld & Johnson, 2014; 
Downey et al., 2010), plant health (EFSA Panel on Plant 
Health (PLH), 2010) and the release of alien organisms 
as biological control agents (A. W. Sheppard et al., 2003; 
van Klinken et al., 2016). Governments are adopting 
risk management systems for some groups of invasive 
alien species to assist decision-making (e.g., in Australia; 
Department of Primary Industries, New South Wales, 2017; 
IUCN, 2020a). The “Non-Native Risk management scheme” 
is a protocol developed in the United Kingdom to assess 
a wide range of taxa from different environments and 
compare them directly according to the overall feasibility of 
eradication (Booy et al., 2017). The management objective 
is first defined based on semi-quantitative response and 
associated confidence scores to evaluate key criteria: 
effectiveness, practicality, cost, impact of management, 
acceptability, window of opportunity and likelihood of 
re-invasion. Scores are obtained using expert judgement, 
based on available evidence, supported by consensus-
building methods. This scheme has been used at different 
geographical scales (Booy et al., 2020; Osunkoya et al., 
2019) and adapted in Belgium to evaluate alternative 
management strategies to eradication, in particular 
“spread limitation” (containment) and to support national 
management objectives (Adriaens et al., 2019). Risk 
management systems and processes are also used to 

manage importation pathways to minimize the risk of alien 
species importations (van Klinken et al., 2020).

h)	 Risk communication

Risk communication is the interactive process of exchange 
of information and opinions among individuals, groups and 
institutions concerning a risk or potential risk (A. P. Robinson 
et al., 2017; Lundgren & McMakin, 2018). Communicating 
risks is often challenging given inherent levels of uncertainty. 
Ignoring uncertainty results in over-confident decisions or 
exaggerating uncertainty can lead to inaction in the face 
of mounting impacts (S. Liu et al., 2011; McGeoch et 
al., 2012). High stakeholder engagement throughout the 
risk analysis process, if transparent, promotes trust and 
confidence in decision makers (Estévez et al., 2015; Groom, 
Strubbe, et al., 2019; van der Bles, 2019; Vanderhoeven et 
al., 2017; e.g., the TrIAScycle, Figure 5.5). 

i)	 Cost-benefit, cost-effectiveness analyses 
and other economic approaches

Economic analysis for biological invasions generally consists 
of a) the actual or potential economic damages caused and 
b) costs of one or multiple management options optimized 
to minimize the combined impact and management costs 
(Hoagland & Jin, 2006; Chapter 4, Box 4.12). Cost-benefit 
analysis (Glossary) has been a standard approach for over 
100 years and is widely applied to support decision-making 
for management of biological invasions (Courtois et al., 
2018; Naidoo & Ricketts, 2006; A. P. Robinson et al., 2017) 
to generate a benefit-cost ratio (Naidoo & Ricketts, 2006). 
Socioecological systems generate inherent challenges and 
uncertainties associated with these approaches. When 
economic data are poor or lacking (Donlan & Wilcox, 
2007) inclusion of even broad cost and benefit estimates 
have proven valuable for deciding conservation actions 
(Boyd et al., 2015). Cost-benefit analysis can also inform 
the appropriate choice of biosecurity interventions across 
pathway, species-based (Chapter 4, section 4.2), or 
site-based, management responses. Portfolio theory-based 
decision-making or return on investment analysis (Boyd et 
al., 2015) is another approach seeking the strategy with 
the best return on investment while taking into account 
uncertainties (Akter et al., 2015; Finnoff et al., 2007). 
Economic analysis can also support and supplement 
risk management where the costs of management are 
a component of this (Fernandes et al., 2016). Economic 
analysis is less relevant for understanding impacts to 
environmental assets as the costs are hard to estimate 
(i.e., are intangible costs). Studies that attempt to put a 
value on ecosystem services are one way to address this, 
but generally in these contexts other approaches are used 
which are collectively termed cost-effectiveness analysis 
(Glossary). This aims to identify the most cost-effective 
management option to achieve a particular desirable 
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outcome (Drechsler et al., 2016; Laycock et al., 2009). Cost-
effectiveness analysis generally requires unbiased expert-
elicitation using a recognized transparent and documentable 
process. All such analyses can include economic, 
biodiversity, environmental, social and good quality of life 
considerations (Bithas et al., 2018; IUCN, 2018; Rai & 
Scarborough, 2013). These can include tangible costs, 
such as costs of removing an invasive alien species from a 
particular location, or intangible costs or impacts such as 
lost biodiversity. Intangible costs can be estimated using 
approximations and mathematical simulations (Leung Brian 
et al., 2002), or through monetarization approaches such 
as hedonic pricing (Horsch & Lewis, 2009), the travel-cost 
approach (Du Preez et al., 2012) or contingent valuation 
where the stakeholder’s willingness to pay (Glossary) 
for the invasive alien species impacts such as a lost 
ecosystem service is used to balance the benefits against 
the management costs (B. Provencher et al., 2012). The 
IPBES Methodological Assessment of the Diverse Values 
and Valuation of Nature (IPBES, 2022a) presents diverse 
valuation methodologies and approaches that acknowledge, 

bridge and integrate the diverse values and valuation 
methodologies for policy and decision-making support.

j)	 Multi-criteria analyses

Decision-making for management of biological invasions 
frequently involves trade-offs between complex and 
conflicting environmental, social and economic objectives, 
potentially resulting in positive or negative consequences for 
different stakeholder groups (R. Gregory et al., 2006). 

Multi-criteria analysis evaluates multiple objectives 
against multiple criteria that represent competing values 
(Lahdelma et al., 2000) and is sometimes coupled with 
species distribution modelling (T. P. Robinson et al., 
2010; Chapter 1, section 1.6.7.3). Expert elicitation is 
also used when available information is incomplete or 
imprecise. A multi-criteria analysis approach is often used 
to support or conducted in unison with risk management, 
impact or risk assessments and has proven useful for 
evaluating alien species threats and impacts and deciding 
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Figure 5  5  	 The TrIAScycle – an example of knowledge flow allowing for transparency and 
promoting trust and confidence between stakeholders and decision makers. 

In this workflow, data and knowledge generated by all stakeholders (visualized in the circles at the top, i.e., scientists, public 
authorities, field managers and citizens involved in citizen science initiatives) are used to build a series of databases, indicators, risk 
assessments and communication tools to inform these stakeholders and take informed action. Source: Groom, Strubbe, et al. (2019), 
https://doi.org/10.5334/cstp.238, under license CC BY 4.0.
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on management options (D. Cook & Proctor, 2007; G. G. 
Forsyth et al., 2012; Monterroso et al., 2011). A simple 
form of multi-criteria analysis is risk-cost-benefit analysis 
applied to the selection of biocontrol agents proposed for 
the management of invasive alien plants, where all potential 
agent risks and benefits are identified followed by exposure 
analysis (likelihood of each risk or benefit occurring and the 
likely magnitude of the impact should it occur; Sheppard et 
al., 2003). Deliberative multi-criteria analysis combined with 
participatory stakeholder engagement (Proctor & Drechsler, 
2006) and facilitates consensus building and social learning 
(S. Liu et al., 2010, 2011) and can take account of trade-
offs. For example, in a case study in Western Australia, a 
jury was asked to prioritize a set of plant pests and diseases 
with different agricultural, social or environmental impacts 
(D. Cook & Proctor, 2007) when provided with relevant 
biological, ecological and economic knowledge based on 
perceived significance to the State’s biosecurity system. The 
recommendations from the evaluation contrasted with the 
allocation of resources to the management of these species 
at the time.

k)	 Documenting successes and failures in 
biological invasions decision-making

Reviews of reports of successful or failed management 
actions, approaches or programmes available in peer-
reviewed scientific studies, databases, books and 
published and unpublished reports across all taxonomic 
groups, environments or geographical areas can be 
used to inform future decisions for the management of 
biological invasions. Sutherland (2022) has promoted 
the value of this approach for biodiversity conservation 
more generally. Such information sources can inform and 
potentially inspire managers confronted with the same 
invasive alien species or a similar environmental context. 
Such repositories are, however, rarely developed, compiled 
or presented to support decision-making (Matzek et al., 
2014; McNie, 2007). Duplicating a successful approach 
often seems to be an easy decision but each context will 
have specific differences and challenges, so compiling 
many similar case studies can assist understanding when a 
management decision is more likely to be successful across 
multiple contexts.

l)	 Evidence synthesis

Evidence synthesis compiles individual studies within the 
context of global knowledge on a specific issue. It is often 
the basis of both evidence-based policy and practice (Dicks 
et al., 2014). The resulting syntheses can provide rigorous 
knowledge for translating research into decision-support. 
Evidence synthesis requires an explicit and transparent 
question-based methodology targeting the identification, 
selection, appraisal and analysis of evidence from all 
available studies. The advantage of this approach is that 

all studies in a given context are assessed collectively. An 
example is the Conservation Evidence initiative, which is a 
collated free authoritative information resource designed 
to support decision-making to maintain and restore global 
biodiversity (Sutherland et al., 2019). In 2017, the synopsis 
of this initiative published in print and as an open access 
online resource is a directory of 161 evidence-based 
interventions for managing freshwater taxa which were 
considered of high risk to Great Britain’s ecosystems 
or economy (Aldridge et al., 2015).4 Of the 161 actions 
identified in this particular case, 62 per cent were not tested 
in any study, 20 per cent were considered “likely beneficial”, 
8 per cent were “unlikely to be beneficial”, 5 per cent were 
“beneficial”, 4 per cent showed “unknown effectiveness”, 
and four studies reported “trade-off between benefit and 
harms” for one single action. While evidence synthesis has 
not yet been applied explicitly globally, it has been applied 
in some contexts and it is widely recognized that this 
approach could provide significant benefit for management 
of biological invasions (P. A. Martin et al., 2020).

m)	Best management practice approach

The best management practice approach brings together 
techniques and methods that have proven most effective. 
Such information is generally compiled through a context-
specific evidence synthesis approach into a guide for 
addressing the management of an individual invasive 
alien species or a set of species generally in a particular 
ecological or biogeographic context. For example, the 
Prefectura Naval Argentina has a best practice manual 
for cleaning and maintaining maritime infrastructure to 
avoid dispersal and new introductions of marine invasive 
alien species (Argentine Naval Prefecture, 2021). As with 
case studies and evidence synthesis, similar management 
efforts are compared and analysed from which best 
practice collectively emerges. Guidelines exist for 
developing best practice for the management of biological 
invasions, including preventive strategies, eradication, 
containment and control (Adriaens et al., 2018). Best 
practice management guides are being developed around 
the world and are generally designed for use within 
particular jurisdictions, based on local regulatory contexts 
(e.g., for use of chemicals) for management. Best practice 
guides can also target specific audiences (government 
agencies, hunters, anglers, reserve managers, or the 
general public). For example, the Invasive Species Council 
of Ontario (Canada) has developed 15 best management 
practice guides for invasive alien plants that also provide 
a historical background and taxonomic characteristics of 
each species (Ontario Invasive Plant Council, 2021). The 
series promotes the use of integrated pest management 
(Glossary) to achieve effective control and is updated on a 
regular basis.

4.	 https://www.conservationevidence.com/

https://www.conservationevidence.com/
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5.2.2.2	 How to prioritize management 
actions?

Management decision-making usually requires some form 
of prioritization. Management prioritization, whether it be 
in the context of pathways, species-based and site- or 
ecosystem-based approaches, often combines approaches, 
tools and methodologies presented in the previous section 
(Figure 5.6). Species prioritization activities are the most 
common (Heikkilä, 2011) including being used early on in 
the analytical process to select species for risk assessment 
to optimize limited resources (Brunel et al., 2010). Holistic, 
transparent and easy to use prioritization frameworks exist 
to help allocate limited resources to management actions 
which are expected to provide the greatest environmental 
and societal benefits (Bottrill et al., 2008; K. A. Wilson et al., 
2007). Such frameworks can ensure prioritization replicable in 
different geographical or temporal contexts (Heikkilä, 2011). 
Prioritization ensures efficient resource allocation, increased 
transparency in collective decision-making (Kumschick et al., 
2012) and quantitative support to decision-making when there 
are conflicting objectives or measurable outcomes (Heikkilä, 
2011). Prioritization for management of biological invasions 
is generally undertaken by public organizations, where 
scientific evidence may only be part of the decision-making 

process. Lobbying, public opinion and politics also influence 
prioritized decision-making around ranking invasive alien 
species for management. Aichi Target 9 of the Strategic Plan 
for Biodiversity 2011-2020 included prioritization of pathways 
and invasive alien species (UNEP, 2011), however McGeoch, 
Genovesi, et al. (2016) argued that any comprehensive 
and strategic approach to priority setting should include 
prioritization of pathways, species and sites. Prioritization can 
support prevention and preparedness along the invasion curve 
by ranking the high-risk introduction pathways for particular 
invasive alien species through to determining which sites 
are at greatest risk of invasion to help optimize surveillance. 
Prioritization can also help site selection for containment and 
management of established widespread invasive alien species. 

Spatially explicit prioritization for the establishment of 
management strategies has also been proposed for 
example by Januchowski-Hartley et al. (2011) aiming at 
minimizing costs and the likelihood of reinvasion using the 
invasive tropical macrophyte Hymenachne amplexicaulis 
(hymenachne) affecting freshwater water quality, biodiversity 
and fisheries as a case study. 

Defining overarching management objectives is important 
before undertaking prioritization-based invasive alien species 
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Figure 5  6  	 Pathways, species and sites: three foci for a comprehensive approach to 
prioritization of management actions in biological invasions.

This approach follows McGeoch et al. (2016). Combining these foci allows to 1. prioritize sites exposed to species introduced through 
priority pathways; 2. prioritize high-risk species introduced through priority pathways; 3. prioritize sites exposed to a set of high-risk 
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management decision-making (Box 5.10 in section 5.3.3). 
Below are some case studies.

a) Pathway prioritization, a case study from 
Great Britain (United Kingdom) 

A method for prioritizing pathways was developed in Great 
Britain using established species that arrived via different 

pathways (following the classification of the Convention on 
Biological Diversity (CBD; CBD, 2014) and their impacts 
(Booy, 2019; DEFRA, 2019)). An existing dataset of the 
negative impacts on biodiversity of all established alien 
species was rated on a five-point semi- quantitative 
logarithmic scale (minimal = 0.0001, massive = 1) using 
criteria adapted from the EICAT (Chapter 4; Volery et al., 
2020b). The sum of impact scores for species introduced by 
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each pathway provided a pathway prioritization (Figure 5.7). 
This was considered a more rigorous prioritization process 
than just using numbers of alien species per pathway, 
because pathway management is about reducing the risk of 
future arrivals and impacts.

b)	 Species prioritization

Caceres-Escobar et al. (2019) assessed the cost-
effectiveness of six management scenarios for Vulpes 
vulpes (red fox) and Felis catus (cat) that were co-developed 
with local land managers and community groups on 
Minjerribah-North Stradbroke Island in Australia. Community 
prioritization of invasive alien plants was also undertaken 
in Chitwan-Annapurna Landscape of central Nepal using 
community memory of their arrival often due to a lack of 
knowledge of their impact status (Shrestha et al., 2019). 

Prioritization through horizon scanning is a prerequisite for 
deciding which species to consider for risk analyses. The 
European Union used horizon scanning to prioritize a list of 
alien species not yet present in Europe to inform selection 
of alien species for risk assessment and potentially future 
listing (H. E. Roy, Bacher, et al., 2018). The list, published 
in 2018 partly (coupled with risk assessment) informed 
the list of invasive alien species of European Concern 
that underpins the Regulation on invasive alien species 
(European Union, 2014). Experts prioritized species based 
on likelihoods of i) arrival, ii) establishment, iii) spread and 
iv) magnitude of the potential negative impact on biodiversity 
and ecosystems over the next decade, within species 
thematic groups. From the 329 species initially considered, 
a final prioritized list was made of 66 species including eight 
species considered very high risk, forty species as high 
risk and 18 species as medium risk. A similar process was 
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Figure 5  8  	 Risk Analysis for Alien Taxa (RAAT) framework developed in South Africa as 
a standardized and transparent approach to prioritizing and regulating alien 
species based on evidence. 

The figure shows the process leading to the development of recommendations for the listing of alien taxa. Adapted from Kumschick, 
Foxcroft, et al. (2020), https://doi.org/10.1007/978-3-030-32394-3_20, under license CC BY 4.0.
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undertaken in Australia where the task was to generate a 
National Priority List of Exotic Environmental Pests, Weeds 
and Diseases from which the top five to six species (from 
168 initially identified) were classed as posing the greatest 
threat to the environment in each of eight biological groups 
including marine, freshwater and terrestrial ecosystems 
(ABARES, 2021).

Risk assessment: The Risk Analysis for Alien Taxa (RAAT) 
framework was developed in South Africa as a standardized 
and transparent approach to prioritizing and regulating 
alien species based on evidence (Kumschick, Foxcroft, et 
al., 2020; Kumschick, Wilson, et al., 2020; Figure 5.8). 
The aim was to increase capacity through expert and 
stakeholder workshops to prioritize species for regulation 
and management plan development. The framework has 
since been used retrospectively on species already regulated 
to confirm whether these should continue to be listed. Of 
650 regulated species, 62 have been assessed, several of 
these now have a recommendation to change their regulatory 
status as they are not present in the country (delist) or can no 
longer be eradicated (move to widespread list). The regulators 
are now processing these recommendations via a committee 
and stakeholder consultation and are considering giving the 
framework legal force. 

Risk management: On Viti Levu in Fiji, Daigneault and 
Brown (2013) undertook cost-benefit analyses of the 
management of five established species: Spathodea 
campanulata (African tulip tree), Herpestes javanicus 
auropunctatus (small Indian mongoose), Papuana huebneri 
(taro beetle), Pycnonotus cafer (red-vented bulbul) and 
Decalobanthus peltatus (Merremia). These analyses used 
survey data, impacts due to the species and management 
options. The cost-benefit analysis showed that benefits 
from management far outweigh the costs supporting the 
need to better manage invasive alien species in the Pacific, 
but that the most cost-effective management option varied 
between species.

c) Site prioritization

Prioritization of sites for invasive alien species management 
is built on the individual contexts of national environmental 
legislations (e.g., threatened species or ecosystem 
recovery and/or creating protected area networks), local 
knowledge, resources and management capacity and 
the cost-effectiveness of available management options. 
Managing invasive alien species in protected areas will also 
be prioritized based on the degree to which key ecosystems 
are invaded or at threat from invasion (Foxcroft, Pyšek, et 
al., 2013; Giakoumi, Pey, et al., 2019; X. Liu et al., 2020). 
A combined site and species prioritization framework was 
developed and implemented in the Brazilian tropical and 
subtropical dry and humid forest in the Itatiaia National Park 
(Ziller et al., 2020) assessing the level of biological invasion 

across four locations by 50 alien species. High priority 
was given to sites with high risk or in the early stages of 
biological invasion and low invasive alien species frequency. 
Krug et al. (2009) developed a prioritization scheme for the 
management of invasive alien plants in the Cape Floristic 
Region (South Africa). The identification of priority areas was 
based on weighted decision criteria, but the influence of the 
weighting on the outputs requires evaluation.

d) Management prioritization for species

Prioritization of management options for species rather 
than prioritizing species for management is also commonly 
undertaken for single or multiple species. A participatory 
decision-support software “Zonation” developed for this 
purpose on Reunion Island uses available spatial data on 
native species (Glossary) and invaded habitats to define 
conservation targets and provide projections at management-
relevant scale, which helps to prioritize invasive alien plant 
management actions (Fenouillas et al., 2020). Management 
priorities are defined based on three criteria: area accessibility; 
site history and likely intervention effectiveness.

Helmstedt et al. (2016) prioritized all eradication strategy 
options for invasive alien mammals across all Australian 
islands taking into account the complex decisions faced by 
managers. The optimal strategy was to eradicate a subset 
of invasive alien mammals, intentionally leaving some where 
either eradication costs were too high or removal might lead 
to complex ecological responses (e.g., trophic cascades). 
This eradication strategy was the most cost-effective 
generating 27 per cent greater ecological benefit across all 
islands compared to eradicating all invasive alien species on 
an island.

For marine invasive alien species where eradication is 
very unlikely, managing abundance to below ecologically 
defined impact thresholds is a better strategy (Usseglio et 
al., 2017). Giakoumi et al. (2019) used experts to prioritize 
11 management actions for 12 invasive alien species with 
different distributions and dispersal capacity. Each action 
was assessed using five criteria (effectiveness, feasibility, 
acceptability, impacts on native communities and cost) 
combined into an “applicability” metric. Rapid removal early 
in the biological invasion process and seeking commercial 
value from remaining species were ranked the highest 
management actions, while application of biological control 
ranked the lowest.

5.2.2.3	 Dealing with uncertainty in 
decision-making 

Decision-making, including for management of biological 
invasions, is weakened by multiple forms of uncertainty, 
bias and knowledge gaps (Moon et al., 2017). Key gaps 
include future threats, likely-establishment patterns and 
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the interactions with climate change (Leung et al., 2012). 
Regan et al. (2002) developed a typology of uncertainty 
in conservation decision-making taking these gaps into 
account. This typology includes epistemic uncertainty 
associated with the knowledge of the system, and the 
linguistic uncertainty associated with communication 
between culturally different stakeholders. It has been 
used to evaluate the degree of uncertainty associated 
with prioritization approaches by McGeoch et al. (2012) 
(Table 5.2). The majority of uncertainty sources are 
epistemic, and are caused by quantitative inaccuracies and 
knowledge gaps. 

Decision-support tools generally explicitly assess the 
uncertainties around assumptions or knowledge (González-
Moreno et al., 2019; Leung et al., 2012; Probert et al., 
2020), but not always (Caton et al., 2018). Understanding 
bias and documenting and explaining uncertainty to 
decision makers and other stakeholders are critical in risk 
communication (Lundgren & McMakin, 2018; Probert et 
al., 2022; WHO, 2013) and management decision-making 
(D. A. Clarke et al., 2021; S. Liu et al., 2011; Vanderhoeven 
et al., 2017; A. I. Ward et al., 2020). This allows a degree 
of confidence to be associated with decisions, increasing 
their legitimacy and providing transparency for managers 
(Estévez et al., 2015; van der Bles, 2019). 

5.2.2.4	 Quantitative decision- support 
tools for implementing management 
options

Many quantitative decision-support models and 
platforms have been developed to support management 
implementation. Some generic modelling platforms have 
already been discussed (e.g., Tools for assessing pest 
and pathogen aerial spread (TAPPAS); Durr et al., 2017; 
section 5.2.2.1). Their utility is broad and, when validated, 
can be cost-effective (M. E. Wilson & Coulson, 2016). Such 
platforms can be tailored to different manager perceptions 
or risk, types of invasive alien species and policy options 
(Lodge et al., 2016; Perrings, 2016) and other management 
types such as pathway management (Leung et al., 2014).

Such modelling platforms can help answering a wide range 
of risk-based management-related questions important to all 
stakeholder communities involved in a response to control 
an invasive alien species. Dynamic modelling platforms can 
be deployed during a management response to influence 
real-time decision-making. These tools have been applied, 
for example, for the eradication of foot-and-mouth disease 
(Garner & Beckett, 2005), pandemic influenza (Beckett, 
2008), Vulpes vulpes (red fox), Sus scrofa (feral pig), 
Felis catus (cat; Ramsey et al., 2011), Trachemys scripta 

Table 5  2  	 Dealing with uncertainty in decision-making for management of biological 
invasions.

Types of knowledge (epistemic) and linguistic uncertainty, and errors associated with invasive alien species listing during the decision-
making process that can be considered and documented when relevant. Adapted from McGeoch et al. (2012).

Type of uncertainty Errors associated with alien species listing

Epistemic uncertainty

Measurement error
Human error

Incomplete information searches

Systematic error

Species identification incorrect as a result of taxonomic uncertainty

Survey information on presence, extent and population dynamics

Resolution and scaling of invasive alien species range

Data and knowledge not documented

Documented data and knowledge not readily or widely accessible

Stochasticity and natural 
variation Survey information on presence, extent and population dynamics

Subjective judgement
Baseline information on indigenous range

Species designation as invasive

Model uncertainty Adequacy of research on impacts on biodiversity

Linguistic uncertainty
Vagueness Species designation as invasive

Context dependence Resolution and scaling of alien range
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elegans (red-eared sliders) (García-Díaz, Ramsey, et al., 
2017) and various weedy plant species (Panetta, 2012; T. 
J. Regan et al., 2006; J. R. U. Wilson et al., 2016). Publicly 
available tools are also under development for cost-effective 
decisions when eradicating invasive alien species (Centre for 
Invasive Species Solutions, 2021). Eradication programmes 
can have rule-of-thumb-based models or be dynamically 
assessed for likelihood of success (Panetta et al., 2011; 
Panetta & Cacho, 2014). These help to ensure eradication 
programmes are neither terminated too early (Rout et al., 
2014) nor run beyond any real strong likelihood of success. 
Decision-making in the context of eradication programmes 
can also be assisted by Bayesian statistical methods (J. M. 
Keith & Spring, 2013; Solow et al., 2008). Other methods 
include scenario tree analysis (Dominiak et al., 2011) and 
Epitools (Sergeant, ESG, 2018). Predator-Free New Zealand 
has recently generated a rapid eradication assessment tool 
for invasive alien mammals (J. H. K. Kim et al., 2020).

Pest risk maps are commonly used for strategic and tactical 
decision-support in managing biological invasions. However, 
such maps rarely measure spatial risk and are generally only 
used to estimate risk in one component of the invasion curve 
(general introduction or establishment risks – Figure 5.1), 
and can be improved to understand risks and consequences 
across the invasion steps and interdependencies (Camac 
et al., 2020). More complex population-based modelling 
platforms can combine ecological distribution and 
climate data with process-based models to model pest 
establishment and spread, density and include impact risk 
analysis (e.g., Kriticos et al., 2017; Z. Li et al., 2016). These 
types of models can be made scalable from region down to 
farm level and provide risk-maps in near-real-time. Similar 
modelling tools also support decision-making around long-
term management of invasive alien species and evaluating 
control programmes (Bourdôt et al., 2018; Shephard et al., 
2016) as well as supporting ecosystem restoration to build 
resilience to prevent reinvasion. Most modern tools will 
have a mapping capability, and most will also use spatial 
information as a component of their evaluation (Beckett 
& Garner, 2007). Such tools can include individual-based 
(or agent-based) simulation models (e.g., Beckett, 2008), 
stochastic and deterministic mathematical models (e.g., 
Buckley et al., 2005; Tildesley et al., 2012) or, a combination 
of individual-based and mathematical approaches (e.g., 
Bradhurst et al., 2015). High power computing helps draw 
inferences on invasive alien population change in space and 
time. Other model types include bioeconomic modelling, 
option value models, endogenous risk theory models, and 
other economic models. Many of these types of tools can 
also benefit from artificial intelligence to assist optimizing 
dynamic response approaches. Collectively, there are no 
fixed impediments to any of these forms of modelling, other 
than the availability of the relevant data, including spatial data 
and the time and investment required to design, implement 
and validate a model (Chapter 1, section 1.6.7.3). 

5.3	 TARGETING PATHWAYS, 
SPECIES AND SITES IN 
PRACTICE

5.3.1	 When to implement pathway, 
species-based and site-based 
management strategies

As discussed in section 5.1, there are three main 
approaches for the management of invasive alien species: 
management of the pathways of biological invasion, 
management of the invasive alien species itself and 
site-based or ecosystem-based management. Pathway 
management approaches use methods to prevent 
incursions at the point of entry/border and post-border 
dispersal within jurisdictions (sections 5.2.2.2, 5.4). 
Eradication, containment, or suppression of invasive alien 
species (control) are the main means of species-based 
management. The likelihood of successful species-
based management usually declines with increasing 
distribution and density of the target invasive alien species 
(Figure 5.1), except for classical biological control. Where 
the ability of a species-based programme to eradicate, 
contain or control the target invasive alien species is 
limited or where the emphasis may be on maintaining 
natural assets (e.g., threatened and endangered species 
or ecosystems), or on the maintenance of a site-based 
approach may be most likely to achieve long-term 
conservation outcomes, especially in terrestrial and closed 
water systems. This is particularly relevant for sites of high 
biodiversity and ecosystem significance in the context 
of nature’s contributions to people and good quality of 
life conservation. Site-based approaches also aim to 
manage sites at risk from, or impacted by, multiple invasive 
alien species.

Site-based approaches are focused on delineated areas 
based on the values, objectives and environmental 
assets of the site. These delineated areas may include 
islands, protected areas, Indigenous sacred sites or 
other designated areas that contribute to good quality of 
life. Following site identification and prioritization, site-
based management strategies generally include invasive 
alien species removal combined with site restoration in 
terrestrial ecosystems. At the ecosystem level, this is 
often described as ecosystem-based management. All 
three types of management approaches play key roles in 
management of biological invasions and are not mutually 
exclusive, therefore strategies and decision-making 
frameworks are needed to determine the context of when 
each management approach is best applied (Downey 
& Sheppard, 2006). Selection of the most appropriate 
approach depends on the outcomes sought and the 
available resources.
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5.3.1.1	Implementing pathway 
management strategies

Pathway management can be applied to international 
pathways, which facilitate long-distance global invasive 
alien species dispersal (e.g., postal mail, trade, human 
travel, transport vessels, inland and marine canals; Hulme, 
2009) and post-border domestic pathways (e.g., spread 
via agriculture or domestic trade, local travel and transport). 
Commodity-related drivers such as manufacturing, 
agricultural and pet trade shipping routes (including 
e-commerce; Glossary) and human-travel networks such 
as tourism and airline travel create invasion pathways 
(Chapter 3, section 3.2.3.4). Key components of pathway 
management include phytosanitary treatment of imported 
commodities and a combination of both active and general 
surveillance methods for early detection of invasive alien 
species to enable management outcomes to be achievable 
(Figure 5.1). 

Comparisons of general patterns of species introductions 
globally indicate that the commercial animal-trade (livestock, 
aquaculture introductions, companion animals and illegal pet 
trade), plant-trade (agricultural and horticultural commodities 

and trade in wood, seeds and ornamental and nursery 
stock), wood packaging and hitchhiker or contaminating 
pests and diseases arriving on other freight are the most 
significant pathways for terrestrial and freshwater species, 
whereas ballast water and hull biofouling are important 
invasion pathways for marine species (Downey & Sheppard, 
2006; Hulme, 2009). International cooperation helps to 
understand pathway risks and manage long-distance 
pathways, through legislation, regulation, international 
guidelines and agreements (e.g., IPPC, WOAH), risk 
analysis, risk mapping, control of invasive alien species 
and mitigation of impacts (CBD, 2014; Hulme, 2009; Paini 
et al., 2016). The IPPC has defined trade pathways of 
invasive alien species movement and provides standards 
on most plant trade pathways with respect to alien species 
movements through a range of ISPM for example the 
adoption of ISPM-15 in 2002 to manage wood boring 
insects in wood packaging material such as pallets has seen 
a reduction in incidence of invasive wood borers (Haack et 
al., 2014). The exceptions are pathways of “contaminating 
pests” (i.e., “hitchhikers”), which spread through trade via 
movement of sea and air containers but are not associated 
with any specific commodities (IPPC-CPM, 2020) and 
e-commerce (Stringham et al., 2021), but these are being 

Table 5  3  	 Management challenges and information needed when addressing invasive 
alien species risk associated with e-commerce.

E-commerce is a rapidly increasing means of invasive alien species spread. Adapted from: CBD (2022c).

Management 
challenges

Information needed and implementation options

Risk Improving information on the risks posed by e-commerce (including illegal e-commerce).

Establish an international invasive alien species risk-based labelling system for shipments potentially 
containing invasive alien species as environmentally hazardous living organisms.

Commodities and invasive 
alien species

Identify commodities related to soils and growing media and living organisms.

Create lists that specify which alien species may possibly be imported, including plants (and plant related), 
aquatic organisms, pet-trade.

Tools Use autonomous internet tools to identify and locate e-commerce traders and other stakeholders.

Gather data to monitor compliance and to evaluate the efficacy of risk mitigation measures. 

Apply non-intrusive inspection technologies and disseminate good practices and risk-based interventions 
using data analytics. 

Improve tools to support efficient international collaboration to link existing security initiatives with invasive 
alien species risk management and targeted (risk-based) inspections (databases and advanced digital supply 
chain management systems). 

Communication and 
training

Better inform and communicate with all stakeholders and Indigenous Peoples and local communities in the 
early detection of incursion or spread of e-commerce derived invasive alien species in natural and managed 
ecosystems across traditional lands and waters. 

Develop voluntary codes of practices and standards to regulate cross-border e-commerce.

Develop and implement training programmes and tools to facilitate appropriate levels of monitoring and 
inspection in e-commerce markets. 

Management Develop and apply improved management measures to minimize the risks of introduction of invasive alien 
species through e-commerce, consistent with international obligations.

Hazard identification A substantial challenge is posed by living organisms currently being traded through e-commerce and whose 
risks have not yet been assessed.
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addressed. While e-commerce is a key driver and pathway 
of international concern due to the increasing global 
volumes of parcel mail (Chapter 3, section 3.2.3.1), 
international efforts are underway to address this pathway 
(CBD, 2020b). Table 5.3 illustrates options for implementing 
a coordinated e-commerce management programme.

Six categories of pathways of invasion have been 
recognized: release, escape, transport – containment, 
transport – stowaway, corridors and unaided (Chapter 1, 
section 1.4.1; Chapter 2, section 2.1.2, Table 2.1; 

Chapter 3, section 3.1.1). Deliberate releases, escape 
from confinement, containment of propagules (e.g., sanitary 
and phytosanitary control), prevention of stowaways and 
early detection and rapid response to combat natural 
spread from neighbouring regions need effective regulations 
at the jurisdictional level. Where jurisdictions do not have 
pathway management protocols in place invasive alien 
species will continue to establish (section 5.5), but where 
they are used effectively excellent pathway management 
can be achieved (e.g., Box 5.2). Various codes of conduct 
have been endorsed by the European Union for the 

Box 5  2  	 Case study: A successful pathway management programme from Barrow 
Island, Australia.

One of the most ambitious and successful programmes of 
pathway management was the zero-tolerance biosecurity 
programme applied to protecting a class A nature reserve – 
Barrow Island, Australia (Figure 5.9; Merwe, 2015; Moro et al., 
2018; Scott et al., 2017). The construction of a large liquefied 
natural gas plant required the transfer of material and personnel 
through marine vessels and aircraft to the island (Chapter 3, 
section 3.3.2). Since higher traffic brings a higher risk of 
introductions of invasive alien species (Chapter 3, section 
3.2.3.1; Chapter 2, Box 2.5), a condition for the construction 
and operation of this project was that no alien species establish 
in the reserve. To date the Chevron pathway management 
programme for Barrow Island has been a success. The success 
of this biosecurity programme resulted from a risk analysis of all 

material and passenger pathways; identifying decontamination 
points and marine loading facilities; and all cargo undergoing 
pre-border cleaning, treatment, packaging and inspection of all 
transports and cargo (including a purpose-built low biosecurity 
risk container design) prior to transportation to the island. A 
quarantine system including behavioural incentives such as 
performance credits for all island personnel was established to 
prevent the establishment of terrestrial and marine alien species 
to the island and surrounding marine habitats. Marine invasions 
were the most challenging (e.g., Dias et al., 2021). Seventy 
five percent of invasive alien species were detected pre-border 
(the majority on transport equipment or materials) which were 
invertebrates or seeds and 61 per cent detected post-border 
were via human assisted pathways on personnel and in luggage. 
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Figure 5  9  	 Map of Barrow Island in north-western Australia which is dominated by 
grasslands and has an area of 202 km2. 
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pathway management of invasive alien species (Council of 
Europe, 2021).

Managing intentional introduction pathways helps preventing 
alien species that have been profiled through import risk 
analysis and that have high potential ecological impacts, 
reducing future unintentional spread and ecosystem impact 
risks (Pergl et al., 2017). Understanding pathway risks 
through analyses of levels of trade between ecologically 
compatible countries and numbers of high-risk invasive 
alien species they do not yet share can help to better 
target pathway management. Risk can be quantified 
based on likelihood of arrival and establishment of whole 
complexes of invasive alien species (Banks et al., 2015). 
An analysis of almost 1,300 known invasive alien insect 
pests and pathogens, based on total potential cost of these 
species invading each of 124 countries showed apparently 
climatically similar countries varying markedly in risk profile, 
depending on specifics of agricultural commodities and 
trade patterns (Paini et al., 2016). According to the same 
study, the biggest agricultural producers were the greatest 
potential sources of invasive alien species but could also 
experience the greatest cost from future biological invasions. 
Similarly, data from border interceptions, trade volumes, 
country pest occurrence records and climate suitability 
models can be used to develop models to estimate the 
exposure risk of potential and current trading partners 
leading to an established population of a new high threat 
pest or disease (Camac et al., 2021). A pathway-centred 
conceptual model has also been used to determine the role 
of pathways in invasive alien species establishment and 
design early detection and rapid response programmes 
(Colunga-Garcia et al., 2013).

In several regions, control actions have reduced numbers 
of species deliberately released and to some extent 
escapes, although species continue to be introduced 
unintentionally as contaminants and stowaways (Hulme 
et al., 2008). For example, more than 400 metazoan 
introductions were reported to have spread through the 
Suez Canal (Galil et al., 2021), and of 1,257 alien marine 
species in Europe, shipping (Katsanevakis et al., 2013) and 
the Suez Canal (Galil et al., 2021) were likely responsible 
for increasing introductions. The freshwater fish 
Pseudorasbora parva (topmouth gudgeon), spread across 
Europe, was a contaminant of commercially-exported fish 
consignments (Gozlan et al., 2010; Chapter 3, section 
3.2.3.2). 

5.3.1.2	 Implementing species-based 
surveillance and management

Surveillance aims to detect new invasive alien species 
incursions early enough to allow for an effective rapid 
response towards eradication (section 5.4.2). Active 
surveillance is designed to detect priority invasive alien 

species to inform pathway risk assessment and to 
provide prevalence information on a trade pathway or a 
delimited area containing a suspected incursion (IPCC, 
2018; Supplementary material 5.8 for more details on 
surveillance guidelines). Terrestrial, aquatic and animal 
disease surveillance (IPPC, 2018; World Organisation for 
Animal Health, 2019) is generally focussed on specific 
threats and aims to demonstrate absence (i.e., supporting 
trade) or to detect prevalence at low levels to ensure rapid 
response and eliminate the disease or pest outbreak. 
Surveillance programmes are underpinned by a well-
developed sampling methodology and statistical design, 
which provide transparency around confidence and 
detection thresholds (Kalaris et al., 2014; FAO, 2018a; 
World Organisation for Animal Health, 2019). Stochastic 
scenario tree models can be used to describe each 
component of the surveillance system to demonstrate that 
a zone or country is free from a particular disease (P. A. 
J. Martin et al., 2007). Online calculators such as Epitools 
assist the design of animal surveillance programmes 
demonstrating disease freedom (P. A. J. Martin, 2008; 
Sergeant, ESG, 2018). Stochastic scenario tree modelling 
of each of the surveillance system components can be used 
to estimate the probability of disease freedom (Sergeant, 
ESG, 2018) and to test the sensitivity of the surveillance 
system. For example, scenario tree modelling was used 
to assess the sensitivity of Ecuador’s national surveillance 
system to human leptospirosis by conducting probabilistic 
modelling for each component of the surveillance system. 
The model assessed the programme’s sensitivity as an 
output so that an economic assessment of the system 
could be made (Calero & Monti, 2022). Another example 
of use of stochastic scenario tree modelling is in helping 
planning a surveillance programme to demonstrate disease 
freedom for Mycoplasma bovis in cattle after an extensive 
and costly eradication programme in New Zealand (Cowled 
et al., 2022).

Integrated evaluation frameworks and tools also help 
evaluate surveillance systems (Peyre et al., 2019). The 
Food and Agriculture Organization (FAO) Surveillance 
Evaluation tool is part of the Emergency Prevention System 
for Animal Health providing countries with comprehensive 
and standardized methods to evaluate animal disease 
surveillance including zoonoses and action plans to track 
diseases that affect animals and people (Aguanno et 
al., 2019).

Following detection of a new priority invasive alien species, 
rapid response can only be achieved with immediate access 
to resources, as the time it takes to mount an effective 
response is generally of limited duration. In most jurisdictions 
there is a lack of legislation, policy, protocols or plans to 
guide rapid management responses to new incursions. 
Many countries are still establishing such systems, but 
these are currently seldom implemented or require support 
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from donor agencies (Boy & Witt, 2013). There are good 
working policies in some countries where pre-negotiated 
rapid-response plans are agreed at a species-level before 
each incursion is detected (section 5.2.2.3). Such plans 
pre-negotiate roles and identify funding and responsibilities 
around species prioritized as key future threats. Where 
the chance of invasive alien species eradication is lost, 
management can be done through site-based management, 
but it is more costly (e.g., Sciurus carolinensis (grey squirrel) 
in Europe; Bertolino & Genovesi, 2003). 

Large scale species-based removal and eradication 
programmes have produced successful results, for example, 
on islands and for mammalian invasive alien species 
in northern Europe (Robertson et al., 2017). Species-
based management is more likely to achieve impact if 
relevant stakeholders collectively agree and clearly define 
overarching management objectives beyond species 
suppression (a reduction in the abundance of an invasive 
alien species population). These overarching management 
objectives could include objectives to measure benefits 
in biodiversity and ecosystem services or the reduction 
of threats to threatened and endangered species and 
communities. Managing invasive alien species in marine 
environments is particularly challenging, and some species-
based management approaches were attempted on sun 
corals but only reduced localized colonies at small scales 
in the short term (Box 5.3). Managing freshwater biological 
invasions is also challenging. In Indonesia, the main invasive 
alien freshwater fish include species of Pygocentrus 
nattereri (red piranha), Tetraodontidae spp. (pufferfish), 
Trichomycteridae spp. (parasitic catfish) and Electrophorus 
electricus (electric eel; Francis, 2011). They were brought 
in as part of a very large ornamental fish farming sector, 
and then escaped in rivers on many of the Indonesian 
islands, causing significant impacts on native freshwater 
communities. Indonesia has now taken a species-based 
approach which actively regulates the movement of these 
alien species within the Indonesian archipelago, and has 
banned 30 alien fish species from importation (Priono 
& Satyani, 2010). In Arizona, United States, successful 
invasive alien fish management has been achieved (e.g., 
Salmo trutta (brown trout)) through long-term collaboration 
between government agencies and the Indigenous White 
Mountain Apache tribe using cultural beliefs and habitat 
restoration practices leading to increases in the native 
Oncorhynchus apache (apache trout) populations (Pfeiffer 
& Voeks, 2008). In the People’s Republic of China, while a 
biological control programme is under development, national 
containment lines with 30 km buffer zones were proposed 
for Ageratina adenophora (Croftonweed), to prevent spread 
from Yunnan province in the south west to other provinces 
to the north and east (Wan et al., 2009). 

Some widely established invasive alien species (Figure 5.1) 
can be targeted using classical biological control (sections 

5.4, 5.5) aimed at suppressing populations (number of 
individuals) at local and landscape levels. There have been 
over one hundred successful programmes using biological 
control against invasive alien plants (Schwarzländer et al., 
2018). For example, a survey with local communities in 
Eastern Africa showed Opuntia stricta (erect prickly pear) 
contributed to the loss of grazing land and health impacts 
(e.g., mouth sores, weight loss and death) of livestock but 
only 20 per cent of respondents could attempt manual 
control (R. T. Shackleton et al., 2017). The subsequent 
release of the Opuntia stricta specific genotype of 
Dactylopius Opuntiae (prickly pear cochineal) as a biocontrol 
agent led to very effective management. In Tahiti, biological 
control using the fungus Colletotrichum gloeosporioides f. 
sp. miconiae of the pan-pacific invasive alien plant Miconia 
calvescens (miconia) from South America has effectively 
broken the complete canopy cover of Miconia calvescens 
allowing native species to return, but manual removal is still 
important in ongoing ecosystem restoration (Meyer, 2008).

A review of 76 relevant case studies suggested 
that the majority of the management conducted by 
Indigenous Peoples and local communities is species-
based (Supplementary material 5.1). Therefore, 
some Indigenous Peoples and local communities have 
developed knowledge and culture that are critical for 
motivating species-based actions and prioritizing targets, 
in many cases utilizing available resources as part of local 
management. In Canada, Fraxinus nigra (black ash) is 
threatened by the invasive alien beetle Agrilus planipennis 
(emerald ash borer). The Indigenous Kahnawake People 
use Fraxinus nigra trees for basket making, which has 
increased the public demand for conserving Fraxinus nigra 
(IPBES, 2020). In Hawaii, traditional gatherers of native 
ferns for cultural practices incorporate manual control of 
invasive alien plants to manage the fern resource (Ticktin 
et al., 2006). In a different approach, management can be 
done through utilization of targeted invasive alien species. 
For example, the Indigenous Maya Kaqchikel community 
in Guatemala has recognized the negative impacts of 
Pseudopanax laetevirens (sauco tree or saúco cimarrón 
in Spanish) and community control efforts have included 
developing alternative uses for Pseudopanax laetevirens, 
including in food and medicine, which has improved 
awareness of the benefits and impacts of the tree, helping 
to limit its spread (IPBES, 2020). Similarly, the loss of native 
vegetation for livestock feed in various local communities 
in East Africa (Kenya and Tanzania) from the invasion of 
the Prosopis juliflora (mesquite) tree since the 1970s led to 
the development of alternative uses of it for firewood and 
livestock food supporting livelihoods (Chapter 4, Box 4.9). 
Nonetheless, spread has continued unabated (Mbaabu 
et al., 2019) and Prosopis juliflora has been declared as a 
major invasive alien species in Ethiopia, Kenya, India, South 
Africa and the Sudan (Chandrasekaran & Swamy, 2016; R. 
T. Shackleton et al., 2014).  
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Box 5  3  	 Case study: Species-based management of invasive alien corals through 
resource use in Brazil.

Tubastraea spp. (sun corals; Figure 5.10) are highly invasive 
and widely spread along the Brazilian coast, where, at some 
locations, they occupy 80 per cent of the shallow subtidal 
seabed (Mantelatto et al., 2020). Tubastraea tagusensis 

forms dense clusters with up to 872 colonies per m2 (Paula & 
Creed, 2005; de Oliveira Soares et al., 2018), and has been 
recorded from depths of up to 40m (Figueroa et al., 2019). 
Tubastraea micranthus (black sun coral) and Tubastraea 
coccinea (orange-cup coral) has been recorded at 138m 
and 90–96m below sea level, respectively (Sammarco et 

al., 2013). Tubastraea spp. are considered to have spread 
with shipping and offshore oil infrastructure. Mantelatto et 

al. (2020) recorded the occurrence of Tubastraea coccinea 

and Tubastraea tagusensis attached to floating wood debris 
and marine litter indicating rafting over long distances may 
be another mechanism of range expansion. Genetic analysis 
of these species revealed multiple invasions, secondary 
introductions, and clonality (Capel et al., 2019). The species-
based management goal has been to slow the spread and 

reduce the negative impacts (Creed et al., 2017). More than 
231,000 sun coral colonies (about 8.3 tonnes along the coast 
of Rio de Janeiro) have been manually collected by trained 
divers using standard protocols. While preventing dispersal 
across extensive areas or coastlines was not feasible, focused 
removal and harvesting efforts provided value by generating 
income for coral harvesters (Creed et al., 2017). Creed et 

al. (2021) documented manual removal as a recommended 
option to control and slow the spread and/or eradicate 
Tubastraea spp., however, Tubastraea spp. are widely spread 
in western Atlantic (Gulf of Mexico, Caribbean, Brazil), occur 
in dense clusters, and extend to depths beyond accessibility 
through recreational diving and are also nearly year-round 
prolific reproducers. Dispersal vectors are ubiquitous, which 
may assist colonization from surrounding areas. Although 
used as a resource, containment or controlling these species 
is unfeasible, even at local scale. This really questions the 
tractability of manual removal-based eradication of these 
species (Sammarco et al., 2013).

Figure 5  10  	 Invasive alien coral Tubastraea spp. (sun coral or coral-sol in Portuguese) 
off the Brazilian coast.

The colony on the right has been manually removed as part of a species-based management programme. Photo credit: Joel C. 
Creed, Projeto Coral-Sol/UERJ – under license CC BY 4.0. 

Alternative uses of invasive alien species resources have 
also been adopted in freshwater ecosystems (e.g., invasive 
paiche Arapaima gigas (arapaima) in the Bolivian Amazon; 
Macnaughton et al., 2015) and marine ecosystems (e.g., 
Paralithodes camtschaticus (red king crab) in Finnmark; 
Broderstad & Eythórsson, 2014). Some local communities 
derive local names for some invasive alien species based 
on their impacts, which can assist recognition and 
understanding of the different invasive alien species in their 

areas (IPBES, 2020). Similarly, Indigenous herders in central 
Uganda use local names for plants in the area, including 
invasive alien species, which helps monitoring biodiversity 
(Oba et al., 2008). In southern Tanzania, an invasive alien 
plant education and awareness campaign improved local 
appreciation of undesirable impacts, and voluntary manual 
removal together with basic equipment and the provision 
of seedlings of alternative desirable plant species provided 
community benefits (Foxcroft, Witt, et al., 2013). Indigenous 
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Peoples and local communities can also assist in mitigation 
measures such as native seed collection, storage and 
restoration. In southern India, craftsmen harvest Lantana 
camara (lantana) for furniture and basket making which 
reduces local Lantana camara density and size classes 
(Kannan et al., 2016), but beyond the villages, large regional 
scale abundance cannot be managed by harvesting. 

5.3.1.3	 Implementing site-based 
and ecosystem-based management 
programmes
Site-based management is likely to include removal of 
invasive alien species present in a site to achieve ecosystem 
restoration objectives in terrestrial and inland aquatic 
ecosystems. Site-based management is sometimes 
termed “asset protection” since it generally includes site 
revegetation and restoration (either towards the original or 
some new desired state) to increase site value and resilience 
to future invasion (Downey & Sheppard, 2006). Site-based 
management has been categorized into “susceptible” 
and “sensitive” sites (McGeoch, Genovesi, et al., 2016). 
“Susceptible sites are those “with the greatest exposure 
to invasive alien species propagules and a high probability 
that these propagules will establish in the area”, whereas 
sensitive sites are those “exposed to the greatest invasive 
alien species impacts” (McGeoch, Genovesi, et al., 2016). 
To evaluate progress towards site-based management 
objectives of reducing community and ecosystem level 
impacts, ongoing monitoring is critical.

Site-based management is primarily focussed on a 
particular geographic location, while ecosystem-based 
management is focussed on a higher level of particular 
impacted ecosystems. For example, ecosystem-
based management could include managing river flow 
regimes at the catchment scale to keep a myriad water 
bodies and riparian wetlands healthy and dominated 
by native species. Such hydrological management can 
be local (e.g., watering directly) or regional (managing 
environmental flow allocation) thus affecting multiple sites 
or ecosystems (Catford et al., 2011, 2014; Ruhi et al., 
2019). Both site- and ecosystem-based approaches are 
on the same continuum defined by the objective(s) of the 
management, and the location and type of management 
actions needed to achieve those objectives. Similarly, 
management of whole socioecological systems at larger 
scales is also undertaken (Box 5.2). In some contexts 
(e.g., United Nations Educational, Scientific and Cultural 
Organization (UNESCO) Man and Biosphere reserves; 
section 5.3.2), site-based management is approached 
from a socioecological systems perspective (Chapters 1 
and 6). One example is the management of invasive 
alien plant (Jellinek et al., 2014) and fishery resources 
in the Galápagos Islands marine reserve (Castrejón et 
al., 2014; Box 5.5 in section 5.3.1.4). For areas with 

limited biodiversity information, site-based management 
objectives may be expressed in terms of habitat, which 
facilitates the understanding, conservation or restoration 
status and economic value of the ecosystem (Dymond et 
al., 2008). 

Sites prioritized for management by Indigenous Peoples and 
local communities are likely to be sites where there already 
is an integrated management of culturally important sites 
and values with conservation outcomes or active community 
involvement in the control of invasive alien species (Bach 
et al., 2019; Chapter 2, Box 2.6). Indigenous lands cover 
more than a quarter of the world’s terrestrial area (Garnett 
et al., 2018) and the relationship between invasive alien 
species, site cultural value and negative socioecological 
effects are often highly complex, contextual and often 
contradictory (Howard, 2019; Pfeiffer & Voeks, 2008). Sites 
of high cultural value may be valued for provision of food 
and medicine because they are also biodiversity refuges for 
native species. For example, Aboriginal-owned freshwater 
billabongs in northern Australia have cultural assets as 
hunting and fishing grounds, and therefore site-based 
management to exclude feral animals is being experimented 
collaboratively by researchers and Aboriginal people (E. Ens 
et al., 2016). Invasive alien species have been incorporated 
into local cultural systems of Indigenous Peoples and local 
communities, leading to cultural enrichment (Pfeiffer & 
Voeks, 2008). The Lower Mekong Basin is a large-scale 
socioecological system where sites and invasive alien 
species are managed in an integrated manner (Miththapala, 
2007). Indigenous Peoples and local communities utilize 
invasive alien species as a natural resource in the process of 
management (Box 5.4).

5.3.1.4	 Integrating pathway, species-
based and site-based management

Pathway, species- and site-based management can 
be implemented at various spatial scales along the 
invasion continuum (Figures 5.1 and 5.4; Box 5.4). 
Integrating the use of pathway, species-based and 
site-based management can promote more informed 
resource allocation and decision-making (McGeoch, 
Genovesi, et al., 2016). Integrated use of pathway, 
species-based and site-based management strategies 
can be implemented in larger, socioecological complex 
systems such as the Galápagos Islands (Box 5.5). 
Differences in societal perceptions and values, impacts 
and management responses to invasive alien species can 
decrease the likelihood of success, a principle referred 
to as socioecological incompatibility (Beever et al., 2019; 
Chapter 1, section 1.5.2; Chapter 4, section 4.6). 
Management therefore needs to include inter-agency, 
multi-stakeholder community cooperation from local to 
national levels for successful outcomes (van Wilgen et al., 
2020) if such integrated programmes are to be fruitful.
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Box 5  4  	 Case study: Management of biological invasions in a socioecological system in 
Asia: the case of the Lower Mekong Basin.

The Mekong River flows through six countries (China, Myanmar, 
Thailand, Lao People's Democratic Republic, Cambodia and 
Vietnam), draining an area of 795, 000 km2. The Lower Mekong 
Basin is a biodiversity hotspot with numerous endemic and 
endangered species, and home to about 60 million people, 
some of whom are Indigenous Peoples and local communities 
(Miththapala, 2007). Invasive alien species (e.g., Pontederia 

crassipes (water hyacinth), Figure 5.11) are impacting 
biodiversity (e.g., the invasive alien Mimosa pigra (giant sensitive 
plant) displacing native wetland species), human health (e.g., 
the invasive alien Pomacea canaliculata (golden apple snail) 
vectors and the nematode Angiostrongylus cantonensis (rat 
lungworm) causing eosinophilic meningoencephalitis in humans) 
and causing severe impacts on important food resources (e.g., 
rice). As part of the Mekong Wetlands Biodiversity Conservation 
and Sustainable Use programme (Friend, 2007), a multi-national 
biological invasion strategy was developed for the whole Lower 

Mekong Basin and has been implemented at national and local 
levels, focusing on 14 invasive alien plants and 15 animals 
(including 10 invasive alien fish and three invasive alien snails). 
The strategy includes a) pathway management by preventing 
further entry of invasive alien species and controlling the spread 
of priority invasive alien species, especially in protected areas; 
b) increasing public awareness and support (in local languages 
for communities dependent on the Mekong River); c) building 
capacity and strengthening national and regional policies and 
legislation; d) identifying alternative uses for invasive alien species 
to support control and providing additional benefits; e) evaluating 
economic impacts of invasive alien species; and f) developing 
early detection and rapid response and monitoring systems. 
However, the impacts from the construction of hydropower dams 
and increasing saline water intrusion have continued to cause 
degradation of the Mekong delta (Chua et al., 2022; E. Park et 

al., 2022; Sor et al., 2020; Soukhaphon et al., 2021). 

Figure 5  11  	 Pontederia crassipes (water hyacinth) on the Mekong River.

Pontederia crassipes can impact on the livelihoods of Indigenous Peoples and local communities along the Mekong River.  
Photo credit: Pham Quang Thu and Colleague – under license CC BY 4.0.

Box 5  5  	 Case study: Integrated pathway, species-based and site-based management in 
the Galápagos Islands, Ecuador.

The Galápagos Islands is a World Heritage site due to its 
exceptional levels of endemism (Toral-Granda et al., 2017). 
Although geographically isolated, at least 1,579 alien terrestrial 
and marine species have been introduced in the Islands, 
of which 1,476 have become established. From the arrival 
of the first people in 1535 until 1975, alien species arrival 
accelerated from an average of less than one species to about 
30 new species per year, with half of them being intentionally 
introduced. These unintentionally and intentionally introduced 
species include 687 terrestrial plants, 17 animals for agriculture 

and 11 pet species. Unintentional plant contaminants (including 
seeds and plant-associated material) included 196 insects, 
11 other terrestrial invertebrates, 53 marine invertebrates and 
127 terrestrial plants. An integrated pathway (I. Keith et al., 
2016), species-based and site-based management plan could 
facilitate a comprehensive approach to the management of 
biological invasions to, and within, the Galápagos Islands. For 
example, pathway management could address external arrivals 
and movements between the islands (Veitch & Clout, 2002). 
Cargo quarantine and inspection is currently undertaken at a 
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Box 5  5  	

Species-based 
management activities 

Plants: (Gardener et al., 2012)
• �Develop inventories for alien 

plant species
• �Prioritize invasive alien 

plants
• �Weed risk assessment
• �Rubus niveus (Mysore 

raspberry) control
• �Biological control of Icerya 

purchasi (cottony cushion 
scale; Calderón Alvarez et 
al., 2012)

Mammals: (Carrion et al., 
2011; Phillips et al., 2012)
• �Capra hircus (goats) 

eradication
• �Rattus rattus (black rat) 

eradication

Site-based management 
activities 

• �Marine protected areas
• �Terrestrial protected areas 

and urban areas

Plants: manage a variety of 
invasive alien plants to protect 
as much native biodiversity 
and ecosystem functionality 
as possible (Gardener et al., 
2012).

Multiple pathway 
management activities 
across taxonomic groups 
(Toral-Granda et al., 2017; 
Keith et al., 2016) 

• �Cargo inspection and 
quarantine

• �Tourists
• �Boats/ships/yachts
• �Horticulture/agriculture
• �Pet/aquarium/terrarium
• �Database of plane/boat/

resident/tourist movement

PATHWAY 
MANAGEMENT

Floreana

Isabela

Fernandina

San Salvador

Santa Fé

Genovesa
Marchina

Pinta

Darwin

Wolf

Española

San Cristóbal

Integrated management of 1,476 naturalized terrestrial and marine alien species 
in the Galapagos islands, a global center of endemism

Introduction to 
islands within 
the Galápagos 

Introduction to the 
Galápagos Islands

single facility supported by a centralized database of plane, 
boat, residents, tourists and cargo arrivals analysed to evaluate 
strengths and weaknesses in the control system. Efficient 
pathway management would include a marine biosecurity 
programme and developing regulations (Carlton et al., 2019; 
Toral-Granda et al., 2017). Educational programmes for 
residents and tourists, and risk assessments of human mobility 
and associated transports provide further information on how 

to manage pathways. Site-based management for plants is 
applied to terrestrial protected areas and urban centres to 
maintain remnant habitats and native biodiversity. A number of 
species-based programmes focus on species prioritization and 
priority plant (Gardener et al., 2010) and mammal eradication 
(Cayot et al., 2021) and biological control (Zachrisson & Barba, 
2020; Figure 5.12).

Figure 5  12  	 Map of the Galápagos Islands showing examples of pathway, species-based 
and site-based management activities. 

These islands are a global centre of endemism where 1,476 naturalized terrestrial and marine alien species have been recorded 
(Calderón Alvarez et al., 2012; V. Carrion et al., 2011; Gardener et al., 2012; I. Keith et al., 2016; Phillips et al., 2012; Toral-
Granda et al., 2017). Source of underlying map from: Andrew Z. Colvin, WM Commons – under license CC BY-SA 4.0.

5.3.2	 Managing invasive alien 
species impacts in protected 
areas, islands, national parks, 
Ramsar Sites, Man and Biosphere 
reserves and World heritage sites 
A Global Invasive Species Programme (GISP) report (De 
Poorter, 2007) covering largely terrestrial sites identified 487 
protected areas with an invasive alien species threat, while a 
different study listed 135 protected areas which had a range 

of science-based management and monitoring programmes 
in place (Foxcroft, Pyšek, et al., 2013). There are examples 
of successful species-based and site-based invasive alien 
species management programmes in protected areas. For 
example, a study that reviewed the status and outcomes of 
control over a 30-year period in 24 nature reserves across 
savanna, arid environments, islands and Mediterranean 
type ecosystems (Usher, 1988) showed that invasive alien 
mammals were decreased by 43 per cent after 30 years, 
but invasive alien plants continued to pose the greatest 
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threat, increasing in 31 per cent of the nature reserves 
studied (R. T. Shackleton, Foxcroft, et al., 2020). Chapter 4, 
sections 4.3.1.2 and 4.4.1.2 discuss impacts in protected 
areas and Chapter 6, section 6.3.1.4(5), discusses the 
need to incorporate management of biological invasions into 
protected area management plans.

National Parks are also often reservoirs of invasive alien 
vertebrates because of lack of resources to control them, 
which often raises concern for surrounding landowners. 
Mountain reserves have typically been considered resistant to 
invasions, however studies forecast an increase of invasions 
due to climate warming and anthropogenic related activities, 
including the expansion of tourism (Kueffer et al., 2013). 
Pathway, species- and site-based management approaches 
can be applied by minimizing general access to wilderness 
areas, thereby reducing dispersal pathways (Box 5.6). 
Globally, most protected areas are reliant on income from 
tourism (Meyerson & Reaser, 2002), a driver that promotes 
biological invasions (Chapter 3, section 3.2.3.4), to achieve 
their mandate and resource the management of biological 
invasions and reintroduction of native species (section 5.5.3). 
Pathway management may therefore have to account for 
vehicles and yachts (L. G. Anderson et al., 2015), horses 
(Pickering & Mount, 2010), trail running (K. Smith & Kraaij, 
2020) and tourist associated infrastructure such as in Masai-
Mara National Reserve, Kenya (Witt et al., 2017) and Kruger 
National Park, South Africa (Foxcroft et al., 2019). Surveillance 
can be directed to areas of heightened concern, such as 
along roadsides (Pauchard & Alaback, 2004), in developed 
areas (including staff and tourist facilities) and disturbed areas. 
In the European Union, the Emerald Network of Areas of 
Special Conservation Interest formed under Natura 2000 aims 
to integrate these approaches for management of biological 
invasions across European designated protected areas 
(Bartula et al., 2011; Kati et al., 2015; Chapter 6, Box 6.8).

The Global Wetland Outlook (Ramsar Convention on 
Wetlands, 2018) indicated that in 2018, 40 per cent of 
the parties reported a comprehensive national inventory 
of invasive alien species impacting wetlands. However, 
few (26 per cent) had developed policies or guidelines 
to manage invasive alien species in wetlands (Ramsar 
Convention on Wetlands, 2018). The aim of management 
of biological invasions in Ramsar sites is to prevent water 
quality deterioration and facilitate use of the wetland 
substrate as resources for people in addition to biodiversity 
protection (Ramsar Convention Secretariat, 2010). Ramsar 
guidelines recommend prevention, eradication and control, 
by focusing on pathway, species-based and site-based 
management (Ramsar Convention Secretariat, 2010). 
Invasion by Pontederia crassipes (water hyacinth) in 
Malagarasi-Muyovozi (Tanzania) affects the livelihoods of 
local fisherman communities as fishing camps were closed 
(Kalumanga, 2015). Nyul Nyul rangers in the Kimberly region 
of Western Australia manage feral animals and invasive alien 

plants on their wetlands (The Commonwealth of Australia, 
2016). In Beung Kiat Ngong Ramsar Site (Lao People's 
Democratic Republic) locals had to deal with the socio-
economic impacts of Pomacea canaliculata (golden apple 
snail) by harvesting and selling them (Cranmer et al., 2018).

A review of 241 World Heritage Sites identified 290 invasive 
alien species as a threat (R. T. Shackleton, Bertzky, et 
al., 2020). For example, a management programme was 
recommended in 2006 for Mimosa pigra (giant sensitive 
plant), which is considered the largest threat to the 
biodiversity of Tonle Sap Biosphere Reserve (north-west 
Cambodia), a highly important floodplain habitat for fish 
and endangered waterbirds in South-East Asia (Goes, 
2005). Widespread management at landscape scales was 
considered unfeasible (Ferguson & Chun, 2011), but as the 
species is river-dispersed, the programme recommended 
increased surveillance targeting Mimosa pigra and a basin-
wide plan to reduce the risk of further introduction and 
establishment of other invasive alien species (van Zalinger, 
2006). Mimosa pigra management in Kakadu National 
Park (World Heritage and Ramsar site) in Australia using 
classical biological and integrated control has provided 
long-term control. Effort is now turning to management of 
Urochloa mutica (para grass), Hymenachne amplexicaulis 
(hymenachne) and Andropogon gayanus (tambuki grass) 
(Setterfield et al., 2013). Classical biological control of 
Pontederia crassipes (water hyacinth) is also underway 
in the Delta du Senegal (World Heritage and Biosphere 
reserve), Senegal (Amer et al., 2015).

Islands are areas of special concern for management. 
On islands that are susceptible to invasive alien species 
introduced by trade and human movement (Chapter 2, Box 
2.5; Chapter 3, section 3.2.3), a key strategy is to prevent 
the establishment of introduced invasive alien species. As 
human activities expand into more remote regions, including 
the Arctic, Antarctica and the South Atlantic and Pacific, 
biogeographic dispersal barriers are weakening (e.g., the 
Tristan da Cunha islands; D. Moser et al., 2018) and rigorous 
biosecurity programmes are extremely important. The sub-
Antarctic islands fall almost entirely in protected areas but 
have had numerous introductions of invasive alien species 
(Convey & Lebouvier, 2009; Frenot et al., 2005). As a result, 
biosecurity measures have been generally implemented 
by the five sovereign nations to reduce future introductions 
of invasive alien species and undertake eradications and 
other management (Chown et al., 2012; Chapter 6, 
section 6.3.3.1), which has led to increased awareness 
of biosecurity across all stakeholders. Elsewhere, various 
Small Island Developing States (SIDS) are also initiating 
successful biosecurity campaigns with good results (Boxes 
5.7 and 5.8).

Invasive alien species are a major driver of species 
extinctions on islands (Sax et al., 2002; Simberloff et al., 
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Box 5  6  	 Case study: Management and use of Sus scrofa (feral pig) and Axis axis (Indian 
spotted deer) in El Palmar National Park, north-eastern Argentina, by local 
communities.

Both Sus scrofa (Figure 5.13) and Axis axis are considered 
to be a major threat within invaded ranges around the world. 
They impact on plant community structure and dynamics, 
compete with native grazers and livestock and may transmit 
zoonotic pathogens. In the El Palmar National Park in north-
eastern Argentina created in 1965 to preserve one of the last 
high-density stands of the Butia yatay (yatai palm tree), Sus 

scrofa reduced recruitment by consuming fruits or seeds and 
killing saplings (Ballari et al., 2015). The park rangers’ initial 
efforts to cull Sus scrofa in 1983 were unstructured. A revised 
management programme based on hunting with trained dogs 
and spotlight hunting from the back of slow-moving vehicles 
initiated in 1995 was successful for Axis axis, but again proved 
unsustainable for the Sus scrofa population which continued to 
increase. Valuable lessons were learnt forming the foundation of 

a new multi-stakeholder management programme incorporating 
sustainability, broad social participation, safe procedures, close 
supervision and a regulated framework targeting both species 
in 2006. Controlled shooting teams worked uniformly across 
the park, without catch quotas. Each hunter was allowed to 
take home most of each carcass to minimize selective hunting 
and the rest were donated to local public schools, community 
shelters and retirement homes (Gürtler et al., 2017). 

This programme reduced Sus scrofa abundance within two 
years to levels causing minimal soil damage (Gürtler et al., 
2017). Recruitment rate of yatay palm trees significantly 
increased a decade later. Axis axis numbers however continued 
to increase, the reasons for which remain unclear (Gürtler et 

al., 2018).

Figure 5  13  	 Sus scrofa (feral pig, jabalí in Spanish) in El Palmar National Park where a 
management programme was implemented to control the invasive alien 
species.

Photo credit: Alfredo Sabaliauskas (@sab.alfred) – under license CC BY 4.0. 

Box 5  7  	 Case study: Biosecurity in the Republic of Seychelles.

Trade and travel increased the threats of biological invasions 
to the Seychelles archipelago although there were important 
weaknesses in the biosecurity policies for trade (Rocamora, 
2015). Under an Environment Management Plan project, 
a new Biosecurity Service was created with strengthened 
technical and institutional capacities which helped the 
development of an emergency plan and operational manuals 
(Senterre & Dine, 2022). The entry and internal movement of 
animals and plant pests and diseases was regulated leading 

to improvements in the conservation status of native species. 
An unexpected result was that Seychelles was able to join 
the World Trade Organization (WTO) due to the strengthening 
of its biosecurity institutions, policy and legislation. Project 
challenges included finding qualified staff and consultants, 
creating a cost-recovery mechanism to support the 
Biosecurity Service and the creation of a group to coordinate 
knowledge management and information sharing at the 
national level (GEF, 2007).
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2013; Chapter 4, section 4.3.1), however, eradication 
and control of invasive alien species on some islands, 
especially vertebrates, has been highly effective with rapid 
biodiversity benefits (Howald et al., 2007; H. P. Jones et 
al., 2016; Genovesi, 2011; section 5.5). On the Motuopao 
Island (New Zealand), a species-based control programme 
of invasive alien plant species assisted native grasslands to 
recover following the control of Malva arborea (tree mallow; 
Beauchamp & Ward, 2011). Holmes et al. (2019) identified 
169 globally important islands where invasive alien mammal 
eradications would assist threatened vertebrate species. 
This was based on a conceptual framework considering 
biogeographic (i.e., extinction risk, irreplaceability, severity of 
impact from invasive alien species) and technical feasibility 
of eradication (i.e., operational cost of the programme, size 
of the island, no permanent human settlements) as well 
as socio-political feasibility to initiate an invasive mammal 
eradication project by 2020 or 2030. The list included some 
SIDS such as Bermuda, Cape Verde, Cuba, Fiji, Kiribati, 
Palau and the Seychelles. 

Island eradication programmes employing species-based 
approaches focus on the eradication of multiple invasive 
alien species which, although challenging in planning, 
proved to be both successful and cost-effective. For 
example, a plan to eradicate five invasive alien mammal 
species on six islands in the archipelago of French Polynesia 
led to recovery of critically endangered species (Box 5.9). 
Such management programmes on islands have also been 
part of large programmes focussing on social, economic 
and environmental objectives (section 5.5). On Mexican 
islands, a comprehensive national programme to eradicate 
invasive alien species and restore ecosystems, including 
habitat for coastal and terrestrial birds, has changed 
local stakeholder understanding and engagement in 
biosecurity policies and regulations (Box 5.9). Recognizing 
the effectiveness of management on islands, the Global 
Environment Facility (GEF) has prioritized its invasive alien 
species funding programme towards island conservation 
projects (GEF, 2020). 

Box 5  9  	 Case study: National Program for Island Restoration in Mexico.

The eradication of invasive alien species was the first step of 
the National Program for Island Restoration in Mexico together 
with active ecosystem restoration for the recovery of seabirds 
(Bedolla-Guzmán et al., 2019), biosecurity protocols (Latofski-
Robles et al., 2019), vegetation and soil restoration (Luna-
Mendoza et al., 2019), and environmental learning with local 
communities (Aguirre-Muñoz et al., 2016). Mexican islands 
are extraordinarily diverse, including semi-arid islands in the 
Eastern Pacific Ocean; desert islands in the Gulf of California; 
and subtropical and tropical islands in the Pacific Ocean, the 
Gulf of Mexico and the Caribbean (Aguirre-Muñoz et al., 2016). 
On these islands, 21 endemic species and subspecies of 
vertebrates have gone extinct in the last 100 years, and all but 
four of these extinctions were caused by invasive mammals 
see Chapter 4, Box 4.4 and section 4.3.1). Islands were 
selected for ecosystem restoration and action (i.e., control or 

eradication of invasive alien species) based on conservation 
value, management efficiency, social acceptance and technical 
and financial feasibility (Latofski-Robles et al., 2014). Initiated in 
1995 at some islands, the number of target islands and species 
increased, and by April 2018, 60 populations of invasive alien 
mammals were successfully removed from 39 islands, 30 of 
which are now completely free of invasive alien mammals. 
The extent of the success of the eradication programmes 
can be illustrated by the numbers of populations and invasive 
alien species controlled across the islands: 32 populations of 
12 species from 15 islands of the Pacific Ocean, 21 populations of 
5 species from 18 islands of Gulf of California and 7 populations of 
3 species from 6 islands of Gulf of Mexico and Caribbean. These 
actions are estimated to be protecting at least 147 endemic taxa 
of mammals, reptiles, birds and plants, as well as 227 seabird 
breeding colonies (Aguirre-Muñoz et al., 2018).

Box 5  8  	 Case study: Eradication of five species of invasive alien vertebrates in the 
archipelago of French Polynesia.

On six islands of the archipelago of French Polynesia, a 
project was undertaken in 2015 to eradicate five species of 
invasive alien vertebrates: Rattus exulans (Pacific rat), Rattus 

rattus (black rat), Felis catus (cat), Oryctolagus cuniculus 
(rabbits) and Capra hircus (goats). The project was successful 
on five of the six islands (Pacific rats survived at one site). 
A management plan was developed and implemented that 
aimed to restore populations of the endangered Pampusana 

erythroptera (Polynesian ground dove), Nesofregetta fuliginosa 

(Polynesian storm-petrel) and Aechmorhynchus parvirostris 

(Tuamotu sandpiper), as well as other native plant and animal 
species. International and local conservation non-governmental 
organizations as well as local communities were involved 
from the planning phase to the execution of the management 
actions. Although implementation was challenging, this 
collective approach proved more cost-effective than if each 
island had been targeted individually. Effective engagement 
of stakeholders was key for the success of the project. The 
livelihood of local communities was also improved through the 
project (Griffiths et al., 2019).
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5.3.3	 Decision tree for selection of 
management approach

Choosing the most appropriate management objective is the 
first step to deciding between a pathway, species-based, 

site-based or ecosystem-based management approach 
for biological invasions, but it is not always straightforward 
(section 5.2). Objectives of a management programme for 
biological invasions may be aimed at economic, social or 
environmental outcomes or at multiple benefits. For example, 

Box 5  10  	 Case study: Decision tree for separating site-based versus species-based 
management of invasive alien plants (after Owen & Sheldon, 1996).

The New Zealand Department of Conservation outlined a 
collective approach encompassing both species-based 
and site-based programmes for decision-making for the 
management of invasive alien plants. In their approach, species-
based initiatives are aimed at new incursions and providing the 
best conservation outcome, and site-based initiatives are aimed 
at protecting biodiversity in terms of the collective threat and 
urgency for management from all alien species present, or the 

value of protecting a site from all invasive alien species (Timmins 
& Popay, 2002). Some species-based programmes are 
specifically aimed at protecting biodiversity (Downey, 2010). The 
main decision criterion for selecting sites may be the presence of 
one or more major invasive alien species threatening biodiversity 
allowing targeted control and threat abatement (Downey, 2013). 
To assist in making such decisions, the following decision tree 
may be of use (Figure 5.14). 

Figure 5  14  	 Decision tree for choosing between site-based and species-based 
management of invasive alien plants. 

Double bordered rectangles are terminal nodes. Adapted from Owen & Sheldon (1996), https://caws.org.nz/old-site/awc/1996/
awc199615161.pdf, under license CC BY 4.0. 

Will control of the species meet at least one of the following objectives?
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2) Containment at the site of detection.
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4) Prevent further invasion into the region.
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https://caws.org.nz/old-site/awc/1996/awc199615161.pdf
https://caws.org.nz/old-site/awc/1996/awc199615161.pdf
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programmes aimed at managing invasive alien pigs could 
produce benefits for biodiversity and ecosystems (nature), 
Indigenous Peoples and local communities’ livelihoods (good 
quality of life and nature’s contributions to people), livestock 
disease and property damage management (agriculture), 
reduced carbon emissions (mitigating climate change), or all 
of these (Nordberg et al., 2019; Zivin et al., 2000). The most 
cost-effective way to ensure the survival of threatened and 
endangered species in a region may be a collective regional 
planning approach to management of biological invasions 
(Carwardine et al., 2012). It is worth considering one or 
all the available approaches. Confusion and considerable 
debate around whether and when management of biological 
invasions should follow a pathway, species-based or site-
based management approach appears to result from poorly 
defined management objectives, which too often simply 
focus on species prevention or suppression (Downey & 
Sheppard, 2006). For example, the Australian Weeds of 
National Significance programme (Thorp & Lynch, 2000) and 
associated invasive alien plant classical biological control 
programmes (Downey & Sheppard, 2006) target the highest 
priority invasive alien plant species. Thus, it is important that 
the aim of any species-based or site-based invasive alien 
species initiative be clearly articulated. Box 5.10 describes 
a decision-support system developed to help decide 
when to undertake pathway, species-based or site-based 
management for invasive alien plants. 

5.4	 REVIEW OF KEY 
DATABASES, MANAGEMENT 
TOOLS AND TECHNOLOGIES 
FOR BIOLOGICAL INVASIONS

From countries to communities, cost-effective solutions for 
managing pathways, invasive alien species and invaded sites 
and ecosystems are needed to prevent increasing economic, 
environmental and social impacts (Ricciardi et al., 2017). A 
wide range and increasing number of data sources, tools 
and technologies support actions towards a) prevention, 
preparedness, surveillance, detection and monitoring of 
pathways, b) species-based eradication, containment and 
management and c) site-based and ecosystem-based 
management to protect key biodiversity assets to build 
resilience to further invasion. This section provides explanatory 
information on databases, tools, technologies, platforms 
and approaches to support their adoption and use, and the 
context in which they can be used in the management of 
biological invasions. Limitations, challenges, advantages, 
and disadvantages of these are also covered in either the 
body of the section or in the Supplementary materials 
5.3 to 5.8. These key databases, management tools and 
technologies for biological invasions are categorized under 

a) databases, b) surveillance, detection and diagnostics and 
c) intervention technologies. For the last two categories, the 
tools and technologies are grouped in the context of managing 
pathways, species and sites. In each of these categories, 
stakeholder engagement frameworks and decision-support 
tools have been covered in section 5.2. Some of the latest 
technologies with significant potential, but not yet applied in the 
context of biological invasions, are also briefly discussed. The 
rapid development of novel technologies and approaches has 
produced tools capable of massively improving management of 
biological invasions. However, understanding how to facilitate 
context specific adoption, application and operationalization 
of such technologies in a policy and community acceptability 
context is lagging behind (Burke et al., 2005; Stilgoe et al., 
2020; van Rees et al., 2022; Chapter 6, section 6.3.3.4). 

Summary tables are provided to frame each tool, technology, 
approach or platform in terms of the aspects of management 
they address, their relevance to different types of invasive alien 
species and the temporal and spatial scale of their application.

5.4.1	 Relevant databases for 
management of biological invasions

Accurate and real-time publicly accessible geospatial 
databases of invasive alien species provide considerable 
value for underpinning management (e.g., Seebens et al., 
2017; Chapter 2, section 2.1.4; Chapter 6, sections 6.6.1 
and 6.6.2). There remain considerable sensitivity issues for 
invasive alien species important for trade and market access, 
but most species data is on publicly available platforms (e.g., 
GBIF). Big-data analytics are proving increasingly valuable 
for understanding and managing priority invasive alien 
species issues (Hay et al., 2013; Bennett, 2015), but are 
undertaken by dedicated data analysis groups in academia, 
governments and industry which does not help social 
engagement (Lawrence, 2006). Such databases are relevant 
for analysing species distribution and abundance, outbreak 
management and also capture of management activities 
and their effectiveness. Globally, documentation and data on 
management and control costs are very limited in terms of 
final outcomes on nature and nature's contributions to people. 
One recent significant database on impacts is the InvaCost 
database (Chapter 4, Box 4.13). Global, regional and 
taxon specific databases relevant for invasive alien species 
management are listed in Table 5.4 for a range of information 
types. Important databases for management of biological 
invasions include the Database of Island Invasive Species 
Eradications (DIISE), Biological Control of Weeds – a world 
catalogue of agents and their target weeds, and BIOCAT for 
invertebrate pest biocontrol. The IUCN Red List of Threatened 
Species, which currently has assessed the risk of extinction 
for 142,577 species, uses a hierarchical classification scheme 
to record drivers of species decline, including threats from 
invasive alien species (Salafsky et al., 2008).
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All these databases are subject to some degree of 
geographical and taxonomic or sampling bias (Yesson et 
al., 2007). Data sharing and data integration work as long 
as international data standards are defined and followed. 
Achieving this in developing countries remains a challenge 
and it is important to have sustained support to ensure 
databases are not just a snapshot in time. In this context the 
CBD invasive alien species ad hoc technical expert group 
made the following observations:

	 Ensure open access to databases, knowledge sources 
and analytical data tools via national and international 
data portals. 

	 Improve databases for marine, invertebrates, 
microorganisms and fungi and collect and integrate 
deoxyribonucleic acid (DNA) sequence data into existing 
databases, where possible.

	 Develop internationally agreed data standards to 
facilitate data sharing. 

	 Develop invasive alien species filters for existing species 
databases (e.g., ECOLEX & FAOLEX; Table 5.4) 

	 Collectively collate data and knowledge on best 
practice invasive alien species policy and regulatory, 
voluntary codes of conduct across sectors across and 
international agencies and conventions. 

Table 5  4  	 Information components including description and importance of the 
information for documenting and managing biological invasions (reason) of 
existing invasive alien species databases (data and knowledge products) 
relevant for planning and implementation of management. 

Websites are provided at the first mention of each database (see Chapter 2 for databases relevant for status and trends and 
Chapter 6, section 6.6.3 for databases supporting policy options). Identified gaps identified within the data and knowledge products 
are also given. Adapted from CBD (2019).

Fields Description Database 
purpose

Examples of data and knowledge products Identified gaps

Taxonomy Scientific 
name, higher 
taxonomy, 
synonyms, 
common 
names

Name 
consistency 
& locating 
specimens 

•	 GBIF – https://www.gbif.org/ 

•	 World Register of Introduced Marine Species – http://www.
marinespecies.org/introduced/ 

•	 FishBase – https://fishbase.org/ 

•	 Plant List – http://www.theplantlist.org/ 

•	 The Reptile Database – http://www.reptile-database.org/ 

•	 AlgaeBase – https://www.algaebase.org/

•	 IUCN Red List of Threatened Species – https://www.
iucnredlist.org/

Underrepresented 
biomes and taxa

Identification Identification 
guides, 
diagnostic 
tools

Correct 
identification,
Early 
Detection

•	 iNaturalist – https://www.inaturalist.org 

•	 Lucidcentral – https://www.lucidcentral.org

•	 Antweb – a comprehensive diagnostic tool for ants – http://
antweb.org/ 

•	 Plant net – https://plantnet.rbgsyd.nsw.gov.au/ 

•	 eBird – https://ebird.org/home

•	 BioNET – EAFRINET – https://keys.lucidcentral.org/keys/v3/
eafrinet/plants.htm

•	 Portaleei Latin America – http://portaleei.fcien.edu.uy/ 

Ecology Including 
habitat, 
species 
interactions 
(e.g., host 
species)

Management
Risk 
assessment

•	 Global Invasive Species Database (GISD) –  
http://www.iucngisd.org/gisd 

•	 Centre for Agriculture and Bioscience International Invasive 
Species Compendium – 
https://www.cabi.org/isc 

•	 FishBase

•	 National invasive alien species databases –  
http://www.inbiar.uns.edu.ar/;  
http://bd.institutohorus.org.br;  
https://caribbeaninvasives.org;  
https://sieei.udelar.edu.uy;  
https://guyra.org.py;  
https://invasoras.biodiversidad.gob.ec 

https://www.gbif.org/
http://www.marinespecies.org/introduced/
http://www.marinespecies.org/introduced/
https://fishbase.org/
http://www.theplantlist.org/
http://www.reptile-database.org/
https://www.algaebase.org/
https://www.iucnredlist.org/
https://www.iucnredlist.org/
https://www.inaturalist.org
https://www.lucidcentral.org
http://antweb.org/
http://antweb.org/
https://plantnet.rbgsyd.nsw.gov.au/
https://ebird.org/home
https://keys.lucidcentral.org/keys/v3/eafrinet/plants.htm
https://keys.lucidcentral.org/keys/v3/eafrinet/plants.htm
http://portaleei.fcien.edu.uy/
http://www.iucngisd.org/gisd
https://www.cabi.org/isc
http://www.inbiar.uns.edu.ar/
http://bd.institutohorus.org.br
https://caribbeaninvasives.org
https://sieei.udelar.edu.uy
https://invasoras.biodiversidad.gob.ec
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Fields Description Database 
purpose

Examples of data and knowledge products Identified gaps

Spatial data Distribution, 
native and 
introduced 
range, 
occurrence

Origin,
Management,
Risk 
assessment

•	 Global Invasive Species Database

•	 Global Register of Introduced and Invasive Species (GRIIS) 
– http://www.griis.org/ (Pagad et al., 2018, 2022b, 2022a) 
{Table 5.4}

•	 Centre for Agriculture and Bioscience International Invasive 
Species Compendium

•	 FishBase

•	 Global Naturalized Alien Flora (GloNAF) – https://glonaf.org

•	 Global Avian Invasions Atlas –  
https://doi.org/10.6084/m9.figshare.4234850.v1

•	 SeaLifeBase – https://www.sealifebase.ca

•	 WOAH – https://www.woah.org/en/what-we-do/animal-
health-and-welfare/disease-data-collection/world-animal-
health-information-system/

•	 European Alien Species Information Network –  
https://easin.jrc.ec.europa.eu/easin/#

•	 Pacific Islands Ecosystems at Risk –  
http://www.hear.org/pier/ 

•	 Species observations for the United States and Territories – 
https://www.gbif.us

•	 Atlas of Living Australia. Analytic software platforms, 
extensive and open source – www.ala.org.au 

•	 National invasive alien species databases 

•	 Biomodelos – Biomodels of potential distribution maps and 
invasive species fauna and flora in Colombia –  
http://biomodelos.humboldt.org.co/en 

•	 International Union for Conservation of Nature Red List of 
Threatened Species

•	 Regional plant protection organizations –  
https://www.ippc.int/en/external-cooperation/regional-plant-
protection-organizations/

Status and 
Provenance

Invasive alien 
species status 
in introduced 
range 
including 
abundance, 
occurrence 
(extent of 
spread) and 
invasiveness

Origin,
Prioritization 
and 
Management
Prioritization

•	 Global Invasive Species Database

•	 Global Register of Introduced and Invasive Species

•	 Centre for Agriculture and Bioscience International Invasive 
Species Compendium

•	 FishBase

•	 European Alien Species Information Network

•	 Pacific Islands Ecosystems at Risk 

•	 World Register of Introduced Marine Species 

•	 SeaLifeBase – https://www.sealifebase.ca/ 

•	 WOAH World Animal Health Information System – disease 
status 

•	 National invasive alien species databases 

Primary and 
secondary 
pathways 

Intentional or 
unintentional 
Pathways of 
introduction 
and spread

Biosecurity
Management

•	 Global Invasive Species Database

•	 Global Register of Introduced and Invasive Species

•	 Centre for Agriculture and Bioscience International Invasive 
Species Compendium

•	 FishBase

•	 European Alien Species Information Network

•	 Pacific Islands Ecosystems at Risk 

•	 World Register of Introduced Marine Species

•	 Database on Introductions of Aquatic Species

•	 IPPC Documentation on ISPM – https://www.ippc.int/en/
core-activities/standards-setting/ispms/

•	 National invasive alien species databases http://www.inbiar.
uns.edu.ar/ 

Secondary 
pathways 
classification 
inconsistent or 
missing

Table 5  4  	

http://www.griis.org/
https://glonaf.org
https://doi.org/10.6084/m9.figshare.4234850.v1
https://www.sealifebase.ca
https://www.woah.org/en/what-we-do/animal-health-and-welfare/disease-data-collection/world-animal-health-information-system/
https://www.woah.org/en/what-we-do/animal-health-and-welfare/disease-data-collection/world-animal-health-information-system/
https://www.woah.org/en/what-we-do/animal-health-and-welfare/disease-data-collection/world-animal-health-information-system/
https://easin.jrc.ec.europa.eu/easin/#
http://www.hear.org/pier/
https://www.gbif.us
www.ala.org.au
http://biomodelos.humboldt.org.co/en
https://www.ippc.int/en/external-cooperation/regional-plant-protection-organizations/
https://www.ippc.int/en/external-cooperation/regional-plant-protection-organizations/
https://www.sealifebase.ca/
https://www.ippc.int/en/core-activities/standards-setting/ispms/
https://www.ippc.int/en/core-activities/standards-setting/ispms/
http://www.inbiar.uns.edu.ar/
http://www.inbiar.uns.edu.ar/
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Table 5  4  	

Fields Description Database 
purpose

Examples of data and knowledge products Identified gaps

Monitoring 
and 
surveillance

Data from 
multiple 
sources in a 
real time

Early 
Detection

•	 Early Detection and Distribution Mapping System – https://
www.eddmaps.org/ 

Impact Environmental 
and socio-
economic 
impact, 
mechanisms 
of impact, 
outcomes 
of these 
impacts and 
ecosystem 
services 
impacted

Risk 
assessment
Policy
Management

•	 Global Invasive Species Database

•	 Global Register of Introduced and Invasive Species

•	 Centre for Agriculture and Bioscience International Invasive 
Species Compendium

•	 InvaCost database – https://figshare.com/articles/dataset/
InvaCost_References_and_description_of_economic_
cost_estimates_associated_with_biological_invasions_
worldwide_/12668570/4 

•	 Millennium ecosystem assessment – https://www.
millenniumassessment.org 

•	 IUCN Red List of Threatened Species – https://www.
iucnredlist.org/resources/threat-classification-scheme 

•	 FishBase

No transparent, 
standardized 
way to report on 
impacts

Risk 
assessments

Developed 
risk 
assessments 
with 
outcomes

Management •	 Global Invasive Species Database

•	 Pacific Islands Ecosystems at Risk 

•	 Environmental Impact Classification of Alien Taxa (EICAT) 
and the Socio-Economic Impact Classification for Alien Taxa 
(SEICAT)

•	 Global Compendium of Weeds – http://www.hear.org/gcw/ 

•	 East and South European Network for Invasive Alien Species 
– www.esenias.org

•	 Pacific Invasive Ants Toolkit – http://www.piat.org.nz/

•	 National invasive alien species databases 

Policy 
response 

Legislations 
enacted, 
regulations, 
voluntary 
codes of 
conduct

Policy
Management

•	 ECOLEX – https://www.ecolex.org 

•	 FAOLEX – fao.org/faolex/en/

•	 InforMEA – United Nations Information Portal on Multilateral 
Agreements – https://www.informea.org

•	 EU Regulations – https://ec.europa.eu/environment/nature/
invasivealien/index_en.htm

Databases not 
searchable for 
invasive alien 
species

Eradication Successes Management •	 DIISE – http://diise.islandconservation.org/ 

•	 Global Eradication and Response Database – http://b3.net.
nz/gerda/

•	 National invasive alien species databases 

Control Management 
practices, 
failure, best 
practices, 
biocontrol

Management •	 Pacific Islands Ecosystems at Risk 

•	 Database of introductions of insect biological control agents 
for the control of insect pests (Cock et al., 2016) {Table 5.4}

•	 Biological Control of Weeds. A world catalogue of agents 
and their target weeds – https://www.ibiocontrol.org/ 

•	 iMapInvasives – sharing information for strategic 
management – https://www.imapinvasives.org

•	 Centre for Agriculture and Bioscience International Invasive 
Species Compendium 

•	 Pacific Invasive Ant Toolkit

•	 Caribbean Invasive Alien Species Network –  
https://caribbeaninvasives.org/

•	 Database of Island Invasive Species Eradications

•	 Global Eradication and Response Database 

•	 Early Detection and Distribution Mapping System 

•	 East and South European Network for Invasive Alien Species

•	 National invasive alien species databases 

No standardized 
way to report 
on management 
outcomes

https://www.eddmaps.org/
https://www.eddmaps.org/
https://figshare.com/articles/dataset/InvaCost_References_and_description_of_economic_cost_estimates_associated_with_biological_invasions_worldwide_/12668570/4
https://figshare.com/articles/dataset/InvaCost_References_and_description_of_economic_cost_estimates_associated_with_biological_invasions_worldwide_/12668570/4
https://figshare.com/articles/dataset/InvaCost_References_and_description_of_economic_cost_estimates_associated_with_biological_invasions_worldwide_/12668570/4
https://figshare.com/articles/dataset/InvaCost_References_and_description_of_economic_cost_estimates_associated_with_biological_invasions_worldwide_/12668570/4
https://www.millenniumassessment.org
https://www.millenniumassessment.org
https://www.iucnredlist.org/resources/threat-classification-scheme
https://www.iucnredlist.org/resources/threat-classification-scheme
http://www.hear.org/gcw/
www.esenias.org
http://www.piat.org.nz/
https://www.ecolex.org
fao.org/faolex/en/
https://www.informea.org
https://ec.europa.eu/environment/nature/invasivealien/index_en.htm
https://ec.europa.eu/environment/nature/invasivealien/index_en.htm
http://diise.islandconservation.org/
http://b3.net.nz/gerda/
http://b3.net.nz/gerda/
https://www.ibiocontrol.org/
https://www.imapinvasives.org
https://caribbeaninvasives.org/
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5.4.2	 Surveillance, detection and 
diagnostics supporting prevention 
and preparedness 

There are a range of tools and technologies for surveillance, 
early detection and monitoring of invasive alien species 
including measuring the effectiveness of management 
actions. These include remote sensing (satellite and aerial 
imagery, drones, under water remote vehicles, camera 
traps etc.), sensor networks and crowd sourcing and the 
traditional use of trained detector dogs (e.g., Browne et al., 
2006). These tools are becoming increasingly cost-effective 
for early detection (section 5.1). Early detection also needs 
effective species-based diagnostics tools, not all of which 
are based on taxonomy or morphological characteristics as 
described here. Technology adoption is heavily driven by 
cheaper price differentiation under novel business models. 
This is what is frequently termed “disruptive technologies”. 

5.4.2.1	 Pathway surveillance tools and 
technologies

a)	 Digital data mining – crowdsourcing 
general surveillance 

Citizen surveillance, through crowdsourcing and data-mining 
or web scraping, social media and other data streams 
filtering on invasive alien species content, can be used as a 
cost-effective complementary form of general surveillance 
supporting species-based risk assessment (Grossel et al., 
2017; Lyon, 2010; Welvaert & Caley, 2016). Data mining 
is extracting information from large databases. Resources 
scanned can include internet search engines, Really Simple 
Syndication (RSS) feeds and Twitter, which often contain 
invasive alien species photographic, taxonomic or detection-
based content. Searches can be targeted at specific 
species or can be more general (e.g., symptoms/impacts) 
and can include other terms such as climate and land use 
change. Software exists (e.g., International Biosecurity 
Intelligence System (IBIS)) which can automatically search 
the internet daily looking for invasive alien species reports, 
grey literature, articles from relevant journals and any 
other articles or comments, thereby generating invasive 
alien species intelligence. Crowdsourcing surveillance can 
include early warning, mapping, eradication, containment, 
understanding real-time impacts, proof of area wide pest/
disease freedom (for trade purposes) and knowledge 
sharing. Once an article is found, third-party web services 
such as AlchemyAPI and GeoNames can be used to extract 
information from the article such as the title, text, author, 
language and locations. This approach accesses citizens 
as surveillance agents, as “eyes and ears” over large areas. 
The key difficulty lies in delineating real incursion events from 
background “noise”. Costs are limited to crowdsourcing 
system development, hardware and software maintenance. 
Systems exist for biosecurity (e.g., IBIS; Grossel et al., 

2017), animal and public health diseases (e.g., Program 
for Monitoring Emerging Diseases (ProMED; M. Carrion & 
Madoff, 2017), linked to EpiSPIDER (Tolentino et al., 2007); 
BioCaster (Collier et al., 2008). The multiple global and 
jurisdictional coronavirus disease 2019 (COVID-19) dynamic 
online case number dashboards are other examples of real-
time automated invasion surveillance data feeds.

b)	 Sensor networks and smart traps

An emerging cost-effective approach to passive surveillance 
is through the use of sensor networks (Farouk & Zhen, 
2019; Rundel et al., 2009) and mobile smart traps (Potamitis 
& Rigakis, 2015). Wireless sensor networks generally consist 
of a number of different sensors connected wirelessly, 
that typically collect audio, image and body temperature 
observations produced by monitored targets, and use 
machine learning and pattern recognition algorithms 
to identify targets of interest automatically from these 
observations. Such networks can provide effective methods 
for small-scale continuous monitoring applications. They 
provide multiple observations operating independently 
over long time periods. The infrastructure deployment and 
maintenance costs, however means spatial coverage is 
limited (Preti et al., 2021). Key advantages include low 
power allowing for the deployment of many and varied 
sensors across a landscape, continuous data streams 
provide real-time data transferred via the mobile network 
even if accessible by only a few sensor nodes. Such 
systems can be applied in terrestrial, aquatic (Kong et 
al., 2005) or aerial (Kgori et al., 2006) settings. Attaching 
sensors to mobile objects, such as domestic and wild 
animals, has the potential to greatly extend the spatial 
coverage of fixed sensors (Duda et al., 2018). Sensor 
networks can be deployed in tracking invasive alien species 
movement and activities, invasive alien species in lakes, 
rivers, or reefs, as well as on birds, flying foxes or similar 
(Jurdak et al., 2013; K. Li et al., 2014). Networked mobile 
suction traps or smart lure traps can also be cost-effective 
and be used at high- risk sites such as ports of entry or at 
jurisdictional borders to monitor pest movement pathways 
(Harrington et al., 2012). Trap contents can potentially be 
analysed via metabarcoding environmental DNA (Lagos-
Kutz et al., 2020; section 5.4.2.2h; Glossary).

Over the past decades, wireless sensor networks (including 
lightweight telemetric tags) have been deployed successfully 
in a number of invasive alien species contexts reviewed 
by Jurdak et al. (2015), including to detect insect pests 
(López et al., 2012), invasive alien vertebrates (Fleming et 
al., 2014), invasive frogs (Hu et al., 2009), fish (Jurdak et al., 
2015; Kottege et al., 2012) and flying foxes (Sommer et al., 
2016). Infrared cameras have also been used for livestock 
biosecurity to collect body temperatures of cattle as a sign 
of disease infection (Rainwater-Lovett et al., 2009). Low-
power image-sensor networks have been used to detect 
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and classify insect pests (Jurdak et al., 2015) and invasive 
alien vertebrates. See Supplementary material 5.2 for 
further details.

c)	 Screening technologies 

X-ray screening devices are now in operation at most 
airports and have been a standard technology of biosecurity 
operations at borders for a number of years (Whyte, 2006). 
Their quality as a screen technology is variable due to the 
cost of both software and proper training of personnel. 
Human behaviour can also compromise effectiveness, 
for example proper fluid detection systems are often 
circumvented by staff because they cause frequent machine 
errors. Next generation 3D x-ray machines are however 
much more sophisticated and are being installed at airports 
and postal mail sorting centres in some countries (e.g., 
Australia and New Zealand; Australian Government, 2021a). 
Digital triage of these types of images will increasingly be run 
autonomously with machine learning algorithms trained to 
risk profiling key indicators of suspect material (Marturana 
et al., 2015). This could potentially lead to autonomous 
screening of luggage or postal mail triaging suspect items 
for human inspections. Similar systems are also under 
development for scanning shipping containers (C. H. Lim et 
al., 2021). 

d)	 Environmental DNA

All organisms leave a genetic trace of themselves within 
their environment and there are multiple ways of sampling 
and analysing this environmental DNA for species detection 
(C. I. M. Adams et al., 2019; Herder et al., 2014; Truelove 
et al., 2022) including for invasive alien species (Rees et 
al., 2014; Bylemans et al., 2019). When applied within 
pathway or ecosystem surveillance, control or eradication 
programmes (Carim et al., 2020), environmental DNA 
analysis provides a sensitive and efficient means to detect 
the presence of a particular or multiple species and is 
applicable to all organisms including microbes that exceed 
the sensitivities of conventional observational monitoring 
(Furlan et al., 2019), particularly for situations where other 
novel detection technologies are not applicable (Bylemans 
et al., 2019; Chapter 6, section 6.6.1.2; Box 6.19). 
Environmental DNA analysis has the potential to be applied 
across most fields of invasive alien species, environmental 
research and land management, particularly for aquatic 
and marine invasive alien species (C. Abbott et al., 2021) 
as many conventional and novel methods for detection do 
not work well (if at all) in these environments. Environmental 
DNA can be applied, for example, to identify species within 
aquatic or marine environments using polymerase chain 
reaction (PCR, see Glossary) tools or for whole community 
assessments using metabarcoding (Rees et al., 2014; 
Bylemans et al., 2019). Portable environmental DNA PCR 
units are also increasingly available. More recently studies 

are demonstrating the capacity to also capture and analyse 
aerial environmental DNA (Banchi et al., 2018). Cross-phyla 
studies combining environmental DNA metabarcoding with 
taxonomy and population genetics is also being used to 
detect new introductions of species and genotypes (Holman 
et al., 2019). Care is needed in the interpretation of results, 
as the presence of a species’ DNA does not necessarily 
mean that live individuals are also present and cannot 
determine where in the sampled environment the species 
are/were. Environmental DNA density may not be correlated 
to species abundance as DNA can accumulate or persist 
in certain situations or be degraded or lost in others. Some 
target species have a strong seasonal release/availability 
of environmental DNA (e.g., crabs and other marine 
fauna), which complicates detection. Sampling design may 
substantially influence sensitivity (Furlan et al., 2016; Hinlo 
et al., 2017) and abundance biases (Furlan et al., 2018). 
Broad-scale environmental DNA sampling is relatively 
of low cost, and data acquisition and extraction can be 
streamlined. Environmental DNA sampling is non-invasive 
and non-destructive to sensitive environments.

Environmental DNA is consistently used to demonstrate 
absence of selected invasive alien species, and could be 
combined with other approaches where possible. To help 
manage the issue of live and dead species in samples, a 
refined system is being developed where only DNA from 
whole cells in the sample are collected. These sorts of 
approaches are rapidly being adopted in relevant biosecurity 
monitoring programmes in for example Australia and New 
Zealand and can also be usefully combined with citizen 
science (E. R. Larson et al., 2020). 

Sampling for environmental DNA analysis can be coupled 
to unmanned vehicles, including aerial, ground-based and 
aquatic or marine vehicles with sample analysis undertaken 
autonomously. In some scenarios, this combined approach 
might effectively automate the process of surveillance and 
enable far greater penetration of inaccessible landscapes 
or environments. See Supplementary material 5.2 for 
further details.

e)	 Sentinel surveillance and monitoring

Sentinel surveillance has been developed for early detection, 
surveillance and monitoring of invasive alien disease 
incursions. It involves sampling from a sentinel species and 
may be configured to identify a single or a range of invasive 
alien species. Targets commonly include infectious animal 
diseases (Batista et al., 2012; McCluskey & Salman, 2003) 
and plant pests and pathogens (Kenis et al., 2018). Animal 
disease examples include West Nile virus using chickens 
and mosquitos (Reisen et al., 2004), cattle for bluetongue 
disease in sheep (Elbers et al., 2008) and bovine ephemeral 
fever virus in cattle (St George, 1985) or bovine tuberculosis 
using pigs, badgers and cattle (McInerney et al., 1995; 
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Murphy et al., 2011). Relatively less is known about the 
sensitivity, practicality and other characteristics of sentinel 
disease surveillance using wild species providing for sentinel 
surveillance. In one example in Estonia and Latvia, regular 
testing (and aerial vaccine bait dropping) is undertaken for 
wild animal rabies (e.g., raccoon dog) (Holmala & Kauhala, 
2006). The monitoring of wildlife to understand the incidence 
and risk of particularly zoonotic diseases is likely to increase 
post COVID-19 (Latinne et al., 2020). 

The principles and value of sentinel surveillance are also 
acknowledged by WOAH, and can be utlized in the 
One Health approach (Glossary; Chapters 1 and 6). 
There are no existing regulatory precedents for the use 
of wildlife species in sentinel surveillance. The increasing 
development and use of novel point-of-detection rapid 
diagnostics creates an opportunity for sentinel surveillance 
to be augmented (section 5.4.3.2). In addition to sentinel 
plant surveillance nurseries for plant pests and diseases5 
(Eschen et al., 2019; Kenis et al., 2018), sentinel sites 
(Glossary) have also been proposed for monitoring for 
new invasive alien plant invasions in key disturbed locations 
close to points of entry (T. J. Mason et al., 2005), such as 
sites where there are generally high records of alien plant 
naturalizations such as waste dumps (Clements & Foster, 
1994). See Supplementary material 5.2 for further details. 

5.4.2.2	 Species-based surveillance, 
detection and diagnostics tools and 
technologies 

a)	 Citizen science – surveillance data input 
portals and diagnostics platform 

Citizen science reporting of invasive alien species presence 
and or impacts through data portals or hotlines (explicitly 
dedicated telephone numbers) is now widely recognized 
as a very effective form of active general surveillance (Crall 
et al., 2011; Welvaert & Caley, 2016; E. R. Larson et al., 
2020; Johnson et al., 2020; Aceves-Bueno et al., 2017; 
Chapter 1, section 1.6.8, Box 1.15; Chapter 6, section 
6.6.2.1). Large scale citizen-science is being used to monitor 
disease-carrying mosquitos in southern Europe (Mosquito 
Alert, 2021). New Zealand has effectively directly targeted its 
population in biosecurity campaigns as the “eyes and ears” 
of their national biosecurity system. Reporting of species 
sightings is through smart phone apps and other online 
biological recording or reporting platforms such as iNaturalist 
and national reporting hotlines often supported by online 
taxonomic tools and resources. Many local and open-source 
adaptable biodiversity, pest and disease reporting apps exist 
now in many countries (e.g., BioCollect hubs on the Atlas of 
Living Australia). Portals can be regionally specific, habitat or 
biome specific (e.g., RedMap in Australia or European Alien 

5.	 https://www.plantsentinel.org

Species Information Network in Europe) or organism type 
specific. In Canada, citizen science is being used for marine 
invasive alien species surveillance (Delaney et al., 2008). A 
purpose-built regionalized system is the “Invaders of Texas 
program” (Gallo & Waitt, 2011). 

Limitations around relevance only to relatively easily 
observable and identifiable species are being addressed by 
automated off the shelf digital platforms (Schmidt-Lebuhn 
& Norton, 2017; Wäldchen et al., 2018; section 5.4.3.2c). 
Citizen science portals are less effective for species 
generally requiring laboratory-based diagnostics (e.g., for 
micro-organisms and diseases) but not always (see AshTag 
App. in the United Kingdom for ash dieback). There are also 
privacy concerns if publicly searchable data repositories 
can identify landowners legally responsible for invasive alien 
species on their properties or include unvalidated records of 
potentially trade-sensitive species of biosecurity relevance. 
Citizen science reporting is also relevant beyond species 
distribution and abundance to outbreak management. Data 
input portals can also be used to capture management 
activities and their effectiveness.

b)	 Earth observation – remote sensing 
detection

Remote sensing is an important tool supporting invasive 
alien species surveillance and monitoring (C. Joshi et 
al., 2004), eradication, containment and widespread 
management (Walsh, 2018). The growing availability and 
adaptability of remote sensing could make large-scale 
eradication programmes cost-effective.

Earth observation data from satellites and manned and 
unmanned aerial systems allows rapid, large-scale and 
repeatable assessment of areas inaccessible to ground 
surveys (Pettorelli et al., 2014; Royimani et al., 2019). Artificial 
Intelligence algorithms allow unmanned aerial systems to 
return to suspected detections and take repeat images 
from a number of angles for confirmation (Gonzalez et al., 
2016). The capacity for real-time analysis and information 
delivery is evolving as computing power improves. Ongoing 
technological and analytical advancements continue 
to improve both sensitivity and cost-effectiveness. The 
availability of specific algorithms is a key limitation, as these 
would need to be developed for each application. Data 
generally come from two types of sensors; the passive 
sensors (such as multispectral, hyperspectral, or thermal) and 
active sensors, such as radar or light detection and ranging 
(Lidar) using laser pulses to measure reflection times in space, 
and providing detailed information on vegetation structure 
and understory (Dash et al., 2019).

While advancements are in progress, satellite imagery is 
still limited by the resolution, time, frequency of overhead 
passage and spatial detail which for passive sensors is 

https://www.plantsentinel.org
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limited to cloud-free periods. Satellite imagery currently 
complements aerial systems, however, the deployment of 
small low orbital satellite constellations could, in addition 
to providing capacity for the internet-of-things to remote 
areas, help specific invasive alien species recognition 
and monitoring (Schnase et al., 2002). With the growing 
availability of free or low-cost higher spatial resolution 
operational satellites such as Sentinel and CubeSats, larger 
infestations can be monitored; however, small patches 
and individual plants are still impossible to detect on 
coarser resolution data, being especially true for the highly 
heterogeneous landscapes where the occurrence of invasive 
alien species plant populations is rather patchy (Perroy et 
al., 2017). While conventional manned aircraft (including 
helicopters) are still widely used, advances in miniaturization 
of imagery platforms on unmanned aerial systems is leading 
to replacement. Very high spatial resolution and flexibility of 
unmanned aerial systems holds great potential to support 
targeted monitoring, identify priorities for management and 
assist eradication and suppression of invasions (Müllerová 
et al., 2017). Remote sensing from drones (Supplementary 

material 5.3 for their limitations) can target specific tasks 
in time and across limited space, but at finer detection 
resolutions, working below clouds and avoiding excessive 
wind speeds. Multiple sensors and high resolution massively 
increases the data storage and complexity, analytics and 
processing time (Müllerová, 2019). Sensors can target 
invasive alien species directly using a specific optical 
signature or can detect their presence indirectly through 
methods such as rapid change in a landscape parameter 
over time caused by their spread. See Supplementary 
material 5.3 for further details.

Examples of the use of remote sensing employing 
unmanned aerial systems imagery in invasive alien plant 
detection and active management include multiple life 
forms from the wet and dry tropics to Mediterranean and 
temperate regions (Elkind et al., 2019; Hill et al., 2017; 
Lehmann et al., 2017; Lopatin et al., 2019). In the European 
Union radar is being applied to track Asian hornets (LIFE 
STOPVESPA, 2021). Remote sensing can also be used 
well beyond mapping pest and disease distribution, density 

Box 5  11  	 Case study: Solenopsis invicta (red imported fire ant) eradication.

In Brisbane (Australia), the eradication of fire ant is dependent 
on airborne imagery. A camera is mounted beneath a helicopter, 
which flies over the target area at a height of 150m. Images 
are captured in three separate frequency ranges: visible, near 
infrared and thermal. These are then processed in parallel 
to identify objects that may be fire ant nests which are then 
destroyed by direct injection (Figure 5.15). As the size and 
weight of the camera decreases, there is potential to replicate 

the approach using unmanned aerial systems. This would be 
significantly cheaper than the use of helicopters, and would allow 
for significantly more surveillance. Red imported fire ant has been 
eradicated five of the six times they have established in Australia 
and these and other tramp ants have been intercepted a total of 
more than 225 times in recent years. Airborne imaging is a critical 
technology in this context and may also be applicable to other 
tramp ant eradication programmes (Hoffmann et al., 2016).

 

Figure 5  15  	 The manual application of a chemical treatment of Solenopsis invicta (red 
imported fire ant) in Brisbane Australia as part of an eradication campaign. 

Photo credit: The State of Queensland – Department of Agriculture and Fisheries 2019 – under license CC BY 4.0.
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and damage. GIS and remote sensing technologies are 
highly advanced in mapping invasive alien species. Indirect 
remote sensing has been used to detect and map cryptic 
understory invasive alien species in forests (C. Joshi et 
al., 2006). Remote sensing is also being used to detect 
diseases before symptoms occur (e.g., Xylella fastidiosa 
(Pierce's disease of grapevines)) and for assessing habitat 
suitability for invasive alien species (e.g., Zarco-Tejada et al., 
2018). Thermal imagery has been used to replace surveys of 
invasive alien vertebrates at low density in open habitats and 
inaccessible locations (Amstrup et al., 2004; Storm et al., 
2011) and for monitoring tramp ants (Box 5.11). 

c)	 Automated image-based diagnostics 

Machine learning or artificial intelligence is being developed 
to contribute to the automatic identification and diagnosis 
of plant pests and diseases (Dawei et al., 2019; Jia 
& Gao, 2020). Automated image library based digital 
diagnostics platforms for invasive alien plants, invertebrates 
and pathogens that can be used on mobile devices are 
supporting biosecurity inspections and citizen science (Chen 
et al., 2021; Schmidt-Lebuhn & Norton, 2017; Wäldchen et 
al., 2018). Artificial intelligence or machine learning algorithms 
combined with image-processing-based species-recognition 
software provide automated triage of identification likelihood 
quickly and easily either back to the user or for uploaded 
images being signalled to an expert in the context of possible 
high priority targets. This reduces the effort in searching for 
false positive notifications which weaken analyses of species 
distributions (Mo et al., 2017). Similar systems are already 
being used in public health as a technological tool enabling 
rapid screening with high accuracy (Chowdhury et al., 
2020; van de Kant et al., 2012). The learning architectures 
and algorithms are becoming highly sophisticated with the 
development of the convolutional neural network, a deep 
learning network important in image recognition (Luaibi et al., 
2021). For example, the architecture was useful in classifying 
citrus diseases and insect damage from leaf images to best 
accuracy with data augmentation to a level of 97.9 per cent 
(Luaibi et al., 2021) and chicken sound convolutional neural 
networks were used to differentiate Avian influenza in poultry 
(Cuan et al., 2020). 

d)	 Volatile detection technologies

Volatile detection technologies can be configured to 
identify any or multiple targets with a unique volatile profile, 
or footprint (Cui et al., 2018). These technologies have 
relevance for a) detection of terrestrial invasive alien species 
offshore, at port of entry or onshore, b) detection of plants 
and animals infested with pests or diseases supporting 
conventional disease diagnostics (Knobloch et al., 2009; 
Laothawornkitkul et al., 2008), c) screening of international 
goods, postal mail, travellers, luggage, cargo, containers, 
ships and aircraft (e.g., Staples & Viswanathan, 2008) and 

d) improving invasive alien species traps and lures (e.g., 
Sweeney et al., 2004). 

Trained detector dogs are the conventional approach in 
most situations for a wide range of invasive alien species 
threats (A. Y. Moser et al., 2020), but require direct human 
support and high training and maintenance costs. Many 
hand-held point-of-use detections systems have been 
developed for volatile detection, including miniaturized 
portable gas chromatography mass spectrometry and 
Fourier-transform infrared spectroscopy (FTIR), array-based 
sensors such as electronic noses and biosensors (Berna 
et al., 2009; A. D. Wilson, 2017). Key advantages of the 
volatile detection technologies include reliable detection 
from small samples, use for single or multiple targets, and 
low search effort and faster potentially automated screening. 
International approval may be required where proposed for 
use to replace other tests agreed under trade conventions 
(e.g., WTO) to demonstrate equivalent sensitivity and 
specificity. See Supplementary material 5.3 for further 
details including on advantages and disadvantages of the 
different volatile detector technologies.

e)	 Pheromone and semiochemical lures 

In addition to the traditional use of pheromone lure traps 
for the management of established invasive alien species 
(mostly invertebrates as pests largely in horticulture (El-
Sayed et al., 2006), such lures can and are being very 
effectively used in surveillance and detection (Augustin et 
al., 2012) and delimitation and spread in eradication and 
containment programs (Brockerhoff et al., 2010; Suckling 
et al., 2014) of newly established alien species. The general 
approach is the application of chemical ecology to identify 
and then manufacture specific pheromones (volatile 
chemicals used by species e.g., in sexual attraction) or 
other semiochemicals that attract the target invasive alien 
species. These chemicals are then distributed in a lure 
or bait (usually made of material that can store and also 
slowly release the chemical) inside a trap, such that the 
target species is attracted too and trapped for detection 
and identification. The distribution of a network of lures 
in the area where detection is considered most likely 
provides a detection system (generally attracting males of 
the species to a female sex pheromone) that is very useful 
for demonstrating whether species (in numbers capable 
or reproduction) are present/absent and to some degree 
determining species abundance (R. A. Hayes et al., 2016; 
Suckling, 2015). 

f)	 Acoustic/ultra-sound sensors

Ultra-sound and acoustic surveillance devices can be 
used to detect target invasive alien animals (Demertzis et 
al., 2017; Jurdak et al., 2015). Performance is affected 
by many factors including the sensor type and frequency 
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used, the size and behaviour of the target, the distance 
between the target and the sensor, the sampling time and 
the structure of the substrate where the target is found. 
Some invasive alien animals produce diagnostic sounds 
and there are a range of acoustic, sound and vibration 
sensors commercially available. Beyond this, investment 
may be needed to determine the suitability acoustics for 
different invasive alien animals in different contexts and to 
build the digital platforms for data collection and analytics. 
For marine species identification, an advanced machine 
hearing framework can be applied to target invasive alien 
species based on the sound they produce. The hearing 
framework uses two effective machine learning algorithms, 
the online sequential multilayer and the graph regularized 
extreme learning machine autoencoder that provides 
a higher level of generalization (Demertzis et al., 2018). 
Checking whether the recognized species is native to its 
locality or not is carried out by using global positioning 
systems (Demertzis et al., 2018). There may also be some 
utility for niche applications such as detection of invasive 
alien insects in containers, which would be supported by 
a large body of research on stored grain pest detection 
and pests in timber (Zahid et al., 2012). Bioacoustic 
sensor networks have been developed and deployed to 
detect invasive alien frogs (Rhinella marina (cane toad); Hu 
et al., 2009) and invasive fish (Kottege et al., 2012) from 
their calls.

g)	 Point of Care / Lab on a chip, rapid test 
diagnostics 

Handheld rapid diagnostic test platform Point-of-Care 
(PoC) diagnostics and Lab on a chip (LoC) are becoming 
increasingly common to diagnose human (Riccò et al., 
2020), animal (Gattani et al., 2019) and plant diseases (Lau 
& Botella, 2017). The global spread of African swine fever 
and associated rapid diagnostic platform development 
illustrates their value for tracking invasive alien diseases 
(Ye et al., 2019). Most handheld systems are designed to 
detect specific gene sequences or proteins. PoC options for 
many pathogens rely on immunoassays in dipstick, lateral 
flow devices or increasingly microfluidic platforms (Weng 
et al., 2019). These PoC and LoC are new diagnostic kits 
that generally need to be rigorously tested for sensitivity, 
selectivity, or performance. While microfluidic options lend 
themselves to multiplexing to diagnose multiple pathogens, 
a true combinatorial approach to diagnostics would be 
required to deliver a generic diagnostic platform. Currently, 
to detect a pathogen a specific sensor is required and 
to detect two different pathogens two different sensors 
are required and so forth. A combinatorial approach with 
sensors with broad but overlapping detection of pathogens 
would allow a multiplexed diagnostic that could sense 
more pathogens than the number of sensors it contains. 
Pooling samples will depend entirely on the sensitivity 
of the PoC diagnostic as pooling may dilute the target 

analyte. There are many lateral flow devices available for 
diagnosis of particular pathogens, however, there are little 
data comparing the performance, sensitivity, and specificity 
of the tests compared to standard laboratory diagnostic 
assays. International approval may be required where 
proposed for use to replace other tests agreed under 
trade conventions (e.g., WTO) to demonstrate equivalent 
sensitivity and specificity. Next generation sequencing (NGS) 
may be able to detect the presence of many pathogens 
and DNA tests are more sensitive than immunoassays. 
Currently, NGS technology is not available at the PoC 
as it still requires multiple steps for sample preparation, 
amplification, sequencing and in-depth analysis. NGS 
technology improvements are emerging at a faster rate 
as it is a hot topic of research to enable human health 
diagnostic improvements. A large research effort would be 
needed to target next generation sequencing (NGS) to plant 
pathogens or other targets. The next level of automation is 
to deploy LoC technology that is capable of high-throughput 
screening for the pathogens of interest, utilizing a small 
quantity of fluid samples (Zhu et al., 2020).

h)	 Track and trace next generation 
sequencing and meta-barcoding to identify 
invasive alien species

The COVID-19 pandemic (Chapter 1, Box 1.14) has 
demonstrated the effectiveness of real-time genome 
sequencing on tracking and tracing the virus through 
movement trajectories of new mutations and strains and 
therefore spread of an invading organism. This technology 
approach is being applied now to the management of 
biological invasions by building global or regional genomics 
database of a key invasive alien species, both present 
or considered a potential threat. This allows a) quick 
identification of any new detections or introductions in terms 
of origin and likely pathway of spread (Otim et al., 2018; 
Suarez-Menendez et al., 2020), b) information on global 
invasion patterns that can help evaluate invasion and impact 
risks and pick up local rapid evolution or adaptation to new 
situations (Tay et al., 2022), c) allow real-time monitoring 
of strategies for and effectiveness of management actions 
(eradication, containment or widespread management; 
Yainna et al., 2021).

5.4.2.3	 Future technologies

A number of new technologies are being developed and 
improved for surveillance, detection, monitoring and 
automated response. These include biosensors and 
nanotechnology sensors, Clustered Regularly Interspaced 
Short Palindromic Repeats (CRISPR) diagnostics, 
multiplexed diagnostic real-time handheld Point-of-Care 
(PoC) diagnostic platforms and disease mRNA biomarkers. 
These are covered in more detail in the Supplementary 
material 5.4. 
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5.4.3	 Intervention technologies

When an action needs to be taken a) to manage a pathway 
risk or consequence, b) once a new invasive alien species 
has been detected or in order to eradicate, contain or 
control it, or c) in order to manage a site or ecosystem to 
eliminate or reduce the impacts of invasive alien species or 
restore ecosystem function, then this is an intervention. This 
section covers tools, technologies and approaches available 
to support interventions. 

5.4.3.1	 Pathway management – 
prevention options

Managing biological invasion pathways across borders 
supports prevention of arrival of new alien species and 
establishment and the movement of invasive alien species 
through trade supply chains. The traveller, effects and trade 
pathways for invasive alien species movement are through 
air and sea travel, conveyance and transport, postal mail 
delivery and transport via parcels, luggage and container 
transported traded goods. 

Prevention treatments for planes and ships are now widely 
recognized and regularly applied. Planes are decontaminated 
before take-off or treated with insecticides prior to arrival to 
prevent the entry of pathogens and insects including disease 
vectors such as mosquitos. Shipping is subject to the 
International Convention for the Control and Management 
of Ships' Ballast Water and Sediments (BWM Convention, 
section 5.5.1). The two main management options include 
ballast water exchange in accordance with regulation 
D-1, which is an interim option, and compliance with the 
discharge standard in regulation D-2, which is ultimately 
what all ships eventually have to comply with. The three main 
methods for ballast water exchange are the "sequential" 
method (complete ballast replacement with seawater), 
"flow-through" method and the “dilution” method performed 
at sea at an agreed distance from the arrival country (Molina 
& Drake, 2016). Organisms are physically removed by the 
flow, while the higher salinity level of open seawater can kill 
any coastal organisms present in ballast tanks (Santagata 
et al., 2008). The flow-through method pumps flow through 
seawater into a ballast water tank at a volume sufficient 
for least 300 percent water replacement (Molina & Drake, 
2016), but can lead to lower exchange efficiencies than the 
sequential method because of mixing between the influent 
and effluent water (Noble et al., 2016). Most ballast water 
management systems actually employ a combination of 
two or more additional treatments (Werschkun et al., 2014). 
The first of these is mechanical filtration of larger particles 
(organisms) with self-cleaning filter systems followed by 
electrochlorination or UV irradiation. Other treatments 
include ultrasound, cavitation and heating which can also 
lead to physical destruction of undesirable organisms. The 
other important prevention approach for shipping is the 

management of hull biofouling and specific niche areas of the 
hull. There is, however, currently no international convention 
regulating biofouling and only national or local regulations 
exist in a few jurisdictions such as Australia, New Zealand 
and California in the United States. The International Maritime 
Organization does have biofouling guidelines (section 5.5.1). 
Context and effectiveness of biofouling management have 
been reviewed by Arndt et al. (2021). 

Prevention treatments for biosecurity risks associated with 
cargo (traded commodities, packaging and containers) are 
already in widespread use. These include chemical fumigation 
particularly of wooden pallets and cardboard packaging 
(still largely using methyl bromide even though regulations 
under the Montreal protocol have been agreed for some 
time to phase it out to avoid ozone damage). The IPPC have 
approved sulfuryl fluoride as a treatment for compliance 
for ISPM-15 (FAO, 2018a) and additional options include 
dielectric heating and non-wooden pallets. It is recognized 
that sulphuryl fluoride is a highly effective greenhouse gas 
(Papadimitriou et al., 2008). Replacements for methyl 
bromide are rapidly being sought to support irradiation 
and cold treatment along supply chains for horticultural 
commodities. Phosphine is currently in use as an alternative 
to methyl bromide and is widely used to treat most durable 
commodities and for disinfestation of stored seed and food 
grains (Fields & White, 2002). However, there is phosphine 
resistance in many stored grain beetle pests and this has 
been documented in Australia, India, Morocco, Brazil, the 
United States and China (Benhalima et al., 2004; Chaudhry, 
1997; Collins et al., 2003; H. Navarro & Navarro, 2016; 
Nayak et al., 2003; M. A. G. Pimentel et al., 2009). Phosphine 
resistance in stored grain pests has been increasing in 
severity and is a threat to the continued use of phosphine as 
an effective control method (Schlipalius et al., 2015). 

Low atmosphere pressure systems (Paul et al., 2020) and 
microwaves are also used for horticultural commodities 
but are not generally accepted under multilateral trade 
agreements (Gamage et al., 2015). When managing 
the threats of biosecurity contamination via trade for 
agricultural commodity supply chains, bilateral agreements 
are increasingly considering system-based approaches 
where more than one approach or treatment are applied 
in sequence to minimize the risk of pest and pathogen 
contamination (IPPC, 2017b; van Klinken et al., 2020). See 
Supplementary material 5.6 for further details.

5.4.3.2	 Species-based management 
technologies

a)	 Mechanical and manual control of invasive 
alien invertebrates and plants 

Mechanical and manual management takes many forms and 
operates at different scales, but in general primarily applies 
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to the management of invasive alien plants (Liebman et al., 
2001; Csiszár & Korda, 2015; Hussain et al., 2018). Physical 
management, like chemical management, if not targeted or 
sustained is more often ineffective than effective particularly 
if the seedbanks of invasive plants are not considered or 
addressed. Mechanical control is occasionally applied to 
other types of invasive alien species, such as rabbits in 
Australia where it has proved to be a more cost-effective 
option than poisoning (Mutze, 1991).

For invasive alien plants, physical management comes in 
a number of forms including manual pulling, uprooting, 
mowing, cut and removal, bulldozing, mulching, debarking 
of trees from the collar region, ploughing and grazing 
(DiTomaso, 2000; Hussain et al., 2018). Mechanical 
control, in some form can be an effective strategy as part 
of integrated management of invasive alien plants or/and 
ecosystem restoration and some “best practice” can be 
developed for some targets (e.g., S. King et al., 1996). 
A key understanding is a preference to limit levels of 
ecosystem disturbance during the treatment, because more 
disturbance will assist invasive alien plant reinvasion without 
additional ecosystem restoration activities (DiTomaso, 2000). 
Generally human applied physical management approaches 
for invasive alien plants can be effective locally but are not 
generally practical or effective at larger scales, particularly 
when only cutting is used, because targeted species, 
particularly with large rhizomes, resprout and regenerate 
(e.g., Mwangi & Swallow, 2005). Moreover, the short-term 
efficacy and the necessity for periodic implementation 
for sustained control makes physical methods such as 
cutting uneconomical. An exception to this is the large 
scale Working for Water Programme in South Africa (Box 
5.19 in section 5.5.5) where the programme, has also 
offered many additional ecosystem service and social 
benefits for the local communities supported by government 
investment (Richardson & van Wilgen, 2004; van Wilgen & 
Wannenburgh, 2016). 

Using grazing animals for invasive alien plant control has 
a huge literature in the pastoral sector (R. G. Smith et 
al., 2006; Popay & Field, 1996) and also in rangelands 
(DiTomaso, 2000; Frost & Launchbaugh, 2003; Sheley et 
al., 1996), but it has also been used in forests (S. N. Adams, 
1975) and other ecosystems (Randall, 1996). Most grazing 
management occurs through the use of livestock species 
but, in natural ecosystems, goats are often used with 
obvious risks of grazing native plants as well or escaping 
containment, which demands care (Frost & Launchbaugh, 
2003; R. G. Smith et al., 2006). The use of grazing animals 
can also spread invasive alien plants species adapted to 
attach to animal hides or when invasive alien plant seeds are 
consumed but may pass into animal faeces (e.g., Vachellia 
nilotica (gum arabic tree); Kriticos et al., 1999). Like other 
forms of physical management of invasive alien plants, the 
effectiveness of grazing management generally depends 

on long-term controlled application as the benefits can be 
quickly lost when the treatment is halted. This limits control 
cost-effectiveness, unless part of an integrated management 
or/and ecosystem restoration programme, where there are 
multiple other benefits for the local communities (Reyes-
García et al., 2019).

b)	 Pesticide management of invasive alien 
animals and plants 

Chemical pesticides remain a key local tool for invasive 
alien species management. Herbicides can be sprayed 
on grasses, herbs and shrubs, applied on cut stumps to 
prevent sprouting, or injected in tree trunks. For invasive 
alien plants this is the most widely used control method 
and a wide array of herbicides are available on the 
market. Different products are used to control invasive 
alien animals, especially baits under controlled situations. 
Social acceptability, risks of non-target impacts and wider 
environmental risks are increasing societal issues and 
concerns associated with pesticide use. When addressing 
these societal issues, it is important to take into account 
the context of values and policies of individual countries. In 
order to increase the level of safety and acceptability, it is 
important that control projects include training and protocols 
to ensure the use of proper personal protective equipment, 
good quality materials to prevent leaking, proper disposal of 
pesticide containers, necessary permits, trained personnel 
and follow-up routines to increase effectiveness. The use 
of pesticides is also context-dependent, so local conditions 
need to be assessed to define limitations. For example, as 
proximity to water is a strong concern, herbicide spraying 
regulations require minimum distance from water bodies be 
maintained. This is equally true for vertebrate pest control 
programmes. The aerial application of the brodifacoum 
bait to eradicate Rattus norvegicus (brown rat) was 
conducted on the 267-hectare Ulva Island in New Zealand. 
This resulted in a residual concentration in several coastal 
species of fish and shellfish (Masuda et al., 2015). Although 
the concentrations found were low as was the risk for 
human exposure to the chemical, this example highlights 
the importance of being aware of the potential side effects. 
Similar programmes in Italy appear to have not raised such 
concerns (Capizzi et al., 2016). 

There is a large literature dedicated to applications of 
chemical use in invasive alien species management beyond 
the scope of the IPBES assessment of invasive alien 
species. Most best practice manuals seek to optimize 
and minimize use as well as choose active ingredients 
and surfactants that degrade fairly quickly and do not 
contaminate the soil or water. The use of pesticides in 
invaded natural ecosystems often generates concern so 
needs to be highly regulated, particularly close to water 
bodies to avoid off target impacts (Kolpin et al., 1998). 
In most countries, use depends on local jurisdictional 
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legislation, registration and approval processes. Approval 
is needed from regulators to use a particular type of 
chemical or active ingredient, they also approve how the 
chemical is to be stored and applied and the targets against 
which it can be used. This is particularly challenging in the 
context of the use in natural ecosystems, where across 
jurisdictions generally few registrations exist and this is a 
problem for management (Pergl et al., 2020). Whereas 
pesticides developed for controlling alien fish in rivers are 
very unselective (e.g., Rotenone used in some countries 
but banned in others), in China an organophosphate 

pesticide has been evaluated for its selective efficacy 
against Oreochromis niloticus (Nile tilapia) compared to 
many non-target native species and based on good results 
it is being proposed to control this target in the wild where 
impacts on aquatic ecosystems have been very high (Gu et 
al., 2018, 2019). In an environmental context, the incorrect 
(e.g., not complying with regulatory and label restrictions) 
or non-strategic use of pesticides (how and where they are 
applied) is probably one of the largest causes of failure to 
achieve effective local management of invasive alien species 
in space and time (D. Pimentel et al., 1992; D. Pimentel 

D
E

V
E

LO
P

M
E

N
T

 C
O

S
T

S
 $

m
.

Chemistry

Chemistry

Biology

Field Trials

Toxicology/ 
Environmental Chemistry

Toxicology

Environmental Chemistry

Registration

140

120

100

80

60

40

20

0

N
U

M
B

E
R

 O
F

 N
E

W
 A

C
T

IV
E

 IN
G

R
E

D
IE

N
T

S
 

IN
T

R
O

D
U

C
E

D

1950s 1960s 1970s 1980s 1990s 2000s 2010s

Herbicides

Insecticides

Fungicides

Others

11

20

10
5

47

33

20

3

37

35

25

4

51

29

36

7

57

37

30

3

39

27

32

5

9

12

17

1

Cumulative  
46

Cumulative  
103

Cumulative  
101

Cumulative  
123

Cumulative  
127

Cumulative  
103

Cumulative  
39

A

B

300

250

200

150

100

50

0
1995 2000 2005-8 2010-14

32

30

10
18

18

18
13
13

41

44

9
20

25

18

16
11

42

32

11

36

54

32

24

25

49

51

7

35

47

39

35

33

Total 
$152 m.

Total 
$184 m.

Total
$256 m.

Total
$286 m.

Research
72

Research
94 Research

85

Research
107

Development
67

Development
79

Development
146

Development
146

Figure 5  16  	 Evolution of new crop protection product. 

Top: discovery and development cost of a new crop protection product (y axis) in 1995, 2000, 2005-8 and 2010-14 (x axis). The 
overall costs of discovery and development of a new crop protection product increased by 21.1 per cent from $152 million in 
1995, to reach $184 million in 2000. From 2000 to 2005-8 period, costs increased by 39.1 per cent to $256 million. From 2005-8 
to 2010-14 period, costs increased by 11.7 per cent to $286 million. Source: McDougall (2016), https://croplife.org/wp-content/
uploads/2016/04/Cost-of-CP-report-FINAL.pdf, under license CC BY 4.0. Bottom: number of new active ingredients introduced (y 
axis) per decade (x axis): 1950s to present day. Source: McDougall (2018), https://croplife.org/wp-content/uploads/2018/11/Phillips-
McDougall-Evolution-of-the-Crop-Protection-Industry-since-1960-FINAL.pdf, under license CC BY 4.0.
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& Andow, 1984) and certainly, results in most human 
and environmental harm and associated loss of public 
acceptability associated with their ongoing use. Ongoing 
use of chemical control needs to be highly regulated 
and part of effective adaptive management strategies 
(section 5.4.3.3).

Registering new active ingredients has become so 
lengthy and costly demanding a very large market to 
be viable and so very few novel pesticides are currently 
seeking registration (E. D. Booth et al., 2017; Nishimoto, 
2019; Phillips McDougall, 2016; Figure 5.16). Most new 
registrations are around new formulations for existing 
pesticide groups. The main challenges are a) application 
approaches need to minimize the build-up of pesticide 
resistance and the global spread of pesticide resistant 
invasive alien species genotypes (Beckie et al., 2019; 
Sparks & Nauen, 2015); b) increasing deregistration of 
key chemical active ingredients (e.g., organophosphates, 
nicotinoids and glyphosate; WHO, 2010; Sharma et al., 
2020) leading to increased illegal off label use (Galt, 2010); 
c) designing treatment regimes to minimize off target effects 
(e.g., bitou bush in Australian Coastal heaths –Flower, 2004; 
Vranjic et al., 2012), d) use in aquatic environments (very 
few chemicals or adjuvants approved for this; Mesnage 
& Antoniou, 2018; Grung et al., 2015) and e) an absence 
of registered herbicides in developing countries can be a 
major impediment in the control of invasive alien species 
(Handford et al., 2015). It is critically important that all 
chemical interventions are undertaken under the regulations 
for that application and with a strong safety culture for the 
application staff and the environment (FAO & WHO, 2014). 

Nanotech has the potential to reduce pesticide application 
rates through efficient delivery paving the way for novel 
applications, devices and systems for delivery of pesticides 
for invasive alien species management via development for 
agriculture (Manjunatha et al., 2016; Anandhi et al., 2020). 
Current interest is on three formulation types: polymer-
based nano-formulations, inorganic nanoparticles such 
as silica and titanium dioxide and nano-emulsions. These 
novel formulations allow the release of active ingredients 
in a slow and targeted manner, protecting them against 
degradation and increasing “solubility” of even poorly water-
soluble formulations (Manjunatha et al., 2016). Potential 
risks of nano particles to human and environmental health 
(the so-called “nanomaterials paradox”) has led to delays in 
application as national nanotech policy and regulatory risk 
analysis protocols are agreed so the risks are appropriately 
evaluated (OECD, 2012; Kah, 2015; Agathokleous et 
al., 2020).

With regard to biopesticides, which come under the same 
regulatory registration process as chemical pesticides, a 
review (Glare et al., 2012) stated “Biopesticides based on 
living microbes and their bioactive compounds have been 

researched and promoted as replacements for synthetic 
pesticides for many years. However, lack of efficacy, 
inconsistent field performance and high cost have generally 
relegated them to niche products. Recently, technological 
advances and major changes in the external environment 
have positively altered the outlook for biopesticides. 
Significant increases in market penetration have been 
made, but biopesticides still only make up a small 
percentage of pest control product”. Biopesticides are being 
applied, for example, against some moths of economic 
importance (Shao et al., 2018), however they have not 
been commercially viable against invasive alien plants 
(Arora, 2003).

c)	 Robotic technology for targeted 
management 

Robotic technology is increasingly applied to invasive alien 
species management although this will be challenging 
in many developing countries without support from 
international aid programmes. The benefits for management 
and control activities may be most marked in remote, 
inaccessible, or broad-scale applications where human 
actions are costly or dangerous. Robotics can be used 
to map and characterize invasive alien species (section 
5.4.2.2) and to deliver a management action (e.g., the 
application of foliar or granular herbicides; (Carwardine 
et al., 2016). An autonomous robot can be deployed to 
operate continuously and may result in significantly less use 
of chemicals and a reduction of the costs and generally 
harmful environmental impacts of manned vehicles. 
Unmanned robotic vehicles are suited to a wide range of 
aerial, terrestrial and marine applications and can have 
particular potential for deployment in the management of 
established pests, weeds and diseases (Jurdak et al., 2015) 
including marine invasive alien species, but the current 
technology will be limited for most sessile slow-moving 
species (D. Smith & Dunbabin, 2007). Robotic platforms can 
be customized relatively easily to specific tasks and machine 
learning and artificial intelligence algorithms continue to 
advance (Devitt et al., 2017). In the field of agriculture, 
autonomous unmanned ground-based vehicles exist that, in 
addition to programmed target detection and rapid learning 
to identify new targets with high accuracy, also include 
the capability for management decisions and actions. 
Unmanned ground-based vehicles-based systems are in 
prototype or in commercial use for many agricultural tasks 
including pest, weed and disease management, using a 
range of methods which may be applicable to some invasive 
alien species management situations. Unmanned Aerial 
Systems are also being used to deliver pesticides with high 
levels of precision (Bawden et al., 2017; Lee et al., 2014). 
There are also robotic technologies currently available for 
in-water hull cleaning to remove biofouling (section 5.4.3.1). 
Similarly, a robotic automated underwater vehicle developed 
for environmental monitoring adapted and tested against an 
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undesirable sea urchin on the Great Barrier Reef (Clement 
et al., 2005; Dayoub et al., 2015) and similar technology is 
being applied to address vessel in-water biofouling (Scianni 
& Georgiades, 2019; Tamburri et al., 2020)

The robotic control of unmanned vehicles can be 
customized to each new application, meaning that each 
functional system has a high level of invasive alien species 
target specificity. Systems exist that either recognize the 
crop and treat all other green material or have learnt to 
identify specific invasive alien species (Bawden et al., 
2017). For example, robotic technologies are starting to be 
used for weed treatments in crops, pastures and national 
parks (Olsen et al., 2019; Westwood et al., 2018). Robotic 
systems for weed management have also been applied 
against Vachellia nilotica (gum arabic tree) in savannas (Box 
5.12) and alligator weed in rivers (Göktoǧan et al., 2010).

Considering system complexity, development costs and 
sophistication, such technology can only become cost-
beneficial and applicable above a certain land value threshold. 
In the field of marine pest control, the high cost of alternative 

approaches (including the deployment of divers) may increase 
the cost-effectiveness. The full costs for the development 
of an automated underwater vehicle with a robotic injection 
system for controlling the native crown-of-thorns starfish have 
not yet been accrued (Dayoub et al., 2015).

Robotics technology can now be bought off-the-shelf. 
While no full setup for particular invasive alien species 
applications is readily available, many could be adapted, 
as demonstrated by several proof-of-concept complexity-
testing bespoke systems for invasive alien species 
management (Ball et al., 2015; Jurdak et al., 2015; Bawden 
et al., 2017). Technical challenges remain in the field of 
autonomous on-ground navigation – in particular, using real-
time perception and decision-making in harsh environments 
(Carwardine et al., 2016). Also, requirement of permissions 
over private land, full control and the “Visual line of sight” in 
many countries limits the use of unmanned particularly aerial 
systems. As computing power increases, sophisticated real-
time data processing and decision-making using machine 
learning algorithms will enable a platform to be targeted 
at particular tasks (Devitt et al., 2017). Current bespoke 

Box 5  12  	 Case study: Management of Vachellia nilotica (gum arabic tree) with robotic 
technology in Australia.

In management trials in Australia’s Desert Channels region 
of western Queensland, unmanned ground-based vehicles 
were deployed for low density infestations of Vachellia 

nilotica (Figure 5.17) whereas for poor access infestations, 
autonomous unmanned aerial systems were deployed for 
both foliar and granular herbicide applications. Autonomous 
unmanned ground-based vehicles were used for spraying 

of low-density Vachellia nilotica infestations or configured 
specifically for spraying over dense stands in open habitats 
and desert channels. This can increase precision, especially 
for areas requiring flight beyond visual line-of-sight, reducing 
both the costs and amount of herbicide, and so the non-
target impacts. Still the development costs are extremely high 
(Carwardine et al., 2016). 

 

Figure 5  17  	 Vachellia nilotica (gum arabic tree) invading Australia’s desert channels region 
of north-eastern Australia. 

Photo credit: Sahil Ghosh, Adobe Stock – Copyright.
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systems are complex, whereas use cases are often quite 
simple tasks. Any current limitation for adaptable data 
processing systems is likely to be quickly resolved as the 
technology continues to mature. 

d)	 Lethal control of invasive alien vertebrate 
pests 

Despite lethal control being the basis of nearly all successful 
invasive alien vertebrate population suppression (Robertson 
et al., 2017) and eradication programmes (Holmes et al., 
2019) and remaining an important tool for managing their 
impacts on native vertebrates (see below), ethically, it is 
increasingly controversial (e.g., van Eeden et al., 2020; 
Chapter 1, section 1.5.3). Many countries have animal 
rights laws and have banned or are banning lethal control 
options and deregistering key toxicants such as sodium 
fluoroacetate (1080) and Rotenone. Engaging stakeholders 
is important for decision-making, particularly assessing the 

acceptability of lethal control particularly for invasive alien 
species that cause the loss of threatened and endangered 
native species and harmful impacts on economic livelihoods 
of local communities (Deak et al., 2019; Sinclair et al., 2020, 
Box 5.13; Chapter 4, section 4.5). Often politics controls 
the decision-making, as in the case for management of alien 
Hippopotamus amphibious (hippopotamus) populations 
in Colombia. Despite high densities there has been limited 
political will to cull this charismatic species (Castelblanco-
Martínez et al., 2021). 

Nonetheless, lethal control is still a conventional approach 
in countries where large populations of invasive alien 
vertebrates have massive ecological impacts and cause 
high native species extinction rates. Lethal control has been 
the main basis of highly successful vertebrate eradication 
programs on islands around the world (Holmes et al., 2019; 
B. A. Jones et al., 2016). On large land masses, lethal 
control can also be effective at reducing the impact of 

Box 5  13  	 The conflicts of lethal control of invasive alien vertebrates’ case study: 
managing wild horses in the Australian Alps National Park.

Equus caballus (horse) is alien to alpine Australia, but wild 
horse (local name “Brumbies”) populations exist there since 
grazing properties were first allowed on these Indigenous lands 
in the mid 1800 (Figure 5.18). Since then, wild horses have 
been enshrined in classic Australian literature and, even after 
alpine cattle grazing was banned in the 1990s, horses were left 
unmanaged. Following this, the Indigenous Peoples and local 
communities and other communities have been in conflict over 
whether the horses should be cherished or removed. Culling 
programmes stopped in 2002 and in 2018 these horses were 

protected under heritage state legislation. Today numbers have 
increased seven-fold since 2002 clearly decimating the unique 
habitats of threatened native alpine species (broad-toothed rat, 
corroboree frog and she-oak skink) with horse rehoming (the 
only allowed management strategy) proving insufficient (Driscoll 
et al., 2019). Choice between native and charismatic alien 
species is always hard, but the Australian Royal Society for the 
Prevention of Cruelty to Animals (RSPCA, 2021) has decided to 
support an aerial culling programme, much to the dismay of the 
horse lovers. 

 

Figure 5  18  	 Equus caballus (horse) invading the native alpine grasslands of the Snowy 
Mountains National Park in Australia. 

Photo credit: ms_pics_and_more, Shutterstock – Copyright.
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invasive alien vertebrates across short time frames (up to a 
few years) applied by hunting, poisoning or trapping. It has a 
long history to support its cost-effectiveness where expertly 
strategically planned and implemented (Burrows, 2018), 
but this is rarely the case (Hone, 2007). Where effective, the 
environmental benefits are well-recognized, even though 
benefit-cost analyses are rare and are subject to much 
uncertainty (Newsome et al., 2017). Effective widespread 
control can be achieved with a good understanding of the 
local distribution, abundance and population connectedness 
and planning management at an appropriate spatial scale, 
together with continual investment (Lurgi et al., 2016). The 
niche created by removing one invasive alien vertebrate may 
be quickly filled by immigrants of the same species or by a 
different species. 

Shooting carried out by trained professionals can be a 
highly-target-specific technique and can minimize the 
number of animals that need to be culled. In the case 
of large herbivores or omnivores (including pigs, goats, 
donkeys, camels, cattle and horses), helicopter-based aerial 
shooting can achieve rapid population control over large 
areas. This is less effective where vegetation is dense and 
not so effective against forest dwelling species such as 
deer, where ground-based shooting by specialist hunters is 
more commonly used. Shooting campaigns often involve 
attaching a tracking device to individual often sterilized 
animals for social species. Making use of their gregarious 
nature the tagged animal locates other conspecifics to 
improve cull efficiency especially at low density. This 
technique (controversially often termed as the “Judas” 
approach) has been demonstrated to be highly successful 
against invasive alien populations of, for instance, Capra 
hircus (goats; K. Campbell & Donlan, 2005), buffalo and feral 
cattle (More et al., 2015), donkeys (Woolnough et al., 2012), 
Camelus spp. (camels; Edwards et al., 2016) and less 
effective against pigs (Ramsey et al., 2009). It has also been 
used against invasive fish (Bajer et al., 2011). 

Culling can enhance fertility through earlier reproduction 
or select for phenotypes that make control more difficult 
(Newsome et al., 2017). Having the public hunt invasive 
alien species through the sale of licenses or tags, while 
potentially cheap, generally leads to perverse trade-offs. 
Hunters generally reduce their effort as target numbers 
decline to perpetuate their benefits or there are conflicts 
of interest when targets are also a food source for the 
hunter community. Reintroductions into cleared areas are 
a common occurrence in such situations (Rondeau, 2001). 
For these reasons, without good collective understanding 
and planning the benefits of recreational ground-based 
hunting for invasive alien vertebrates will be largely 
unquantified and elusive (Bengsen & Sparkes, 2016). 

Lethal baiting is a key tool in New Zealand’s Predator 
Free 2050 campaign to remove rodents, possums and 

stoats (Russell et al., 2015). The combination of toxic 
bait and delivery system can provide very targeted and 
species-specific delivery. Available poisons include acute 
toxicants (e.g., sodium fluoroacetate – or 1080, sodium 
nitrite or zinc phosphide and para amino-propiophenone 
(PAPP)), anticoagulants (e.g., pindone and brodifacoum) 
or fumigants (e.g., carbon monoxide and phosphine; L. 
McLeod & Saunders, 2013). Zinc phosphide baits are 
commercially supplied for broad-scale control of mouse 
plagues and remain an effective way of treating large 
areas in a relatively short period of time. Electrofishing and 
piscicide (an odourless, colourless, crystalline isoflavone) 
are the dominant means used to control invasive alien 
fish. Rotenone is being de-registered in some jurisdictions 
because of non-target impacts (McLeod & Saunders, 2013). 
Widespread and high-density use of these toxicants remains 
controversial for a number of reasons but is generally highly 
regulated by jurisdictions to address concerns. Lethal 
control in a conservation context has been very effective 
for rodent and rabbit eradication programmes on islands 
(S. Gregory et al., 2014; Howald et al., 2007; Russell et 
al., 2015). Island use has continued to be refined, with 
an increase in the size of island from which rodents can 
feasibly be eradicated (Howald et al., 2007; B. A. Jones 
et al., 2016). In most other settings the likelihood of total 
eradication of an invasive alien species is low. There are 
reviews of eradication success (Mill et al., 2020; H. P. Jones 
et al., 2016) and the European Union has guidelines for the 
eradication of invasive alien vertebrates (Genovesi, 2001). 
Prolonged use of a single toxicant leads to development of 
resistance (Twigg et al., 2002). Registration of all toxicants 
is required for each jurisdiction covering environmental 
safety, efficacy and relative humaneness with required 
label registration for use against each specific target. 
Nonetheless, development of new toxicants for vertebrate 
pest control continues in the United States, Australia, New 
Zealand and Europe along with baits and delivery methods 
specific to particular target species (Begley et al., 2021; T. 
A. Campbell et al., 2013; Eason et al., 2017; Robertson 
et al., 2017). In the future, the use of existing self-resetting 
traps (Carter et al., 2016; Stanley, 2004), toxicant delivery 
systems, advanced lures and new toxicants with lower 
residues could be improved. Ongoing use of the same 
bait-based toxicants causes bait shyness (neophobia) in 
surviving populations (Garvey et al., 2020). Effectiveness 
of baiting and trapping varies greatly with the target alien 
invasive vertebrate species. Cats, rats and to a lesser extent 
wild dogs are notoriously bait and trap shy and need to be 
tricked into bait taking (Garvey et al., 2020). 

Camera trapping can be used to improve trapping 
outcomes (Fleming et al., 2014; Meek et al., 2015) and 
is advancing rapidly with increasingly complex algorithms 
allowing individual animal recognition either from patterns or 
facial features. Grooming traps (or sentinel automated spray 
devices) use shape recognition technology designed to 
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recognize species (e.g., cats) and spray a lethal amount of 
a toxicant only on the target animal which is then ingested 
by grooming. Ejector technologies include direct delivery of 
a lethal toxicant into the mouth of a predator by combining 
a spring-loaded mechanism with a carnivore lure, which is 
more likely to be activated by foxes and wild dogs, thereby 
increasing target specificity (Fleming et al., 2006). Lethal 
control methods are also best used as part of an adaptive 
and integrated management approach that aims to reduce 
the overall quantity of toxicants entering the environment.

e)	 Fertility control for invasive alien vertebrates 

Fertility control tools aim to decrease or stabilize a pest 
animal population by reducing or halting reproduction. 
Modelling suggests that targeting females has the 
greatest chance of effective control at the population 
level (Caughley et al., 1992). Successful fertility control 
reduces target population sizes unless flow-on effects 
(e.g., increased survival of adults and juveniles) exceed 
the effects of reduced fertility. Fertility is controlled through 
a) the disruption of key reproductive hormones, b) the 
use of chemicals to deplete follicles at various stages of 
development, or c) immune contraception approaches 
where an immune response is elicited to key reproductive 
antigens that subsequently interferes with fertilization and/
or successful embryo implantation. Effective hormonal or 
immune contraception methods are available; however, they 
require the capture or restraint/sedation of the animal to 
apply the treatment either via injection or implant followed 
by release, or remote delivery via darts, which is generally at 
high cost. With growing public concern about lethal control 
methods, public acceptability for fertility control approaches 
is usually high, for high-profile, iconic species.

Fertility control has been applied in the United Kingdom, 
United States, New Zealand and Australia in rodents, goats, 
horses, deer, kangaroos and canines (Asa & Moresco, 
2019; Cowan et al., 2020) but generally still at very localized 
scales. There remain very few cases where fertility control 
has been successfully used to control free-living populations 
or to achieve eradications. Nonetheless, this approach 
potentially has broad range of application in vertebrates, 
limited primarily by the lack of effective bait delivery 
systems useful in the wild (T. A. Campbell et al., 2011). 
Other challenges include optimum dose levels, stakeholder 
opposition (e.g., hunters) and sex specific welfare 
implications. Applications requiring oral bait delivery or self-
disseminating fertility control agents still await development. 
Applications to-date are principally in containment and 
control, although fertility control can also aid in eradication of 
small populations (Hobbs et al., 2000). Surgical sterilization 
has been used in the management of grey squirrels (Scapin 
et al., 2019) and bullfrogs (Descamps & De Vocht, 2017) 
in Europe. For registration, commercially available fertility 
control vaccines must undertake delivery and effectiveness 

trials, which generally require a minimum three to five years. 
See Supplementary material 5.6 for further details. 

f)	 Classical biological control of invasive 
alien plants and invertebrates 

Classical biological control has an over 100- year history and 
has been accepted as a long term and effective management 
tool for invasive alien species by both the IPPC (IPPC, 
2017a) and the CBD (ISSG, 2018), particularly for invasive 
alien plants and invertebrates (ISSG, 2018; Julien & White, 
1997; Waterhouse & Sands, 2001; Heimpel & Mills, 2017) in 
both agricultural and environmental settings (Van Driesche 
et al., 2010). Classical biological control programmes aim 
to release host-specific natural enemies of an invasive alien 
species target, generally from the native range and suited 
to the recipient environment of the target (Briese, 2000). 
Classical biological control has not been developed for marine 
environments, because of safety concerns partly because 
they are globally contiguous and in general less understood 
than terrestrial or freshwater ecosystems (Lafferty & Kuris, 
1996; Thresher et al., 2000; Secord, 2003). While some 
consider it remains an option worth considering (Bax et al., 
2003), others consider the use of alien biocontrol agents too 
risky in marine systems (Atalah et al., 2015). 

The application of biological control dates back to the 
uncontrolled use of generalist vertebrate predators as 
biocontrol agents from the 1700s to early 1900s prior to 
import restrictions on alien species or regulations built on 
robust risk assessment (Huffaker & Messenger, 1976; Moran 
et al., 2013; Waterhouse & Sands, 2001). This includes the 
release of cats to control rodents, mongoose to control 
snakes on islands and toads to control sugar cane pests. 
This gave biological control a bad name because many of 
these agents became pests in their own right (Chapter 3, 
section 3.3.5.2). These are not examples of classical 
biological control as these “biocontrol agents” were not 
selected based on specificity (some being generalist fish; 
e.g., Fenichel et al., 2010; Ip et al., 2014) or via a risk-
assessment-based regulatory process and often released 
against native pests. Classical biological control now has 
mature regulatory processes for the identification of agents, 
and for the importation, assessment and release of agents 
in recipient countries (A. W. Sheppard et al., 2003; Day 
& Witt, 2019; Barratt et al., 2021) built on internationally 
agreed best practice principles and guidelines (IPPC ISPM-
3; Sheppard et al., 2003; M. Day & Witt, 2019; Barratt et 
al., 2021). The risk of non-target impacts has been given 
considerable attention with some considering them too 
high (e.g., Simberloff & Stiling, 1996), a lead critic has since 
recognized that the benefits merit careful ongoing use (Van 
Driesche et al., 2010). The specific and broad international 
benefits and undesirable non-target impacts of historical 
biological control programmes are well documented and 
the benefits far outweigh the risks in the vast majority of 
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programmes (CBD, 2018). Under the CBD, biological 
control activities now need to take into account access 
and benefit sharing regulated under the Nagoya protocol, 
however as a discipline biological control has embraced this 
process and continues to operate (P. G. Mason et al., 2021).

Successful classical biocontrol agents have included 
the following:

	 Biotrophic fungi for plant targets (particularly rusts, 
e.g., Puccinia spp.) and arthropods (Beauveria or 
Metarhizium strains) (Hershenhorn et al., 2016; Morin, 
2020; Morin et al., 2006)

	 Invertebrate predators or parasites of invertebrate 
alien species such as parasitoid wasps and flies, 
entomopathogenic nematodes (Hajek et al., 2007; P. G. 
Mason, 2021; Waterhouse & Sands, 2001) 

	 Viruses to control certain invertebrates, such as Oryctes 
rhinoceros (coconut rhinoceros beetle) across the 
Pacific (Paudel et al., 2021).

	 Herbivorous invertebrates from a broad range of groups 
for invasive alien plants (Julien et al., 2012; McFadyen, 
1998; Winston et al., 2014).

Classical biological control programmes can only be 
initiated against a specific invasive alien plant or invertebrate 
if there is broad agreement across different stakeholder 
communities (scientists, conservation organizations, other 
land managers, policy makers and the general public) and 
Indigenous Peoples and local communities of the harmful 
nature of the target. This process needs to consider social, 
economic and environmental impacts and any conflicts of 
interest (section 5.2). Where the target has spread across 
multiple jurisdictions with contiguous borders, affected 
jurisdictions also need to agree about the target and the 
regulatory processes under which the biological control 
programme will operate. A precautionary approach may be 
adopted because classical biological control is invariably of 
high risk, biocontrol agent releases generally being without 
controls and self-perpetuating. As classical biological control 
programmes are not always successful, the public need 
to understand this. The regulatory process prior to any 
release decision being made needs to include effective risk 
communication between all stakeholder communities. The 
use of structured decision-making processes, supported 
by rigorous cost-benefit and risk analyses, not only provide 
a sound broadly accepted rationale for investment in what 
is generally a long-term activity but also to contribute to the 
credibility and success of this approach (S. Liu et al., 2011).

Classical biological control is generally not used for 
eradication, which is a very rare outcome even as part of 
integrated control (e.g., Morin et al., 2009). Only recently has 

classical biological control been developed pre-emptively for 
invasive alien species before establishing in a country and 
only when eradication is very unlikely following establishment 
(Charles et al., 2019). 

Classical biological control programmes generally have four 
phases: i) agent selection, ii) agent risk assessment, iii) agent 
release and iv) post release evaluation (CBD, 2018; Heimpel 
& Mills, 2017). Each phase may require two to five years. 

Agent selection is sourcing a potentially suitable biocontrol 
agent in the native range of the invasive alien species target. 
Genetics, such as barcoding, has assisted this reducing 
the time required to identify and classify candidate classical 
biological control agents. 

Risk assessments for biological control agents evaluate 
host-specificity of the agent using internationally accepted 
protocols (Bigler et al., 2006; ISSG, 2018), either in the 
native range or a post entry quarantine facility in the country 
of introduction that considers: 

	 direct impact of the biocontrol agent on non-
target species;

	 potential for indirect impacts of the biocontrol agent, 
including effects on organisms that depend on the 
target pest and non-target species and competition with 
resident biocontrol agents and other natural enemies 
(not all practicing jurisdictions require this);

	 possible direct or indirect impact on threatened and 
endangered species, ecosystems, agriculture and 
forestry, in the country of introduction; 

	 impact of the biocontrol agent on humans (health, social 
and cultural), and impact of the biocontrol agent on the 
physical environment (e.g., water, soil and air).

Risk assessment is generally less onerous for secondary 
jurisdictions if a biological control agent has been widely 
tested and established safely in numerous countries. 

Agent release can only happen following application for and 
approval of a release permit by an independent regulatory 
body based on the risk assessment. Release submissions 
generally require public comment, scientific peer review and 
consultation with neighbouring countries before making a 
decision. The decision assumes that the agent will have 
unlimited uncontained spread across the target population. 
Releases may require modification of the recipient 
environment (e.g., initial cages or nutrient levels) to improve 
the control agent’s establishment and spread. 

Post release evaluation is critically important to measure 
both positive and negative impacts of the biological control 
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agent. Such impacts may appear within two years, but 
full effectiveness may also take a further 10 or more than 
20 years. The best measure of success likelihood is if agents 
have already been successful in other jurisdictions against 
the same target. Generally, more than 50 per cent of classical 
biological control programmes deliver some level of success 
and benefit cost ratios of total jurisdictional investments in 
this approach are generally above 20:1 (ISSG, 2018).

Advantages of classical biological control include its 
relative cost-effectiveness and broad-scale, long-term, 
non-chemical and target-specific application. The initial 
implementation costs are generally high compared to, for 
example, manual adaptive management approaches, but 
not compared to new pesticide registration and control 
when it occurs is generally widespread and enduring. 

International collaboration is critically important in classical 
biological control programmes for the following reasons:

	 To respect the Nagoya Protocol, as biocontrol agents 
are generally sourced from the native ranges (in other 
countries) of invasive alien plants and invertebrates;

	 To avoid released biocontrol agents spreading across 
international borders;

	 To share experience and approaches in classical 
biological control between experienced and 
inexperienced countries;

	 To save considerable time and costs in controlling 
savings based on sharing of research, control agents, 
risk assessments and funding for control programmes 
against shared invasive alien species.

Classical biological control for invasive alien species 
management is not a profit-making activity and so, outside 
of agriculture, is usually funded by public or not-for-profit 
agencies with responsibilities in environmental management. 
Countries in North America have also worked together 
under the North American Plant Protection Organization 
(NAPPO) to take a regional (continental) approach to 
collectively manage biological control release activities that 
affect multiple jurisdictions. 

The public acceptance of classical biological control globally 
still remains mixed, despite a high success rate in countries 
such as Australia, New Zealand, South Africa, Canada 
and the United States and an extensive history across 
many countries (Winston et al., 2014; Cock et al., 2016; 
P. G. Mason, 2021). Some countries have high public and 
regulatory perceptions of risk around the use of pathogens 
as biological control agents (for example, United States) 
even though forty years of evidence elsewhere suggests 
otherwise (ISSG, 2018). Some classical biological control 

agents have been released even in the recent past without 
the application of a rigorous risk based precautionary 
approach and have led to significant non-target impacts 
that were avoidable (for example, Harmonia axyridis 
(harlequin ladybird) in Europe; H. E. Roy et al., 2016). 
Persistent concerns about non-target impacts continue to 
be addressed through learnings from past practices (Follett 
& Duan, 2000; Louda et al., 2003) and through rigorous risk 
assessment (ISSG, 2018; P. G. Mason, 2021).

g)	 Sterile insect technique and other relevant 
invasive alien invertebrate augmentative 
approaches 

Sterile Insect Technique is based on mass releases of 
irradiated infertile males and is a mature technology based on 
conventional approaches that have proven to be effective for 
65 years (Dunn & Follett, 2017). The infertile males compete 
with wild males to breed with wild females, and this leads to 
a reduction in offspring and a decline in population numbers. 
Eventual local pest population extinction is possible. Sterile 
insect technique is primarily used for agricultural pest 
management but also has a history of success for managing 
invasive alien disease vectors (FAO & AEG, 2016). The 
approach was first used in the 1940s to control Cochliomyia 
hominivorax (New World screwworm) and subsequently 
Glossina spp. (tsetse fly), Pectinophora gossypiella (pink 
bollworm), Cydia pomonella (codling moth) and Delia antiqua 
(onion fly), with recent applications against mosquitos (e.g., 
Aedes aegypti (yellow fever mosquito), Aedes albopictus 
(Asian tiger mosquito)) as vectors of arbovirus diseases (e.g., 
Dengue fever) (Dyck et al., 2005; Poncio et al., 2019). The 
technique has also been applied to crayfish (Aquiloni et al., 
2009). The technique requires the production and release 
of enough sterile males to achieve at least 50 per cent of 
all matings by wild females and to compensate for loss of 
fitness caused by the irradiation treatment (Helinski & Knols, 
2008; Holbrook & Fujimoto, 1970; Mayer et al., 1998) and 
is also considered more effective if females are not released 
(Dyck et al., 2005; A. S. Robinson, 2002). With the advent 
of modern genetics of fertility novel approaches could 
broaden out Sterile Insect Technique to a range of other 
invasive alien invertebrate targets (Choo et al., 2018). Sterile 
insect technique is frequently used as part of integrated pest 
management strategy, in combination with insecticides and 
baiting strategies. See Supplementary material 5.7 for 
further details.

h)	 Viral biological control of invasive alien 
vertebrates 

Viral biological control is a special case of classical biological 
control where the classical biological control agent is a 
taxon-specific virus (critical), and the target invasive alien 
species is (in general) an invasive alien vertebrate. Viral 
biological control is predicated on the discovery of a 
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suitable viral agent and is generally most effective when the 
invasive vertebrate target is an animal population naïve to 
the pathogen. Such pathogens also require high virulence, 
transmissibility and relative humaneness in the method and 
speed of kill (when compared to other approved control 
methods). Over time resistance builds up to an equilibrium 
of lower viral pathogenicity or virulence as individual and 
“herd” (population-level) immunity develops. Therefore, viral 
biological control programmes need a long-term strategy 
to find new more virulent viral strains for re-release to 
resuppress target population (Cox et al., 2013; McColl et 
al., 2016). As with classical biological control, viral-based 
approaches rarely eradicate a widely established target 
population. The best results will be obtained when viral 
biological control is one component of an integrated pest-
management strategy that includes other (conventional 
or novel) approaches. Viral biological control depends on 
strong public support and a bespoke national regulatory 
system to vet the non-target and any other environmental 
risks or international concerns (Cooke & Fenner, 2002).

This approach has only ever been applied for alien 
vertebrates in Australia and then carried to New Zealand 
through the release and natural dissemination of the Myxoma 
virus (MYXv) in the 1950s and Rabbit haemorrhagic disease 
virus (RHDv) in the 1990s for the viral biological control 
of Oryctolagus cuniculus (rabbits; Cooke et al., 2013; 
Saunders et al., 2010). That Australia and New Zealand are 
islands reduces the risk of the pathogen spreading back to 
the native range of European rabbits, although the viruses 
released in Australia were already present in the native range 
from where they were largely sourced. This approach is not 
appropriate where contiguous land masses or water bodies 
can allow epidemic spread between targeted invasive and 
native populations. A contemporary example is the ongoing 
evaluation of cyprinid herpesvirus 3 (Cy-HV3, carp virus) as a 
viral biological control agent for European carp in Australian 
waterways. Despite extensive searches, a species specific 
lethal natural pathogen of Rhinella marina (cane toad) has 
not yet been identified (Shanmuganathan et al., 2010), 
demonstrating a key limitation in this approach. Similarly 
viral biological control of feral cats has been used to aid 
the eradication of cats from sub-Antarctic Marion Island 
(Bester et al., 2002), but has little practical use elsewhere 
as this virus is endemic in most cat populations globally so 
resistance will be widespread and no others are currently 
considered suitable (Tracey et al., 2015).

Public acceptance of releasing viruses to control invasive 
alien species may differ depending on differing socio-
political perspectives. Lethal biological control methods 
for sentient lifeforms such as vertebrate pests continue to 
raise animal welfare concerns particularly in targets also 
kept as pets or farm animals. Values are changing. From a 
humanness perspective Myxoma virus (MYXv) would unlikely 
be approved for release in Australia today, and RHDv was 

considered more humane than other approved rabbit control 
methods due to its extremely fast disease progression (Sharp 
& Saunders, 2011). Continued use of RHDv nonetheless still 
encounters resistance, but mainly from outside Australasia. 
In Australia the approach is supported by the local Royal 
Society for the Prevention of Cruelty to Animals (RSPCA, 
2019). Many animal diseases (e.g., Cy-HV3, carp virus) are 
notifiable under the WOAH presenting another challenge, 
although the WOAH also assesses levels of specificity for all 
notifiable pathogens. Risks can be managed if animal and 
animal product movement can be controlled and developing 
a vaccine to protect non-target individuals (i.e., pets) may 
be prudent (Schirrmeier et al., 1999). See Supplementary 
materials 5.6 for further details. 

i)	 RNA Interference 

RNA interference (RNAi) describes the process whereby a 
mirror image double-stranded RNA (dsRNA) molecule of 
the target gene is created, applied, and once it has entered 
a cell, will silence or modify target gene expression without 
genetic modification. RNAi is a widely used molecular 
technique for selectively inactivating genes without the 
need to create a special strain or modify the genome of the 
target organism (Table 5.5). Delivering dsRNA molecules to 
virtually all eukaryotes induces the RNAi silencing process, 
whereby the dsRNA molecules mediate a highly-specific 
destruction of any messenger RNA with a complementary 
sequence, resulting in suppression of a targeted gene’s 
expression (D. H. Kim & Rossi, 2008). Due to RNAi’s 
sequence-specificity, dsRNA molecules can be designed 
to be highly species-specific (Baum et al., 2007; Pan et al., 
2016; Whyard et al., 2015).

The RNAi approach has been proposed as a novel means 
by which to control plant pathogens, including viruses 
(Tenllado & Dıáz-Ruı ́z, 2001; Mitter et al., 2017) and the 
fungus Fusarium (Koch et al., 2017; Machado et al., 
2018; Weiberg et al., 2013), invasive alien plants such as 
Phragmites (reed; Hazelton et al., 2014) and invasive alien 
ants (Gruber et al., 2017), moths (e.g., Helicoverpa armigera 
(cotton bollworm); Z. X. Lim et al., 2016) and Aedes aegypti 
(yellow fever mosquito; Whyard et al., 2015). RNAi is also 
applicable to animal, zoonotic and human diseases. Linke 
et al. (2016) used bacterial vectors that targeted avian 
mucosal epithelial cells to deliver RNAi against two avian 
influenza genes. In this application, RNAi is injected into the 
tail of wild-caught female prawns. The offspring of these 
females can then be introduced into farm ponds with a 
reduced risk of introducing the diseases circulating within 
wild prawns – including the devastating disease, white 
spot. Advantages and disadvantages of RNAi are given in 
Table 5.5.

Mutations in the RNAi machinery of the target organism 
might compromise RNAi effectiveness (Khajuria et al., 2018). 
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Should a target evolve resistance, the dsRNA molecules 
can be quickly redesigned to circumvent the resistance 
gene mutations. In plant pathogens such as viruses, where 
any treatment is difficult, or for fungal pathogens where 
increasingly virulent strains emerge, or fungicide resistance is 
developing, RNAi provides strong new potential opportunities. 
The key challenge in the development of an RNAi application 
lies in formulating the product to deliver the dsRNA effectively 
to the target animals and the relevant target cells. 

The exogenous use of this approach is generally considered 
safe and does not require regulation in some countries. 
The only material concerns seem to be persistence of the 
formulated delivery systems, but new stable formulations are 
being developed. If nanotechnology is used, then separate 
concerns may arise from this. It is anticipated that the 
technology will gain reasonable community acceptance. As 
this approach is still relatively new with technical challenges 
still to be addressed there remain very few cases where 
RNAi as a topical application has provided effective invasive 
alien species management (Das & Sherif, 2020). The 
method could become the next generation of pesticides or 
may improve the cost-effectiveness by replacing irradiation 
for the sterile insect technique (section 5.4.4.2.g). See 
Supplementary material 5.6 for further information.

j)	 Genetic-control approaches (including 
gene-drive)

The objective of genetic-control approaches is to reduce the 
fitness or success of an invasive alien species in its invaded 
environment. The aim is generally to force the population 

towards one sex (generally male biased) which, if complete, 
will lead to extinction (Teem et al., 2020). Research into these 
methods, particularly for invasive alien animals, has made 
significant advances towards application (Bax & Thresher, 
2009; Gierus et al., 2022; Thresher, van de Kamp, et al., 
2014). There are two general approaches to genetic control: 
(a) exploiting natural genetic variants that lead to sex bias 
in progeny, such as the Trojan Y-Chromosome strategy 
(Gutierrez & Teem, 2006); or (b) genetic modifications that lead 
to sex biases or induce population fitness reductions in other 
ways. A few are being explored (e.g., Limnoperna fortunei 
(golden mussel); Rebelo et al., 2018), but no off-the-shelf 
genetic-control tools are currently available. Genetic control 
could be applicable to most sexually reproducing invasive alien 
species and, for environmental applications, could address 
currently uncontrollable widespread established invasive alien 
species in contained settings (e.g., invasive alien fish in closed 
river systems or invasive rodents on islands). 

Genetic-control approaches have a number of significant  
advantages:

	 Locked in and spread only within sexual reproducing 
populations i.e., strict species specificity (except possibly 
in some fungi which exhibit asexual gene transfer). 

	 Dissemination of control is mediated by the invasive 
alien species itself.

	 No environmental residues where successful eradication 
is the outcome. Genetic modification is of only a few 
genes which are naturally broken down on death.

Table 5  5  	 The advantages (left column) and disadvantages (right column) of RNA 
interference in the context of controlling invasive alien species. 

Summarized from information in Vogel et al. (2019)

Advantages Disadvantages

Exogenous RNA interference does not use a genetically modified 
technology (free of genetically modified regulatory requirements in 
most jurisdictions)

Endogenous RNA interference use required genetically modified 
targets (Subject to genetically modified regulations); exogenous RNA 
interference may require regulatory review in some jurisdictions

Highly- specific and yet adaptable to many species Limited to one target invasive alien species for each application

Wide range of potential target genes could be targeted Requires an annotated genome of target for gene selection 

Non-chemical (biological) and hence negligible impact on the 
environment 

Poorly stable in the environment so requires an effective 
encapsulation and delivery mechanism 

Likely social and has market acceptability Likely to be expensive until biotech develops low-cost production 
systems

Target resistance development can be quickly countered through 
realigning RNA interference sequence to the resistance gene 

Sequence homology in other species

Can improve, facilitate or supplement existing strategies when used 
in the context of an integrated pest management strategy

Lack of uptake by some species
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	 Potentially effective over large geographic areas 
(depending on gene flow in pest population). 

	 Humaneness – these technologies are not lethal if 
reducing reproduction is targeted (Teem et al., 2020), 
though strongly sex-biased populations may result in 
behavioural stress.

The Trojan Y-chromosome strategy in fish (currently under 
development for carp and tilapia) naturally alters the sex 
determination chromosomes XX♀ and XY♂ to create 
sex-reversed super-males (YY♀) which, if continuously 
released into invasive alien species populations in the field, 
generate only male or super-male progeny through standard 
Mendelian inheritance (traits in 50 per cent of progeny) 
(Teem et al., 2020). The resulting male-biased population 
could ultimately collapse leading to extinction. Broader 
application of this approach to other target species will 
depend on whether they have appropriate sex determination 
systems. 

Synthetic genetic modification allows increased 
opportunities for sex manipulation. An approach for 
“daughterless” carp for example has made it to the proof-of-
concept stage (Thresher, van de Kamp, et al., 2014). Here 
sex-biasing gene constructs are implanted in the genome 
of candidate fish. Their fertile offspring, if released and make 
up a high enough proportion of the population should, 
through natural inheritance (a reproductive event where a 
wild-type passes the gene construct on to 50 percent of 
offspring), drive populations male-biased. This requires large 
single or multiple releases of these genetically modified 
invasive alien species genotypes. Large initial invasive alien 
species population size increases the cost of application 
(numbers of modified individuals that need to be bred up 
and released) and time to control. An expert assessment of 
genetic options for the management of sea lampreys in the 
United States prioritized such a Mendelian “sex-ratio drive” 
approach (Thresher et al., 2019). In theory, this approach is 
applicable to other invasive alien species (Thresher, van de 
Kamp, et al., 2014). If this type of control fails (or succeeds) 
the associated genetically modified organisms will be bred 
out of the population.

A meiotic “gene-drive” mechanism is one in which 
inheritance of such genetically modified deleterious gene 
constructs would be much higher than 50 per cent. This 
could deliver a step-change in population suppression or 
eradication rates. Natural gene-drive mechanisms exist. The 
t-allele is a natural, lethal when homozygous, mutant in mice 
that is inherited by greater than 50 per cent of progeny of 
heterozygous male carriers. Genetically linking the t-allele 
to the male Y sex chromosome (called T-Sry) could also 
mean a far greater proportion of progeny are male (Kanavy 
& Serr, 2017). A synthetic T-Sry approach for mice is now at 
the proof of concept stage (Gierus et al., 2022). There are 

several other naturally occurring selfish genetic elements in 
wild populations of most organism types (so called natural 
gene-drives) that could potentially be modified into self-
sustaining meiotic gene-drive systems without the need for 
synthetic genetic modification (Ågren & Clark, 2018; Wang 
et al., 2014). 

Synthetic genetically modified gene-drive mechanisms 
have now been demonstrated in mosquitoes (Adolfi et al., 
2020) and rodents (Gierus et al., 2022). New CRISPR-
based gene-editing tools have provided a step-change 
for this technology development. Synthetic gene-drive 
systems could drive any potentially deleterious gene into the 
population. The highest precision genetic engineering tool so 
far is a new class of “base editors” (programmable protein 
machines) that can individually replace all four nucleotides of 
DNA selectively and efficiently, without the need for double-
stranded DNA breaks (Gaudelli et al., 2017). These have the 
potential to make single nucleotide alterations; the smallest 
and most precise way to make deleterious modifications 
to genes for invasive alien species control. This may bring 
broader applications beyond sex-biasing, for example, 
altered disease resilience or susceptibility to otherwise 
innocuous chemical agent etc (Legros et al., 2021). Once 
constructed, the modified organism needs to be assessed 
for efficacy and the heritability of the deleterious gene 
into the invasive population prior to regulatory approval. 
Effectiveness will be slower for target species that have 
lower reproductive rates, although releasing more modified 
individuals may speed up time to effectiveness.

Addressing public acceptability for genetic control tools in 
their various forms has become an independent research 
focus (Kirk et al., 2019; MacDonald et al., 2020; Mankad 
et al., 2022; Simon et al., 2018). To progress this there 
are several open online networks and forums, open and 
transparent research principles and codes of ethics that 
the key research agencies have signed up for both the 
research and field trials. Risk analysis and addressing 
public concerns of such approaches is therefore critical 
for seeking and obtaining approvals and supporting prior 
and informed consent with Indigenous Peoples and local 
communities in areas where this technology is being 
considered for deployment (Taitingfong, 2019). As with 
all invasive alien species control programmes, ecological 
and genetic modelling studies are also critically important 
for pre-evaluating effectiveness and likely impacts for 
any given invasive alien species (e.g., Birand et al., 2022; 
Thresher, Hayes, et al., 2014; section 5.6.3.2). Regulatory 
acceptance and approval are also mandatory so as to 
ensure researchers work closely with regulators from the 
start to ensure common understanding of the risks and 
the concerns.

Gene-drives that could spread “uncontrolled” within a 
species are highly unlikely to be acceptable. There is always 



CHAPTER 5. MANAGEMENT; CHALLENGES, OPPORTUNITIES AND LESSONS LEARNED

625

a risk of gene transfer into desirable native populations of 
the same species. Risk management could be through 
developing and including a genetic mechanism to stop the 
unlimited spread of synthetic gene-drive carrying individuals. 
This is a focus of current research and a process of risk 
analysis has been developed to assess this in detail (K. R. 
Hayes, Hosack, Ickowicz, et al., 2018). As no successful 
gene-drive system has been developed and applied, it is 
too early to consider that uncontrolled gene-drive systems 
are the only option (Esvelt & Gemmell, 2017). If gene-
drives fail to eradicate the target or only suppress target 
populations. synthetic gene-drive carrying individuals could 
also theoretically persist in the environment (Champer et 
al., 2021). Persistence in any form may not be acceptable 
(Legros et al., 2021).

The United States National Academy of Science Engineering 
and Medicine has released its landmark discussion paper, 
Gene-Drives on the Horizon (National Academies of 
Sciences, Engineering, and Medicine, 2016). A shorter 
discussion paper was also released by the Australian 
Academy of Science and Technology, titled Synthetic Gene-
Drives in Australia (Australian Academy of Science, 2017). 
Both reports discuss the practicalities and risks of the 
science and its application and make recommendations in 
relation to physical containment. The IUCN has also recently 
released a report entitled “Genetic frontiers for conservation: 
an assessment of synthetic biology and biodiversity 
conservation” reviewing the risks and potential of these 
technologies (Redford et al., 2019), as has the National 
Invasive Species Council in the United States (ISAC, 2017). 
This report includes a number of case studies and chapters 
on governance. Some more recent relevant reports include: 
a) Synthetic gene drive: between continuity and novelty 
(Simon et al., 2018), b) Gene Drive Organisms: Implications 
for the Environment and Nature Conservation (Dolezel, 
Simon, et al., 2020) and c) Beyond limits – the pitfalls 
of global gene drives for environmental risk assessment 
in the European Union (Dolezel, Lüthi, et al., 2020). See 
Supplementary material 5.6 for further information.

5.4.3.3	 Site-based management 
approaches

Site-based management and ecosystem-based 
management strategies as discussed in sections 5.1, 5.2 
and 5.3, aim to suppress the long-term impacts of invasive 
alien species on biodiversity and ecological assets at that 
location or in that ecosystem. These approaches tend 
to integrate invasive alien species suppression and site/
ecosystem restoration. This section briefly covers integrated 
invasive alien species management and the incorporation 
of restoration science mainly in terrestrial ecosystems. 
Restoration in marine environments is currently considered 
to be largely ineffective once invasive alien species are 
established and spread.

a)	 Adaptive integrated management 
strategies 

Integrated management of invasive alien species is the 
equivalent of integrated pest and weed (Hatcher & Melander, 
2003) management strategies in an agricultural context. 
Integrated strategies are where more than one approach 
is used in combination either in sequence or parallel. This 
could be a combination of approaches (e.g., chemical and 
biological) to manage one or more invasive alien species 
at a given location, or it could mean the integration of 
invasive alien species management with site/ecosystem 
restoration or both. What is very important in integrated 
strategies as for sites or ecosystems is that they are very 
context dependent. As such they need to be treated as 
an experiment from the start and developed and extended 
using an adaptive management approach. Fire is also often 
used as part of integrated invasive alien plant management 
in grasslands, savannas and rangelands, but needs to be 
used with caution (L. Provencher et al., 2007; Weidlich 
et al., 2020). The African invasive alien plant Vachellia 
nilotica (gum arabic tree) has become a major savanna 
invasive alien species in Asia and Australia. In Indonesia a 
management programme has been supported by the United 
Nations Global Environment Fund in the Baluran National 
Park in east Java since 2016 (Zahra et al., 2020). Multiple 
management options of physical action (4 options), fire, 
biochar, biological (competitors and antagonists) and social 
(education and adaptation) are being integrated through 
an adaptive management approach in this ecosystem 
(Figure 5.19).

While the number of invasive alien species exceeds the 
capacity for management, not all species pose the same 
risk to the nature, nature’s contributions to people and good 
quality of life (Chapter 4, sections 4.3, 4.4, 4.5, 4.6). Thus, 
it becomes critical to evaluate the feasibility of applying 
different management strategies, taking into consideration 
the cost and benefits of each. Unsuccessful programmes 
do not encourage public and stakeholder support for future 
actions (Zimmerman et al., 2011), so management decision-
making processes (section 5.2) bear the responsibility of 
first assessing the likelihood of success of any management 
action (Figure 5.1). Management programmes are dynamic 
in time and space and operate at different temporal scales 
(Kueffer et al., 2013) as they must change with the invasion 
status of the target species (e.g., a species’ distribution, 
position on the invasion curve, abundance or impact), and 
as scientific knowledge and societal perceptions change 
(e.g., Davies et al., 2020). Management is implemented 
within unpredictable, complex socioecological systems 
(Pyšek et al., 2020; R. T. Shackleton, Larson, et al., 2019). 
This adaptive management approach is fundamental 
to all effective natural resource management and has 
two components: (1) to learn and adapt and (2) to do 
so purposefully with relevant partners (Latombe et al., 
2019; Roux et al., 2011). The core principle of adaptive 
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management includes setting clearly articulated objectives 
around a future desired state (K. Park, 2004). Adaptive 
management is learning by doing approach so is contingent 
on the implementation of a monitoring programme that 
is able to quantify which action(s) led to changes in the 
distribution and abundance of invasions, and the ecosystem 
response and why. The agreed best course of management 
from a possible suite of actions is then selected and 
modified in a continuous adaptive cycle of implementing 
actions, monitoring, learning, and adjustment of new 
actions to improve the efficiency of management practices 
(Roux et al., 2011; Zalba & Ziller, 2007; section 5.3). 
Adaptive management can be supported by sequentially 
considering prioritization based on actual and/or potential 
impacts, assessing the feasibility and likelihood of success 
of different control approaches, and clearly defining the goal 
of the management response (section 5.2). This assists in 
adjusting and selecting the most appropriate management 
strategy (Lyons et al., 2008). Uncertainties and gaps in 
information are inherent in the knowledge base upon which 
adaptive management is applied, and when new information 
becomes available and scientifically tested, management 
strategies can be adjusted and improved (K. Park, 2004; 
section 5.6.2). Stakeholders are an integral part of the 
system, and their full support is a precondition of success. 
The likelihood of long-term sustainable co-management can 

be enhanced with a common understanding of the problem, 
including the responsible management agency, general 
public and other stakeholders and Indigenous Peoples and 
local communities (R. T. Shackleton, Adriaens, et al., 2019; 
R. T. Shackleton, Larson, et al., 2019; section 5.4.1).

b)	 Ecosystem restoration

Invasive alien species not only alter in situ ecological 
community assembly, but also the intended endpoint 
communities following ecosystem restoration (D’Antonio 
& Meyerson, 2002; Chapter 1, Box 1.7; Chapter 6, 
Table 6.7, section 6.7.1). As such, controlling invasive 
alien plants has become a significant ecosystem restoration 
management problem (D’Antonio et al., 2016; Prior et 
al., 2018; Weidlich et al., 2020). Ecosystem restoration 
is also an important follow-up to invasive alien species 
management. Because invasive alien species may hinder 
the establishment and growth of native species, passive 
ecosystem restoration (the removal of the invasive alien 
species) may not be enough, and active ecosystem 
restoration may be implemented (Brancalion et al., 2019). 
This may include the use of alternative native species 
to functionally replace the removed invasive alien plants 
(Gigon, 2007) or more controversially use of invasive alien 
species for restoration, when this might be acceptable 
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Figure 5  19  	 Plan for integration of stakeholder engagement and management strategies 
for Vachellia nilotica (gum arabic tree) management in Baluran National Park, 
Indonesia. 

This figure shows the suggested optimum method integration of control strategies of Vachellia nilotica. Source: Zahra et al. (2020), 
https://doi.org/10.13057/biodiv/d210115, under license CC-BY-NC-SA 4.0. 

https://doi.org/10.13057/biodiv/d210115
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(e.g., Vimercati et al., 2020). Ecosystem restoration through 
increased biotic resistance (Glossary), can also help 
prevent colonization of these sites and ecosystems by other 
invasive alien species that might replace those removed. 
Legacy effects, where the degradation history of the invaded 
site or ecosystem including changes in soil nutrients (Nsikani 
et al., 2018), determines the capacity of the site to self-
restore or lead to unexpected consequences following 
removal of the invasive alien species, need to be understood 
and managed (Stephens et al., 2009; Chapter 3, section 
3.3.5.1; Chapter 6, section 6.3.3.3). In some contexts it 
may be important to ensure restored sites are connected 
to unrestored sites such as in aquatic restoration situations 
(Besacier-Monbertrand et al., 2014). The success of 
ecosystem restoration on sites where invasive alien species 
are managed also depends on long-term monitoring to 
understand and manage any further incursions or re-invasions 
(Trowbridge et al., 2017). A recent global review has shown 
that non-chemical (mainly mowing and prescribed fire) 
and chemical (mainly glyphosate) control of invasive alien 
species was used in 58 per cent and 42 per cent of studies 
respectively (Weidlich et al., 2020). Decisions on which control 
method to use are dependent on the growth form of the 
invasive alien species and resources available for control. The 
review also found most studies were in temperate deciduous 
forest and grasslands in developed countries, where chemical 
control was widely used, whereas in developing countries 
(low access to technology solutions) where ecosystem 
restoration has been undertaken used only non-chemical 
methods. Greater knowledge is needed on how best 
to manage invasive alien species as part of ecosystem 
restoration in developing countries (where most high diversity 

ecosystems occur). A number of guidance documents exist 
on how to manage the risks of invasive alien species during 
ecosystem restoration management (UPGE, 2020). As 
the Indigenous Peoples Local Biodiversity Outlook noted, 
traditional knowledge can provide contributions to ecosystem 
restoration in relation to invasive alien species. Incorporating 
traditional knowledge into ecosystem restoration provides 
opportunities to strengthen partnerships leading to improved 
project implementation while increasing ecological viability, 
social acceptance and economic feasibility (Forest Peoples 
Programme et al., 2016). See Supplementary material 5.7 
for more details and Indigenous Peoples and local 
community examples.

5.4.4	 Summary tables

Based on the evidence collated in this section we provide 
three comparative summary tables for these technologies, 
tools and approaches for a) broad effectiveness of each 
approach, tool or technology for four different management 
contexts across the invasion continuum (Table 5.6), 
b) broad relevance of each technology for application to 
a given weed, pest or disease type by sector (Table 5.7) 
and c) comparative summary for each technology across 
management contexts for cost-effectiveness, the time 
between the application of the technology and some desired 
outcome/impact and relevance of application at different 
spatial scales of response or management (Table 5.8). 
The application of these technologies is limited for marine 
systems, but where applications have been made these 
have been discussed. 

Table 5  6  	 Comparative guide to applicability of decision-support tools and each approach, 
tool or technology discussed in sections 5.2 and 5.4. 

Assessment categories relate to use contexts discussed in the individual technology specific subsections. The table distinguishes four 
broad areas of management action associated with the four stages of invasion curve in Figure 5.1. The assessment categories are 
generally relevant (✓), not generally relevant (✗) and some relevance (✗✓), with footnotes providing additional information.

BROAD AREAS OF MANAGEMENT ACTIONS

TECHNOLOGY Surveillance/ 
Detection

Eradication Containment Widespread 
Control

Decision-support tools 

Qualitative and quantitative decision-support tools ✓ ✓ ✓ ✓
Relevant databases and analytics for management of 
biological invasions ✓ ✓ ✓ ✓
Surveillance, detection and diagnostics 

Digital data mining – crowdsourcing general surveillance ✓ ✓ ✓ ✓
Sensor-networks and smart traps ✓ ✓ ✓ ✗✓
Screening technologies ✓ ✗ ✗ ✗
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BROAD AREAS OF MANAGEMENT ACTIONS

TECHNOLOGY Surveillance/ 
Detection

Eradication Containment Widespread 
Control

Surveillance, detection and diagnostics 

Environmental DNA ✓ ✓ ✓ ✗✓
Sentinel surveillance and monitoring ✓ ✓ ✓ ✗✓
Citizen surveillance – data input portals ✓ ✓ ✓ ✓
Earth observation – remote sensing detection ✓ ✓ ✓6 ✓6

Automated image-based diagnostics and machine learning ✓ ✓ ✓ ✓
Volatile detection technologies ✓ ✓ ✗✓ ✗✓
Pheromone and semiochemical lures7 ✓ ✓ ✓ ✗✓
Acoustic/ultrasound sensors ✓ ✓ ✓ ✗✓
Point of Care / Lab on a chip, rapid test diagnostics ✓ ✓ ✓ ✓
Track and trace genomics ✓ ✓ ✓ ✗✓
Intervention technologies

Mechanical & manual approaches ✗ ✓ ✓ ✗✓8

Pesticide management of invasive alien animals and plants ✗ ✓ ✓ ✗✓
Robotic technology for targeted management measures ✓ ✓ ✓ ✓
Lethal control of invasive alien vertebrate pests ✗ ✓ ✓ ✓
Fertility control for invasive alien vertebrates ✗ ✓ ✓ ✓
Classical biological control of invasive plants & invertebrates ✗ ✗ ✓ ✓
Sterile insect technique etc. ✗ ✓ ✓ ✗✓
Viral biological control of invasive alien vertebrates ✗ ✗ ✓ ✓
RNA Interference ✗ ✓ ✓ ✗
Genetic-control approaches (including gene-drive) ✗ ✓ ✓ ✓
Adaptive integrated management strategies ✗ ✓ ✓ ✓
Ecosystem restoration ✗ ✗ ✗✓ ✓

Table 5  6  

6.	 Remote sensing supporting landscape management and only likely to 
increase as global broadband internet access become ubiquitous e.g., via 
low orbital satellite constellations

7.	 Pheromones and semiochemical lures are considered under surveillance, 
detection and diagnostics but it is reconized that they may be used as an 
intervention technology (section 5.5.4).

8.	 Generally, these approaches do not provide widespread long-term control 
except when populations are contained i.e., within an offshore or mainland 
island context.
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Table 5  7  	 Comparative guide to the applicability of decision-support tools and 
technologies discussed in sections 5.2 and 5.4. 

The table distinguishes application of decision-support tools and technologies to invasive alien plants, invertebrates, vertebrates or 
disease pathogen by sector. Decision-support tools and technologies were assessed with consideration to the contexts in which they 
are used, as discussed in the individual technology specific subsections. The assessment categories are generally relevant (✓), not 
generally relevant (✗) and some relevance (✗✓), with footnotes providing additional information. In the context of zoonotic diseases 
this table refers to diseases transmissible between animals to humans rather than diseases of animal origin largely transmitted 
between people (e.g., COVID-19).
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Decision-support tools 

Qualitative and quantitative decision-
support tools ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Management relevant databases and 
analytics ✓ ✓ ✓ ✗10 ✓ ✓ ✓ ✗9 ✓ ✗9 ✓
Surveillance, detection and diagnostics 

Digital data mining – crowdsourcing 
general surveillance ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Sensor-networks and smart traps ✗11 ✗10 ✓ ✓ ✓ ✓ ✗10 ✓ ✗ ✓ ✗10 
Screening technologies ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗
Environmental DNA ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Sentinel surveillance & monitoring ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Citizen surveillance – data input portals ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Earth observation – remote sensing 
detection ✓ ✓ ✗12 ✗11 ✓ ✗✓ ✓11 ✗ ✗ ✗ ✗
Automated image-based diagnostics and 
machine learning ✓ ✓ ✓ ✓13 ✓ ✓ ✗ ✗ ✗ ✗ ✓
Volatile detection technologies ✓ ✗10 ✓ ✓ ✓ ✗10 ✓ ✓10 ✗ ✓10 ✗10 
Pheromone and semiochemical lures ✗ ✗ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗
Acoustic/ultrasound sensors ✗ ✗ ✓14 ✓13 ✓ ✓ ✗ ✗ ✗ ✗ ✗✓
Point of Care / Lab on a chip, rapid test 
diagnostics ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✓ ✓ ✓ ✗
Track and trace genomics15 ✗ ✗ ✓ ✓ ✗ ✗ ✓ ✓ ✓ ✓ ✗
Intervention/control technologies

Mechanical & manual approaches ✓ ✓ ✗15 ✗ ✗16 ✗ ✗ ✗ ✗ ✗ ✗
Pesticide management of invasive alien 
animals and plants ✓ ✓ ✓ ✓ ✓ ✓ ✗17 ✗16 ✗16 ✗16 ✗

9.	 Intervention and control technologies are applied but have so far proved 
ineffective in marine systems beyond very short-term control.

10.	Databases for these sectors do not appear to be well developed.

11.	Appear not yet demonstrated as effective for these sectors, but where 
relevant considered to have potential.

12.	Where there is a detectable signal e.g., in the attacked host plant for 
pathogens and invertebrate herbivores.

13.	Only where species are taxonomically defined, which is not always the 
case.

14.	Where noise making.

15.	Via pan-genomic full genome sequencing which can also track intraspecific 
genetic variation.

16.	Only exceptions are burrowing species like beetle grubs or rabbits.
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Table 5  7  
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Intervention/control technologies

Robotic technology for targeted 
management measures ✓ ✓ ✓ ✓ ✓ ✓ ✓10 ✗ ✗ ✗ ✓
Lethal control of invasive alien vertebrate 
pests ✗ ✗ ✗ ✗ ✓ ✓ ✗ ✗ ✗ ✗ ✗10

Fertility control for invasive alien vertebrates ✗ ✗ ✗ ✗ ✓ ✓ ✗ ✗ ✗ ✗ ✗
Classical biological control of invasive 
plants & invertebrates ✓ ✓ ✓ ✓ ✗ ✗ ✗✓18 ✗ ✗ ✗ ✗
Sterile insect technique etc. ✗ ✗ ✓ ✓10 ✗ ✗ ✗ ✗ ✗ ✗✓ ✗
Viral biological control of invasive alien 
vertebrates ✗ ✗ ✗ ✗ ✓ ✓ ✗ ✗ ✗ ✗ ✗
RNA Interference ✗ ✗ ✓ ✓ ✗ ✗ ✓ ✓ ✓ ✓ ✗
Genetic-control approaches (including 
gene-drive) ✓10 ✓10 ✓ ✓ ✓ ✓ ✗19 ✗18 ✗18 ✗18 ✓
Adaptive integrated management strategies ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗10 ✗10 ✗10 ✓
Ecosystem restoration ✓ ✓ ✓ ✓ ✓ ✓ ✗✓ ✗ ✗ ✗ ✗

Table 5  8  	 Comparative guide to decision-support tools and technologies discussed in 
sections 5.2 and 5.4. 

This table provides an assessment of decision-support tools and technologies for cost-effectiveness, the time between the application of 
the technology and some desired outcome/impact and relevance of application at different spatial scales of response or management. 
Decision-support tools and technologies were assessed with consideration to the contexts in which they are used, as discussed in 
the individual technology specific subsections. Timeframe of benefit can be: short (quick but effective only in the short-term effective); 
medium (effective only in the medium term); long (within years of application and providing long-term effectiveness). The assessment 
categories are generally relevant (✓), not generally relevant (✗) and some relevance (✗✓), with footnotes providing additional information.

TECHNOLOGY Cost-
effectiveness

Timeframe 
of benefit

Site Catchment Region (within 
country)

Country

Decision-support tools 

Qualitative and quantitative decision-support tools ✓ Short-Long ✓ ✓ ✓ ✓
Management relevant databases and analytics ✓ Medium ✗✓ ✗✓ ✓ ✓
Surveillance, detection and diagnostics 

Digital data mining – crowdsourcing general 
surveillance ✓ Short ✓ ✓ ✓ ✓

17.	Only shows effectiveness for fungal pathogens in agriculture using fungicides 
no demonstrated effectiveness in native ecosystems invaded by invasive alien 
pathogens.

18.	Rarely effective (Scott, 1995).

19.	Genetic-control approaches for disease resistant commercial plants and 
animals is widely used in agriculture but this is not discussed in section 
5.4.4.2
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20.	Pheromones and semiochemical lures are considered under surveillance, 
detection and diagnostics but it is reconized that they may be used as an 
intervention technology (section 5.5.4).

21.	Likely to vary on context e.g., land values and/or area of application.

22.	Only in contained populations so far without an oral delivery system (not 
currently available).

23.	Where feasibility and success likelihood are high on species by species 
basis.

24.	Where feasibility and success likelihood are high for some invertebrates 
(sterile insect technique or RNAi) and pathogens (RNAi) only.

25.	As not yet field tested so only cost-effective if it works.

TECHNOLOGY Cost-
effectiveness

Timeframe 
of benefit

Site Catchment Region (within 
country)

Country

Surveillance, detection and diagnostics 

Sensor-networks and smart traps ✓ Short-Long ✓ ✗ ✗ ✗
Screening technologies ✓ Short ✓ ✗ ✗ ✗
Environmental DNA ✓ Short ✓ ✓ ✓ ✓
Sentinel surveillance & monitoring ✓ Medium ✓ ✓ ✓ ✓
Citizen surveillance – data input portals ✓ Medium-

Long ✓ ✓ ✓ ✓
Earth observation – remote sensing detection ✓ Short-Long ✓ ✓ ✗✓ ✗✓
Automated image-based diagnostics and 
machine learning ✓ Short ✓ ✓ ✓ ✓
Volatile detection technologies ✓ Short ✓ ✗ ✗ ✗
Pheromone and semiochemichal lures20 ✓ Short ✓ ✓ ✗ ✗
Acoustic/ultrasound sensors ✓ Short ✓ ✗ ✗ ✗
Point of Care / Lab on a chip, rapid test 
diagnostics ✓ Short ✓ ✓ ✓ ✓
Track and trace genomics ✓ Short ✓ ✓ ✓ ✓
Intervention/control technologies

Mechanical & manual approaches ✓19 Short ✓ ✓ ✗ ✗
Pesticide management of invasive alien animals 
and plants ✓19

Short-
medium ✓ ✓ ✗ ✗

Robotic technology for targeted management 
measures ✓21 Short-Long ✓ ✓ ✓ ✗
Lethal control of invasive alien vertebrate pests ✓ Short-

Medium ✓ ✓ ✓ ✗
Fertility control for invasive alien vertebrates ✓22

Short-
Medium ✓ ✓ ✗ ✗

Classical biological control of invasive plants & 
invertebrates ✓23

Medium-
Long ✓ ✓ ✓ ✓

Sterile insect technique etc. ✓24 Short ✓ ✓ ✓ ✗
Viral biological control of invasive alien 
vertebrates ✓ Medium-

Long ✓ ✓ ✓ ✓
RNA Interference ✓22 Short ✓ ✓ ✗ ✗
Genetic-control approaches (including gene-
drive) ✓25 Long ✓ ✓ ✓ ✓
Adaptive integrated management strategies ✓ Short-Long ✓ ✓ ✗ ✗
Ecosystem restoration ✓ Medium-

Long ✓ ✓ ✗ ✗

Table 5  8  
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5.5	 MANAGEMENT 
STRATEGIES 

This section reviews the effectiveness, successes and 
failures of pathway management (prevention) and species-
based (eradication, containment, control) and site- and 
ecosystem-based (integrated management and restoration) 
management illustrated with case studies. 

5.5.1	 Prevention – managing 
pathways

It is widely accepted that preventing invasive alien species 
introductions, where possible, is the most cost-effective 
initial response to managing aquatic and terrestrial 
biological invasions (Wittenberg & Cock, 2003), but for 
marine biological invasions it is currently the only efficient 
option (Hewitt & Campbell, 2007; Galil et al., 2019). 
The imperatives (section 5.1.1), decision-support tools 
(section 5.2.2.1), approaches (section 5.3.1) and tools and 
technologies (sections 5.4.2, 5.4.3) have been addressed 
in previous sections. This section reviews the effectiveness 
of implementing prevention and preparedness strategies.

In a terrestrial context, the IPPC and its ISPMs support 
effective management of most invasive alien species 
pathways associated with plant trade (section 5.3.1.1; 
Schrader & Unger, 2003; Hedley, 2005). While no formal 
review has been undertaken on the effectiveness of the 
IPPC in preventing international movement of invasive alien 
species, it is widely accepted that these have contributed 
to significantly reducing unintentional introductions (section 
5.3.1.1; Chapter 6, Table 6.8). Nonetheless, many 
invasive alien species move unaided across contiguous 
land masses, and are therefore poorly contained by trade 
controls in this context. The global spread of Spodoptera 
frugiperda (fall armyworm) is a recent example (Tay et al., 
2022). Countries within contiguous land masses have 
been largely ineffective at halting the natural spread of 
invasive alien species. This is so between jurisdictions in 
general and political unions (e.g., the United States (Corn 
& Johnson, 2013) and the European Union (Hulme et al., 
2009), trade blocs such as the Association of Southeast 
Asian Nations (ASEAN; Castriciones & Vijayan, 2020) and 
Mercado Común del Sur in South America (Southern 
Common Market, Mercosur; Black & Bartlett, 2020) or 
international aid and trade initiatives, which may have led to 
more rapid natural spread of invasive alien species despite 
any form of curtailment (Chapter 3, sections 3.2.2.3 and 
3.2.3; Liu et al., 2019). Evidence that prevention works 
for island nations stems largely from reviews of Australian 
(CSIRO, 2020; Schneider et al., 2020) and New Zealand’s 
(Delane, 2019) national biosecurity systems which also are 
well established and enacted scrupulously. In any case, a 

biosecurity system is worth the investment especially for all 
island nations. The most obvious metric of the effectiveness 
of these systems is that establishment rates of new invasive 
alien species are near zero for invasive alien vertebrates and 
animal diseases and largely constant in invasive alien plants, 
invertebrates and plant pathogens (Bailey et al., 2020; 
CSIRO, 2020; Hulme, 2020b; A. W. Sheppard & Glanzing, 
2021) and predicted to remain so for some groups rather 
than continuing to grow at fast rates in most other countries 
(Seebens et al., 2017). One clear example is the processes 
put in place across Australasia (Australian Government, 
2021b) and New Zealand (Ministry for Primary Industries, 
New Zealand, 2021) for the pathway management of 
Halyomorpha halys (brown marmorated stink bug) as 
a very high priority threat to the agricultural sectors of 
both countries intercepted in significant numbers every 
year. Both countries have put in place a systems-based 
pathway management approach that is causing a decline 
in the numbers of interceptions (Australian Department 
of Agriculture, 2019). This suggests that systems-based 
approaches (a series of risk mitigation interventions along 
the supply chains) are an effective way of managing 
pathways for terrestrial invasive alien species (section 
5.4.3.1; van Klinken et al., 2020). Effective prevention is also 
supported by effective intelligence gathering on changing 
and future trade and pathway risks and effective national 
preparedness (sections 5.2.2.4 and 5.3.1.1). Compared 
to this, most developing countries are not so successful 
in implementing effective pathway management because 
of outdated biosecurity systems or a lack of diligence and 
capacity in enacting the regulations contained therein (Gupta 
& Sankaran, 2021).

WOAH Standards aim to prevent movement of animal 
diseases (Chapter 6, Table 6.8), however, many of these 
have been poorly implemented internationally as seen by the 
current pandemic spread of African Swine Fever particularly 
through Asia (Dixon et al., 2020) and now into the Americas. 
Pandemic spread of African swine fever is largely due to 
it being a highly contagious haemorrhagic viral disease 
spread through wild, domesticated, dead and live pigs, 
contaminated feed and fomites and trough pork products 
(Ward et al., 2021). 

Pathway management is currently the only effective 
option for preventing marine biological invasions (Hewitt 
& Campbell, 2007; Galil, McKenzie, et al., 2019; section 
5.5.3 and Figure 5.1B) as recorded number and spread 
of marine invasive alien species are increasing with few 
exceptions (Bailey et al., 2020). Ballast water has been an 
important dispersal pathway of invasive alien species since 
the late 1800´s. The first major comprehensive review of 
the biology of ballast water was in 1985 (Carlton, 1996), 
based on quantitative data only available from mid 1980s 
(Chapter 3, section 3.2.3.1). Since then, ballast water 
research grew exponentially with 400 publications from 
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1955 to 2013 (Bailey, 2015). Several countries started to 
regulate ballast water management from 1989 at regional 
or national levels (Bailey, 2015; Hewitt et al., 2004). Today, 
the BWM Convention has been adopted by the International 
Maritime Organization (IMO) and entered into force in 2017 
to help prevent the spread of potentially harmful aquatic 
organisms and pathogens in ships' ballast water. Adoption 
the BWM Convention requires ships to manage their 
ballast water so that aquatic organisms and pathogens are 
removed or rendered harmless before the ballast water is 
released into a new location (IMO, 2004). The efficacy of the 
ballast water management (for details see section 5.4.3.1) 
has only been tested in a few countries, and more long-term 
studies are needed to understand its efficacy on preventing 
new species introductions. Bailey et al. (2011) evaluated 
the efficacy of ballast water tank flushing to reduce the 
introduction of invasive alien species and found a declining 
rate of detections of them in the Great Lakes. It is estimated 
that nearly 70 per cent of the marine invasive alien species 
established worldwide were introduced via biofouling 
(Hewitt & Campbell, 2010). In countries and regions where 
biofouling regulations exist, the efficacy of these in managing 
invasions is not well understood given that regulations are 
recent and were implemented only in a few countries and 
regions (K. R. Hayes et al., 2019). 

Regulations covering several biofouling management 
strategies were reviewed for New Zealand by Morrisey and 
Wood (Morrisey & Woods, 2015) and include:

	 In-water cleaning and capture systems, which, 
according to a recent study, can reduce biofouling 
by 82-94 per cent (Tamburri et al., 2020). However, 
evaluation of different factors affecting system 
performance (vessel parameters – type, design, coating; 
environmental parameters – water visibility, currents, 
winds, water quality; and in-water cleaning system 
design and operations – operator experience, debris 
capture, frequency and rate of operation, etc.) is needed 
(Tamburri et al., 2020).

	 Manual cleaning after beaching the vessel, which can 
be effective in certain conditions and when vessels are 
small or stable (e.g., recreational vessels; Castro et al., 
2020; and also Government of Canada, 2021). 

	 Encapsulation treatment (with seawater alone or 
added with acetic acid or chlorine in small recreational 
vessels). Tests showed that treatment with seawater for 
5 days was enough for eliminating 100 per cent of the 
organisms (Keanly & Robinson, 2020), but the additives 
highly reduced kill time (Atalah et al., 2016; Forrest et 
al., 2007; Morrisey et al., 2016; Roche et al., 2015). 

An adaptive or systems-based management approach 
is needed when applying these different management 

methods as efficacy is subject to local regulatory, logistical 
and environmental conditions which differ from one region to 
another, even within the same country. 

Some Indigenous Peoples and local communities apply 
local quarantine measures prohibiting the transport of 
certain species that are not used in their cultural practices 
and customs. Elders provide awareness raising, education 
and capacity-building passing on oral knowledge from one 
generation to the next. Teso and Bukusu/Bagisu Kenya-
Uganda transboundary customs and cultural practices 
transfer knowledge during festivals and ceremonies (Angujo, 
2015; Barasa, 2012). 

5.5.2	 Surveillance, detection and 
monitoring 

The main purpose of surveillance is to detect or ensure 
the absence of new invasive alien species or disease 
incursions at the border and onshore on time to attempt 
eradication (section 5.3.1.2). Failure to detect incursions 
rapidly is the major factor limiting the effectiveness of 
eradication programmes (Figure 5.1). Box 5.14 shows 
how surveillance can play an important role in global 
biosecurity systems, by helping early detection of invasive 
alien species which have led to successes in eradication of 
newly established populations (Gerda, 2021). Monitoring of 
established populations and risk analysis are also important 
to understand invasiveness to support management actions 
(Jarrad et al., 2015). Surveillance systems are rarely perfect 
and this is one of the reasons why eradications can be hard 
(Rout et al., 2009). In South Africa, surveillance was used 
to detect and manage populations of Asphodelus fistulosus 
(onionweed) as part of an eradication programme (Jubase 
et al., 2019). Active specific surveillance in conjunction with 
general public surveillance (using awareness raising and 
solicited reporting) were undertaken. Detected populations 
were treated and monitored over a four-year period to 
assess the feasibility of eradication leading to effective 
management. A number of studies also demonstrate 
that effective surveillance designed for detection at low 
prevalence or incidence maximizes the effectiveness and 
lowers the costs of eradication programmes (Kalwij et al., 
2014; Pluess, Jarošík, et al., 2012; Reaser, Burgiel, et al., 
2020; Simberloff, 2003). Some surveillance programmes 
seek to optimize post eradication detection to ensure 
management success is maintained (Epanchin-Niell et al., 
2014). See Supplementary material 5.9 for further details. 
A case study which also demonstrates the effectiveness of 
structured surveillance is the Australian red imported fire ant 
eradication programme (Box 5.14). 

A risk-based approach to surveillance can identify priority 
invasive alien animal and plant and diseases and provide 
a basis for resource allocation (A. R. Cameron, 2012; 
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Hoinville et al., 2013; Oidtmann et al., 2013). For example, 
Grace et al. (2020) demonstrated an effective risk-based 
surveillance system for bluetongue virus built on multiple 
components to know where and when to target surveillance 
to ensure disease freedom. The risk-based surveillance 
components consisted of international disease monitoring 
and post import testing of livestock from high risk areas, 
and arrival and establishment of the vector, Culicoides spp. 
(biting midges; Grace et al., 2020). Syndromic surveillance 
of disease status based on clinical signs or other data has 
been effective for picking up changes in the incidence of 
disease (Hoinville et al., 2013). This was useful for detecting 
the first sign of Bluetongue disease serotype 8 in North 
Western Europe in 2006 (Elbers et al., 2008). Passive 
surveillance in animal health is when farmers report potential 
diseases to their veterinarians and the information is collated 
and reported (del Rocio Amezcua et al., 2010). In Tanzania’s 
animal health system, disease reporting is mostly passive. 
Clinical observation data from 13 primary sources (mainly 

livestock farmers, abattoirs, livestock markets, etc.) provide 
an overall picture of animal health (George et al., 2021).

The international plant sentinel network (Supplementary 
material 5.3) is an effective early warning system for 
new and emerging pest and pathogen risks through a 
global network of National Plant Protection Organizations, 
scientists, botanic gardens and arboreta around the world 
(Barham et al., 2016). This network aims to report plant 
health issues safeguarding susceptible plant species 
worldwide. CABI’s PlantwisePlus programmes26 is another 
effective plant health support system for smallholder 
farmers in developing countries across Africa, Asia and 
Latin America (Cameron et al., 2016). Farmers bring pests 
or damaged crops for identification and receive pest and 
disease management advice, contributing to the early 
detection of new plant pests (Migiro & Otieno, 2020). 

26.	https://www.plantwise.org

Box 5  14  	 The New Zealand National Invasive Ant Surveillance Programme as an example 
of early detection for successful eradication of invasive ants.

Established in 2003, following a successful eradication of 
Solenopsis invicta (red imported fire ant) incursion at Auckland 
International airport in 2001, New Zealand’s National Invasive 
Ant Surveillance programme ensured surveillance of shipping 
ports, airports and international cargo facilities. Since 2002, 
approximately 418 baited traps with food attractant deployed 
over 18 sampling seasons in the programme have recorded 
invasive ant species. Most of these detections were of ants from 
newly established nests (Peacock et al., 2019), eradicated under 
“urgent measures” soon after detection. In 2019, there were 

19 ant detections, of which 11 were associated with established 
ant nests (Peacock et al., 2019) and were eradicated for 
29,000 New Zealand dollars (NZ$). The ant surveillance 
programme costs approximately NZ$ 500,000 per annum. The 
cost-benefit ratio of continued surveillance is high compared to 
NZ$ 8.6 million spent over 3 years to eradicate the red imported 
fire ant in Whirinaki, Napier, New Zealand from 2006 to 2009 
(Gerda, 2021, 2021). The cost of living with red imported fire ant 
in New Zealand without the programme has been estimated at 
NZ$ 318 million per annum (Anon, 2001; Figure 5.20).

 

Figure 5  20  	 Invasive alien ant trap used in New Zealand as part of a surveillance 
programme. 

Photo credit: Dr Paul Craddock – under license CC BY 4.0.

https://www.plantwise.org
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ProMED-mail, the programme for monitoring emerging 
diseases, also reports on outbreaks of human infectious 
diseases and monitors diseases of agricultural importance 
in plants and animals using the internet to mine information 
sending online reports to subscribers (Yu & Madoff, 2004). 
Reports are validated by expert moderators. Other effective 
early warning systems include PestLens (US Department of 
Agriculture), European and Mediterranean Plant Protection 
Organization (EPPO) alert list and reporting service for 
member countries. The NAPPO Phytosanitary Alert System 
provides a similar service for Canada, United States and 
Mexico. The IPPC provides a similar service for all national 
plant protection organizations (Noar et al., 2021).

Most successful examples of priority quarantine pest and 
invasive alien species surveillance are from developed 
countries (Mphande, 2016). Elsewhere, such surveillance 
is under-reported or not practiced on a regular basis. Most 
one-off surveillance and monitoring surveys of invasive alien 
species in the Pacific region are not formally published. In 
contrast, the Pacific Invasive Ant Toolkit provides advice on 
biosecurity and surveillance for invasive ants (Gruber et al., 
2016) rapidly spreading across the Pacific (McGlynn, 1999). 
General surveillance requires diagnostic and investigative 
support services (Froud & Bullians, 2010). New Zealand’s 
general surveillance system covers animal, plant and 
environment health (Bleach, 2019; Tana, 2014) with a 
National Call Centre emergency phone service supported 
by experts, laboratory diagnostics and investigators. The 
results are published online quarterly (Ministry for Primary 
Industries, New Zealand, 2020). 

A mobile phone-based identification tool designed 
jointly by the New Zealand Government and the Māori 
community called Find-A-Pest has improved public passive 
surveillance reporting levels (Pawson et al., 2020) such 
that 95.5 per cent public identifications were correct with 
a 56.1 per cent successful hit record for high priority 
species profiled on the factsheets embedded in the 
Find-A-Pest application. General surveillance has also 

been successful in New Zealand for a range of marine 
species by different communities: the ascidian Eudistoma 
elongatum reported by marine aquaculture (Smith et al., 
2007), the Charybdis japonica (lady crab) by commercial 
fishers (Smith et al., 2003) and Ostreid herpesvirus Type 1 
(OsHV-1) from noticed mortalities in juvenile oysters by the 
industry (Bingham et al., 2013). Other examples include 
a surveillance programme developed to detect invasive 
alien mosquitoes (Mosquito Alert, 2021) and FAMEWS, a 
mobile app used for monitoring and early detection of fall 
armyworm (FAO, 2021)

Environmental DNA metabarcoding (section 5.4.2.1d) is 
being used in marine systems in some countries but it is 
an expensive tool, and sequence databases/libraries are 
being developed for many species at a slow rate. Zaiko et al 
(2015) found it was five times more effective than classical 
morphological analyses in detecting invasive alien species in 
plankton samples in the Baltic Sea, although accuracy can 
be a concern (Ricciardi et al., 2021; Chapter 6, Box 6.19).

Activities and knowledge systems of some Indigenous 
Peoples and local communities’ effectively support 
surveillance (Ingold, 2000). The Mayan lobster diver-fishers 
were the first to detect Pterois spp. (lionfishes) in the Parque 
Nacional Arrecife Alacranes (southern Gulf of Mexico; 
López-Gómez et al., 2014). Some Indigenous Peoples 
and local communities have robust invasive alien species 
detection systems (Box 5.15) which have many similarities 
with internationally recognized systems (ICIPE, 2018; Shine, 
2005). In some communities, the council of elders for a 
given region monitors and evaluates the entire ecosystem 
situation and gives reports during the meeting of Indigenous 
Peoples and local communities. The council of elders works 
in harmony with the People’s culture and customs (Aiken et 
al., 2015).

Effective surveillance by Indigenous Peoples and local 
communities of native ecosystems in Kimberley, Northwest 
Australia is part of hunting, fishing and gathering, and the 

Box 5  15  	 Surveillance and management of invasive alien species by Indigenous Peoples 
and local communities – A case study of The Bukusu community in Kenya.

The Bukusu community notifies an elder when a new plant 
species is first found in their environment. A council of 
elders confirms the detection and quarantine is imposed. A 
date is then set for a ritual ceremony to determine whether 
management of the plant should proceed. At the ceremony, 
a sheep is slaughtered at the detection site and its stomach 
contents together with samples of plant shoot (called Lufufu) 
are mixed in water which the elder places on and around the 
plant while some ceremonial statements are made. On the 
3rd day the Lufufu leaves are checked to see if they are dry, 

following which the plant is uprooted and burnt. If the leaves 
are still healthy the plant is considered good for the native 
ecosystem, given a local name and its uses and applications 
are defined based on similar local plant species. If a new 
animal species is detected (whether Esang’i- the eaten animal 
species or Esolo- a non- eaten animal species) the council of 
elders identify its foot prints and a child is given a mixture of 
Kulandula plant to put in the foot prints as the elders curse the 
animal never to return since its effects to the native ecosystem, 
economy and livelihoods are not known (Wanzala et al., 2012). 
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reporting of new species is encouraged. Barter trade is 
strictly conducted only with known fauna, flora and/or 
minerals. This knowledge of fauna, flora and/or minerals is 
held by elders by memory and trust and is passed on from 
generation to generation by word of mouth (Wanzala et al., 
2012; Weir & Duff, 2015). Combining both Indigenous and 
scientific knowledge has improved the understanding on the 
spread of invasive alien species among local communities. 
The observations of forest-dwelling Soliga community of 
South India on Lantana camara (lantana) invasion have 
helped to better understand the process of invasion and 
plan future management of the species (Sundaram et al., 
2012). The Māori Tuawhenua community of Ruatahuna in 
New Zealand has developed extensive knowledge systems 
around endemic biodiversity and forest health perceiving 
changes in the forest and introduced invasive alien species 
over 65 years (Lyver et al., 2016). See Supplementary 
material 5.9 for more examples of effective surveillance. 
Although surveillance for invasive alien species is a 
regular process in the developed countries, it is seldom 
conducted in some of the developing countries for want 
of updated technical know-how and resources (Gupta & 
Sankaran, 2021).

5.5.3	 Eradication 

Successful eradication of an invasive alien species is 
underpinned by effective surveillance, detection and 
extirpation of all individuals of the species, which is 
supported by efficient methods to remove all pre-
reproductive individuals (section 5.4), good decision-
support systems (section 5.2) and sustained public and 
financial support. Sustained monitoring can ensure that 
there are no new recruitments (Genovesi, 2001; Rejmanek& 
Pitcairn, 2002; Lehtiniemi et al., 2015; Simberloff, 2020), 
and the success of any eradication programmes depends 
on adequate resourcing until all the individuals are removed 
(Simberloff, 2009). In general, successful eradication 
programmes that interacted with human activities were 
achieved with strong stakeholder support through effective 
engagement, education and communication (Myers et al., 
1998; Simberloff, 2003). It is also important to evaluate in 
advance the conditions which may thwart an eradication 
programme – for example, an eradication attempt of 
Prosopis juliflora (mesquite) in Ethiopia failed due to lack of 
resources (Rettberg, 2010; section 5.6).

A review of eradication programmes of invasive alien plants 
conducted by Rejmanek & Pitcairn (2002) concluded 
that management of populations spread across habitats 
greater than 1000 hectares is very unlikely to be successful, 
especially if the target has high spread rates (e.g., Lantana 
camara (lantana); Ranjan, 2019) or seedbanks are hard 
to detect. It is difficult to eradicate invasive alien plants 
compared to invasive alien vertebrates (Robertson et 

al., 2019). Moreover, successful eradications of invasive 
alien plants were of those which infested smaller areas 
than those of invasive alien vertebrates (Rejmanek & 
Pitcairn, 2002; Robertson et al., 2019). At a global scale, 
several programmes have been implemented since the 
1970s to eradicate invasve alien forest insects, with most 
documented examples proving successful (Brockerhoff et 
al., 2010; Liebhold et al., 2016; Liebhold & Kean, 2019; 
Tobin et al., 2014). The cost of forest pest eradication 
programmes increases with the size of the area affected 
(Brockerhoff et al., 2010; Box 5.16; Supplementary 
material 5.10 for more examples).

An eradication programme of Oryctolagus cuniculus 
(rabbits) in Tierra del Fuego (Argentina), which disturbed soil 
and threatened native species, was legally challenged by 
animal rights supporters (CADIC-CONICET, 2020; section 
5.6.2). A mosquito surveillance programme was set up in 
New Zealand in 1998 in response to the infestation of Aedes 
camptorhynchus (southern saltmarsh mosquito), and its 
eradication programme which lasted over 10 years costed 
NZ$ 70 million (Kay & Russell, 2013; Supplementary 
material 5.10). In 2018, the programme detected a few 
mosquito (Culex sitiens) larvae in marshland (McGinn & 
Disbury, 2019), and a bacterium (Bacillus thuringiensis 
israelensis (Bti)) that kills the mosquito larvae was used as 
treatment. Three rounds of aerial spraying of Bti were carried 
out across 5 km from the initial detection sites to eradicate 
the mosquito. Subsequent surveillance revealed no further 
infestation of the mosquito. 

Reinvasion risk also needs to be addressed in eradication 
programmes (Pyšek et al., 2020; Spatz et al., 2022) through 
both natural (e.g., long-distance flights) and anthropogenic 
(i.e., human-assisted) pathways (Harris et al., 2012). 
Eradication of Didemnum vexillum (carpet sea squirt), a 
widespread colonial coastal species in western Europe, 
North America and New Zealand affecting shellfish farms 
and submerged structures (McKenzie et al., 2017), was 
attempted in Shakespeare Bay (about 1 km²), New Zealand 
(costing NZ$ 650,000) and Holyhead Harbour, Wales, 
United Kingdom (costing GBP 350,000) (Galil et al., 2019). 
Approaches included exposing the colonies to desiccation, 
chemicals, freshwater and physical removal (Rolheiser et al., 
2012), but recolonization occurred soon after the eradication 
efforts stopped. This is a common feature of eradication 
attempts targeting marine invasive alien species (Galil et 
al., 2019; McKenzie et al., 2017). Long-term monitoring 
of all small infestations after eradication is critical in marine 
systems (Pluess, Cannon, et al., 2012). The eradication of 
Carcinus maenas (European shore crab) was attempted 
in South Africa using different management techniques 
including traps, crab condos, diver collections and sediment 
dredging. However, after one year, crabs were still present 
and numbers increased as soon as the eradication efforts 
ceased (Mabin et al., 2020). 
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A global analysis of 173 eradication campaigns in 
anthropogenic habitats involving 94 species of invertebrates, 
plants and plant pathogens showed that only 50.9 per cent 
of the programmes were successful (section 5.6.1.1). Both 
location- and context-specific factors were important for 
success of eradication, while species-specific characteristics 
were of minor importance. Invaded areas smaller than 
5000 ha had more than 80 per cent of successful eradication 
probability in man-made habitats (Pluess et al., 2012). It is 
important to prioritize sites (such as protected areas) for 
targeting eradication (section 5.3.2). Lower success rates 
were recorded from natural or semi-natural habitats than 
man-made habitats where success was comparatively more 
likely due to high economic impacts (Chapter 4, Box 4.13) 
and the resultant greater commitments. Eradication success 
can be ensured with cross-border collaboration and greater 
cooperation amongst nations (Pluess et al., 2012). 

Vertebrate eradication programmes on islands have been 
particularly successful, especially with rodents (Howald 
et al., 2007; Spatz et al., 2022), with success numbers 
increasing exponentially since 1980 (Towns et al., 2019; 
Carrion et al., 2011; Robertson et al., 2019). Details on 

successful eradication of invasive alien species on islands 
can be found in the DIISE (Table 5.4). Recent data show 
that the success rate was 88 per cent from 1,550 attempts 
on 998 islands during the last 100 years (Spatz et al., 2022). 
These successes have been attributed to isolation and 
small surface area of the islands (Simberloff, 2001). With 
improved baiting technology (section 5.4), eradications 
were also possible on larger islands which was considered 
impossible a decade ago (Veitch et al., 2011). This led to 
targeting human-inhabited islands and continental settings 
(Malmierca et al., 2011; Zabala et al., 2010; Glen et al., 
2013). Roberston et al. (2017) found that twelve of fifteen 
(80%) large-scale mammal removals from Northern Europe 
since 1900 were successful within defined management 
boundaries (mean area 2,627 km2). As such, most 
programmes were mostly not aimed at eradication from 
large land masses. 

Detailed information on successful eradication programmes 
(i.e., rate of removal of individuals and techniques applied to 
achieve results) is generally limited and even less information 
is available on unsuccessful attempts (Roy et al., 2009; 
Simberloff, 2020; section 5.6.2). In this situation, adaptive 

Box 5  16  	 Case study: Successful eradiation of an invasive scale insect in Kerala, India.

Ceroplastes cirripediformis (barnacle scale; Figure 5.21) is a 
highly polyphagous scale insect that causes negative impacts 
to host plants belonging to 119 genera in 63 families in over 
32 countries (García Morales et al., 2016). It sucks the sap of 
host plants and excretes honey dew resulting in the formation 
of coal smudge on the affected plant parts. The barnacle scale 
was identified as an invasive alien species by the Centre for 
Agriculture and Biosciences International (CABI) in 2017 since it 
causes significant damage to host plants in its invaded range. It 
was first recorded in India in 2021 (Joshi et al., 2021). The Nodal 

Centre for Biological Invasions, Kerala Forest Research Institute, 
India issued public notices to detect its distribution in Kerala state 
and it was spotted at one site each in Dhoni and Parali villages 
in Palakkad District. The host of the insect was a Passiflora sp. 
(passionflower). The identity of the insect was confirmed using 
molecular methods. Since its spread was very isolated, rapid 
control was attempted by removing and burning the infested 
stems and killing the insects at the spot. No new outbreaks were 
recorded during a 8-month post-eradication period (Swathy, 
2021). Surveillance for the insect is being continued. 

Figure 5  21  	 Ceroplastes cirripediformis (barnacle scale) on a host plant.

Photo credit: Dr. T. V. Sajeev – under license CC BY 4.0.
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management is the most effective approach to eradication, 
especially when there are data gaps and uncertainty on how 
best to continue the programme based on early results. A 
successful example is the removal of Capra hircus (goats) 
from Santiago Island (Box 5.17).

Information on the costs of eradication programmes are 
necessary to evaluate the economically optimal strategies, 
however, cost-benefit analyses usually used to evaluate 
the feasibly of management plans are not frequently 
published (Pluess, Cannon, et al., 2012). While eradication 
programmes can only be achieved with access to high 
immediate costs, they are generally cheaper than long 
term and permanent control costs and impacts (Bomford 
& O’Brien, 1995). The eradication of well-established 
population of Myocastor coypus (coypu) through trapping in 
Great Britain is another success story of eradication. An 11- 
year campaign (1981-1992) at a total cost of EUR 5 million 
included dynamic estimate of remaining populations which 
helped to understand trapping effects on coypu and the trap 
numbers (Gosling & Baker, 1989; Panzacchi et al., 2007). 
This programme is comparable to the long-term coypu 
control programme in Italy which costed EUR 14 million 

over six years (Panzacchi et al., 2007). In most eradication 
programmes, the costs of removing individuals escalates 
greatly based on the fact that the fewer the individuals that 
are left, the final (remaining) individuals are harder to find. 
In the eradication of Cyprinus carpio (common carp) from 
Tasmania, Australia, it took just a few years to reduce carp 
numbers down to a few breeding females, but it took another 
ten years to track and remove the final individuals, which 
has only been successful in one of two lakes 25 years after 
the decision to eradicate was made. Complete success, 
therefore, has not yet been achieved (Yick et al., 2021).

The costs of eradication can be very high when eradication is 
only considered as an option at the point when the negative 
impacts due to the species become visible (Genovesi, 2001). 
Several invasive alien species projects funded by the Global 
Environment Facility have focussed on eradication efforts. 
But, in many cases these were not cost-effective (GEF, 
2007; section 5.3.2). The costs of multi-species eradication 
programmes can be lower than eradicating individual species 
if eradication approaches can simultaneously remove 
multiple species or the removal of some species facilitates 
removal of others. Such projects targeting eradication of 

Box 5  17  	 Eradication of goats on Santiago Island, Ecuador.

The large-scale eradication of Capra hircus (goats) from 
Santiago Island, Galápagos Islands, Ecuador (Figure 5.22) is an 
excellent example of successful island eradication. Over 79,000 
individual goats were removed from over 58,000 ha in 4.5 years 
(2001-2005) at a cost of United States Dollar (US$) 6.1 million. 
This adaptive management programme included ground hunting 
using specialized techniques, aerial hunting by helicopter, and 
the use of sterilized Judas (tagged goats used to find other 

goats through social behaviour; section 5.4.3.2) and Mata 
Hari (females with hormone implants) goats to find and remove 
the remaining individuals. Methods were constantly revised 
and adjusted. Different hunting methods were integrated, and 
hunting efficiencies and escape rates constantly evaluated, 
contributing to the success of the programme at reduced costs. 
Removal of the last goats costed $2 million, while the monitoring 
costs to confirm eradication was $467,064 (Cruz et al., 2009).

 

Figure 5  22  	 Capra hircus (goats; cabras in Spanish) invading Santiago Island, Ecuador. 

Photo credit: Heidi Snell/CDF – under license CC BY 4.0.
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multiples species in multi-sites have been proven to be 
cost-effective. For example, in the Archipelago of French 
Polynesia, the project cost for eradication of various mammal 
species from six islands was only EUR 1.4 million while the 
total cost of actions on each island separately was estimated 
to be EUR 4.6 million. Savings were made on fixed costs 
such as the costs of helicopters, transport and staff travel 
(Griffiths et al., 2019; Box 5.8). 

A clear idea on the size of the area invaded is a pre-
requisite to ensure the success of all eradication plans. 
This is exemplified by the success of species eradication 
from islands since the area is often smaller compared 
to large land masses. On large land masses, defining 
the extent of an invasive alien population may be 
compounded by the presence of multiple populations, 
especially when the populations are inter-connected. It 
is, therefore, essential to understand the meta-population 
context of a species targeted for eradication, which will 
help planning the programme and ensuring its efficacy 
(Robertson et al., 2019). A lack of this understanding 
given limited resources, is why most culling programmes 
are ineffective and unsuccessful in the long-term (section 
5.4.3.2). The ongoing eradication programme of Oxyura 
jamaicensis (ruddy duck) from Europe covers 1,535,509 
km2 requiring participation and investment from several 

countries (Robertson et al., 2015). The cost of eradication 
decreases slightly in proportion to the area targeted but 
there is an island size limit above which eradication may not 
be successful (Brockerhoff et al., 2010; Robertson et al., 
2017, 2019; Figure 5.23). In general, the eradication cost 
per area seems to be similar for both islands and mainland 
programmes. This example indicates that large scale 
eradications can be successful. 

Aquatic eradication programmes are more frequent in 
freshwater than marine ecosystems (Simberloff, 2021). 
In freshwater systems, such programmes are generally 
restricted to small rivers and lakes and within enclosed 
bays. Examples include eradication of freshwater bass 
(Micropterus spp.) in a small river in South Africa (O. L. 
F. Weyl et al., 2013) and programmes targeting species 
of invasive alien aquatic plants that applied different 
strategies (Simberloff, 2021). Eradication programmes with 
invertebrates and small taxa in aquatic ecosystems are less 
known and have poor success rates given the complex 
nature of these environments for implementing management 
procedures and the lack of visibility.

Evidence suggests that there have been no fully successful 
eradication programmes for well-established invasive alien 
species in marine ecosystems (Galil et al., 2019). Where 
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they have been attempted, targets have been restricted 
to very small initial populations, to sessile biota and small 
areas. An eradication programme against Mytilopsis sallei 
(Caribbean false mussel), which was discovered in 1999 
by local divers, occurring in large densities in three marinas 
in the port of Darwin in Australia used liquid chlorine and 
copper sulphate. This killed the mussels and other marine 
life (Willan et al., 2000; F. E. Wells, 2019). In 2000, Caulerpa 
taxifolia (killer algae) was discovered in a lagoon and then 
in a harbour in California, United States. A rapid response 
was activated since this species was included in the Federal 
Noxious Weed List in 1999. Algal beds were treated with 
liquid chlorine and a monitoring programme continued 
and by 2005 the species was considered fully eradicated 
(Anderson, 2005). In both cases, eradication was possible 
because the managed area was small, and eradication was 
carried out soon after locating the species. It is critical to 
improve eradication programmes in marine ecosystems 
during the early detection stage, as most attempts at 
eradicating or containing invasive alien species have been 
ineffective so far (Galil et al., 2019). Thorough knowledge 
of each system is needed to avoid failures and non-target 
impacts which will potentially degrade the ecosystems 
further and the high costs involved for eradication (Grosholz 
et al., 2021).

Social aspects of eradication

Successful eradication can lead to ecological and social 
benefits. In the Seychelles islands, where natural resources 
have supported the tourism industry (see section 5.3.2 on 
management in protected areas), eradication of invasive 
alien plants and vertebrates, and subsequent reintroduction 
of native species, has improved tourism, benefiting local 
people (Samways et al., 2010). In North America, clearance 
of the invasive shrub Lonicera maackii (Amur honeysuckle) 
altered the behaviour of Odocoileus virginianus (white-
tailed deer) and its disease vector parasite Amblyomma 
americanum (lone star tick), reducing the risk of vector-
borne diseases in humans (Allan et al., 2010). In the arid and 

semiarid climates of western United States, eradication of 
the invasive alien plant Tamarix sp. (tamarisk) from riparian 
areas, where it depleted water availability and increased river 
sedimentation, led to large social and economic benefits 
to municipalities, farmers, the hydropower industry and 
fishermen and reduced flood damage in invaded areas 
(Zavaleta, 2000). On a local scale, therefore, eradication 
success can lead to increased good quality of life when 
targeting invasive alien species causing significant negative 
impacts on economic wellbeing, human health and access 
to natural resources. Where invasive alien species have 
commercial, cultural or spiritual value, however, eradication 
is unlikely to be acceptable (Kelsch et al., 2020; Oppel 
et al., 2011; Box 5.18). The eventual abandonment of 
Bubalus bubalis (Asian water buffalo) eradication in Northern 
Australia, where the animals were valued by the Indigenous 
Peoples and local communities, is an example (Ridpath 
& Waithman, 1988). Where Indigenous Peoples and local 
communities use invasive alien species for practical, cultural 
and spiritual purposes eradication could lead to negative 
consequences on these communities (Atyosi et al., 2019; 
Haregeweyn et al., 2013; Maldonado Andrade, 2019; 
section 5.3.1.3; Chapter 1, section 1.6.7.1; Chapter 4, 
section 4.6.4).

5.5.4	 Containment 

Containment is a strategic option to prevent establishment, 
multiplication and spread of an invasive alien species outside 
a specific area, often when attempts at eradication become 
unsuccessful or abandoned (Grice et al., 2012, 2020). 
Containment aims at delimiting the spread of a species 
through various management measures though, at times, 
certain environmental factors may also restrict its spread. 
This method is often used to manage the spread of invasive 
alien plants. However, “slowing the spread” is also an option 
for managing invasive alien pests (Sharov et al., 2002; 
Sharov & Liebhold, 1998). When opting for containment, 
resources may be allocated to reduce propagule pressure in 

Box 5  18  	 Local eradication of cacti Opuntia sp. (pricklypear) improves good quality of life 
in Madagascar.

Opuntia sp. cacti from South America was first introduced 
into Madagascar as a defence barrier in the 1700 (Binggeli, 
2003). Some species in this highly invasive alien genus are 
also beneficial providing fodder and some have medicinal 
properties (Shackleton et al., 2017). Those species with 
fodder value quickly became a crucial resource for local 
pastoralists in Madagascar (Kaufmann, 2004), allowing them 
to have larger herds than the “natural” environmental capacity 
would allow (Middleton, 1999). The cacti also provided food 
and water for local communities during dry season. However, 

range expansion of dense thickets of the cacti reduced 
land available for crops and native bushy plants (Binggeli, 
2003). When Opuntia was successfully controlled in southern 
Madagascar through biological control using Dactylopius spp. 
(cochineal insects), positive outcomes were also achieved that 
benefitted people in the central highlands. However, loss of 
Opuntia severely affected livelihoods of the pastoralists, who 
depended on it for food and fodder during droughts which 
led to migration from the area (Binggeli, 2003; Shackleton et 

al., 2011).
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the zone dominated by the species and in the buffer zone to 
delimit long-distance dispersal (Grice et al., 2013). 

Grice et al. (2013) suggested that, for invasive alien plants, 
containment can be considered as a choice in two main 
contexts: 1) where an invasive alien species is also a 
commercially valuable species which can be exploited for 
that purpose and managed and 2) for a species with no 
commercial value especially when it has not fully occupied 
an invaded area. For commercially valuable species, 
containment also depends on the traits of the species, 
the reason for its cultivation and the characteristics of the 
area where it is cultivated (Grice, 2006). Several methods 
are available to contain commercial and non-commercial 
species (Grice et al., 2013). However, the methods need 
to be adapted to the dispersal capacity of the species and 
containment of each infestation or population may have to 
be attempted separately. Most importantly, containment 
may be treated only as a short-term measure, while 
other management methods are being developed for 
implementation. 

The economic viability of “slowing the spread” was 
demonstrated for the invasive alien pest Lymantria dispar 
(gypsy moth) in North America (Sharov & Liebhold, 1998). 
In the forestry sector, the successful containment of gypsy 
moth was reported from the United States (from Wisconsin 
to North Carolina) where pheromone traps were used to 
disrupt mating of the moth or alternatively treating the 
population with Bacillus thuringiensis (Sharov et al., 2002).

Similarly, in agriculture, sterile insect techniques may be 
used to contain invasive alien pests (section 5.4.3.2). 
Containment is a viable strategy when used within 
zoological or botanical gardens or when predator free 
fences are used to exclude invasive alien vertebrates from 
invading native wildlife reserves (Ringma et al., 2018). Use 
of this method in marine ecosystems may be ineffective in 
the long-term but has been used as a rapid response plan 

to manage diseases in aquaculture in disconnected water 
systems. In 1997, Styela clava (Asian tunicate) was first 
noted invading an aqua-cultured Mytilus edulis (common 
blue mussel) in Prince Edward Island, Canada (Locke et al., 
2009). After confirming the identity of the species, a group 
of stakeholders implemented a containment strategy in 
2001 to manage the species (Locke et al., 2009). Transfer 
and harvest of blue mussels were restricted in tunicate-
infested areas and responsible practices were encouraged. 
Although no cost-benefit-risk analysis was done, the results 
proved that benefits outweighed the costs. The manual 
handling and disposal costs totalled 0.24 Canadian dollar 
per kilogram of harvested mussel (Locke et al., 2009). 
This forms a good example of a successful containment 
programme but was effective only in the short term. The 
use of a combination of methods (including chemical 
control) and long-term monitoring may be necessary to 
mitigate tunicate impacts and develop a sustainable mussel 
aquaculture industry (ACRDP, 2010).

5.5.5	 Control 

Successful invasive alien species control is generally 
assessed as the levels of invasive alien species suppression. 
Objective-driven invasive alien species management may 
also measure improvements to biodiversity and ecosystem 
services in the context of sustained ecosystem restoration 
(Box 5.19). Invasive alien species control requires long-
term monitoring for continued management actions so as 
to ensure sustained control. Long-term monitoring is also 
essential to assess efficacy and outcomes of management 
actions, and assess return on investments and benefits to 
local communities. 

Lissachatina fulica (giant African land snail), native to East 
Africa, is listed as one among 100 of the world’s worst 
invasive alien species (Lowe et al., 2000). Recorded from 
over 50 countries in all continents except Antarctica, it causes 

Box 5  19  	 The Working for Water programme: Social benefits from controlling invasive 
alien plants.

Control of widespread invasive alien species requires large-
scale and continuous efforts to reduce their density. South 
Africa’s Working for Water programme, introduced in 1995, 
took advantage of the need to clear invasive alien vegetation 
as part of a water conservation campaign and poverty relief 
programme by creating job opportunities for thousands of 
local people (e.g., 20,000 jobs per year over the first 15 years 
of the programme; Lukey & Hall, 2020; van Wilgen et al., 
2012). The programme also provided training in entrepreneurial 
and management skills and a sense of community among 
workers, especially women (Binns et al., 2001). The programme 

addressed a national imperative to improve good quality of life 
of predominantly poor rural communities, while managing the 
spread of many invasive alien plants, and for some species, 
reducing the area of invasion (Wilson et al., 2013). Although 
sustainability of the programme has been a concern (Binns et 

al., 2001), the Working for Water programme has been ongoing 
for more than 25 years and is seen as a successful example 
of invasive alien species control which has brought ecological 
and social benefits in partnership with various stakeholders 
(Lukey & Hall, 2020). The programme contributed primarily to 
employment generation, rural development and water security. 
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significant impacts on crops (Sankaran, 2008). Physical and 
chemical methods were unsuccessful in managing the snail. 
Common molluscicides are useful for short term control but 
resulted in soil and water pollution and affected non-target 
snails. The Kerala Forest Research Institute, India has since 
developed a non-polluting method, which is effective for 

Lissachatina fulica management in the longer term. The 
control method involves two stages 1) baiting and 2) point 
chemical treatment, resulting in 100 per cent mortality 
without non-target impacts. Dead snails are buried in soil. 
Local communities have accepted this method and are now 
practicing it (Maneetha et al., 2017).

Box 5  20  	 African smallholder farmer management of the recent Spodoptera frugiperda 
(fall armyworm) invasion.

Fall armyworm management adopted by African farmers 
uses combinations of chemical, physical, cultural or traditional 
methods (Figure 5.24; FAO, 2018b; Kansiime et al., 2019; 
Tambo et al., 2019; Murray et al., 2019; Rwomushana et al., 

2018; Asare-Nuamah, 2020; Koffi et al., 2020; Gebreziher et al., 
2021; Houngbo et al., 2020; Tambo, Day, et al., 2020; Tambo, 
Kansiime, et al., 2020; Bariw et al., 2020).
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Figure 5  24  	 Fall armyworm management adopted by African farmers uses combinations of 
chemical, physical, cultural or traditional methods.

(FAO, 2018b; Kansiime et al., 2019; Tambo et al., 2019; Murray et al., 2019; Rwomushana et al., 2018; Asare-Nuamah, 2020; 
Koffi et al., 2020; Gebreziher et al., 2021; Houngbo et al., 2020; Tambo, Day, et al., 2020; Tambo, Kansiime, et al., 2020; Bariw 
et al., 2020).

Synthetic pesticides were the most commonly used control 
method (64 per cent of studies). Cultural methods (36 per 
cent of studies) involved agronomic practices such as early 
planting, intercropping with non-host plants, weeding of the 
field constantly to remove alternative host plants, push-pull 
technology and fertilization to produce healthy plants that are 
resilient to attack. Traditional methods (52 per cent of studies) 
included the application of household detergents, soaps, ash, 
sand or urea on larvae. Integrated pest management consisted of 
regular monitoring of maize fields for fall armyworm with the use 
of pheromone traps to monitor or capture the adults. 

As fall armyworm was a new pest, farmers needed information 
on identification, biology, monitoring and effective control, 
including information on pesticide use and safety, but this was 

largely unavailable or inadequate (Nyangau et al., 2020; Girsang 
et al., 2020; Murray et al., 2021; Tambo et al., 2021). Pesticide 
cost was high and supplies and resources were low (Bariw et al., 
2020). Handpicking of larvae was labour-intensive (Chimweta et 

al., 2020). 

In terms of effectiveness, pesticides were most effective 
(Rwomushana et al., 2018), while early planting, handpicking, 
planting resistant varieties, crop rotation and replanting were 
all perceived as highly to moderately effective in Namibia. Early 
planting and handpicking were considered relatively ineffective 
by farmers in Benin (Houngbo et al., 2020). Ash application 
was considered ineffective in Namibia (FAO, 2018b) and Benin 
(Houngbo et al., 2020). Further information can be found in 
Supplementary material 5.11.
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China has lost millions of native pine trees (Pinus tabuliformis 
(Chinese pine) and Pinus bungeana (lace bark pine)) to 
Dendroctonus valens (red turpentine beetle) introduced 
from North America in logs in the 1980s, which has led to 
loss of tree cover leading to ecosystem change, lost carbon 
sequestration and biodiversity. To manage this invasive 
alien species, China has adopted an adaptive integrated 
management approach built on strong regulatory controls 
on timber movement and silvicultural, insecticidal and 
semiochemical trapping. The programme has limited the 
rapid pest spread and further impact on the native pine trees 
(Yan et al., 2005; J. Sun et al., 2013; Wan et al., 2017).

Most Indigenous Peoples and local communities control 
invasive alien species through physical removal, especially 
invasive alien plants. Managing crop weeds on smallholder 
cropping lands in Africa is largely done by women and 
children, and is often their most time-consuming activity 
(Chikoye et al., 2006; Orr et al., 2002; Terefe et al., 2020; 
Vissoh et al., 2004); for example, Opuntia spp. (pricklypear) 
in East Africa (R. T. Shackleton et al., 2017) as repeat 
weeding is required. For Pontederia crassipes (water 
hyacinth), physical removal has proved futile as the plant 
quicky grows back and seeds, which remain viable for 15 
years, can spread through animal faeces (Heuzé et al., 
2015; Gopal et al., 2019). Indigenous Peoples and local 
communities from western Kenya uproot the parasitic 
Striga hermonthica (witchweed) from maize plantations but 
control is ineffective (Oswald, 2005). Ineffective management 
strategies can also have social impacts. Pastoralists of 
Baadu (Ethiopia) failed in the efforts to remove Prosopis 
juliflora (mesquite), and this has led to changes in the good 
quality of life including social conflicts (Rettberg, 2010; 
Rettberg & Müller-Mahn, 2012).

Indigenous Peoples and local communities have attempted 
multiple methods to control Spodoptera frugiperda (fall 
armyworm) as it spread across Africa and Asia from the 
Americas to save their livelihoods, but often to little effect. 
In Ghana, some Indigenous Akan People applied So Klin 
(a washing detergent solution) to reduce the negative 
impacts of fall armyworm (Asare-Nuamah, 2020; Box 
5.20; Supplementary material 5.11). More traditional 
approaches included cultural and spiritual practices and 
management by fire. The Yellomundee Aboriginal Bushcare 
in Australia (Barber & Glass, 2015) believe that it is “a cool 
fire that burns the invasive alien plants but allows native 
species to regenerate”. Early season patch fire management 
removes biomass and stimulates native seedlings while 
not burning surrounding trees. This traditional approach 
to fire management is now widely recognized, supported 
and practiced across Northern Australia. In the Kimberley, 
Western Australia, the place-based (a type of site-based) 
invasive alien plant management approach, developed by 
rangers on behalf of the Bunuba People, protects sacred 
sites (Aiken et al., 2015). The Rajbanshi People from 

North Bengal in India practices sacred bathing in winter 
and autumn, such as Maghali sinan and Bauni sinan and 
also worships rivers at the onset of monsoon season to 
get timely rains, which will help the fight against invasive 
alien invertebrates (A. D. Gupta, 2015). Local farmers in 
Lao People’s Democratic Republic use wood ashes for 
coating stems of crops to protect them from invasive alien 
invertebrates (Upadhyay et al., 2020). A community-led 
approach often results in success. The Holok system of 
customary law and other cultural practices of the Ifugao 
people of Hingyon utilizes parts of more than 25 plants 
to produce a biopesticide against several invasive alien 
invertebrates. The holok, as traditionally practiced, was part 
of the hongan di pageh, the system of Ifugao rituals on rice 
culture (IPBES, 2020).

5.5.5.1	 Mechanical, manual and 
chemical methods 

See section 5.4.3.2 for more information.

5.5.5.2	 Lethal control programmes

There is a very high success rate of invasive alien vertebrate 
eradication programmes on islands (section 5.5.3), and 
there are some successful programmes removing mammals 
from within defined larger land mass boundaries (Robertson 
et al., 2017). The vast majority mainland landscape 
management programmes to suppress uncontained 
invasive alien vertebrate based on culling (lethal population 
suppression) have however been ineffective (reviewed by 
Hone, 2007; section 5.4.3.2d). This is because lethal control 
programmes are generally poorly planned and implemented 
based on:

	 inadequate understanding of population sizes, 
distributions and metapopulation dynamics of the target 
in time and space, 

	 ineffective tracking of populations in hunting programmes 
leading to culling mainly being concentrated where and 
in seasons when the target is most abundant (minimizing 
the chance of suppressing a population below an 
ecological impact threshold), limiting effectiveness of 
removal with respect to environmental impacts;

	 lack of sustained investment and activity leading to only 
temporary population suppression; and 

	 failure to use as part of integrated management 
including fencing to protect cleared areas and sustain 
the short-term management benefits. 

Developing effective selective baits and trapping is also a 
strong criterion for success, particularly for shy and hard 
to track feral animals such as cats. Public opinion is also 



THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

644

likely to affect management programme success. In the 
United States, advocates for feral Felis catus (cat), listed 
as one of the 100 worst invasive alien species, blocked 
federal legislation that would have funded removal of 
various invasive alien species, potentially including cats, 
from national wildlife refuges (Longcore et al., 2009). In Italy, 
management of invasive Sciurus carolinensis (grey squirrel) 
was hindered by a lack of public acceptance (Hulme, 
2006). Although most non-government organizations 
supported management using humane euthanasia of the 
squirrel, strong opposition from animal rights organizations 
interrupted the activities allowing subsequent squirrel range 
expansion (Genovesi & Bertolino, 2001). Effective invasive 
alien predator management has led to increased abundance 
of native animals in Australia (Bengsen et al., 2012; Doherty 
et al., 2017) and New Zealand (O’Donnell et al., 1996; 
PREDATOR Free NZ, 2021). 

5.5.5.3	 Classical biological control 
programmes: successes and failures 

The practice of classical biological control to suppress 
populations of invasive alien species has a successful 
history of well over 100 years (section 5.4.3.2f). Biological 
control is a widely used invasive alien species management 
approach in many countries and continues to be applied to 
manage a range of invasive alien plants, invertebrates and 
to a lesser extent plant microbes and a few invasive alien 
vertebrates (Cock et al., 2016). 

For invertebrate targets, the BIOCAT database shows 
that there have been 6158 biocontrol agents released 
to control invasive alien invertebrates before 2010, and 
the probability of successful establishment and impact of 
introductions continues to improve (Cock et al., 2016). This 
led to the successful management of 172 different target 
organisms. Van Driesche et al. (2010) reviewed releases 
against environmental targets and found a 62 per cent 
success rate for complete control with a further 19 per cent 
partially controlled. Oryctes rhinoceros (coconut rhinoceros 

beetle) is a major pest across the Pacific islands that has 
been widely managed using a well-established classical 
biocontrol agent, Oryctes rhinoceros nudivirus (OrNV), for 
many years, however recently beetle numbers have been 
rapidly increasing, severely disrupting nature’s contributions 
to Indigenous Peoples and local communities through free 
access to coconuts across many islands in the Pacific. This 
resulted in Vanuatu declaring a national emergency. Recent 
research suggests the effectiveness of the virus has declined 
and this may be a rare example where the invasive alien 
species target has generated resistance to the biocontrol 
agent (Etebari et al., 2021). 

The global catalogue of biocontrol agents and their use 
against target alien invasive plants shows that up to 2018, 
468 biocontrol agents have been released against 175 
species of invasive alien plants across 48 families and 90 
countries. Some form of successful control was achieved 
against 65.7 per cent of the plant species targeted, for 
which sufficient time has elapsed to assess effectiveness. 
One third of targets no longer required any other form of 
control (Schwarzländer et al., 2018; e.g., Box 5.21). The 
biological control programme against Ambrosia artemisiifolia 
(common ragweed) in China, the pollen of which has a 
very high allergy rate in humans leading to high medical 
costs, has released two biological control agents (Ophraella 
communa (ragweed leaf beetle) and Epiblema strenuana 
(ragweed borer)). These biocontrol agents successfully 
suppressed the target in southern China, however in colder 
northern China biological control needs to be supplemented 
by chemical control and restoration with native plants (Wan 
et al., 2017). Biological control effectiveness is related to the 
level of abundance of the target plant in the native range, 
the mode of reproduction (sexual versus asexual) and the 
habitat type (aquatic versus terrestrial; Paynter et al., 2012). 
Although many biological control programmes targeting 
invasive alien species take many years with no guarantee of 
success, this approach remains very cost-effective because 
the control benefits, when they occur, are generally high 
and self-sustaining (Briese, 2000). For invasive alien plants, 

Box 5  21  	 Case study of biological control of Mikania micrantha (bitter vine) in the Asia-
Pacific region.

Mikania micrantha is a fast-growing invasive alien plant native 
to Central and South America. It invades plantations and 
agricultural systems, thereby reducing productivity threatening 
the livelihood of rural communities in the Asia-Pacific region 
(Anitha et al., 2017; Day et al., 2016; Ellison & Sankaran, 2017). 
A microcyclic rust fungus (Puccinia spegazzinii), which causes 
necrosis of leaves and cankers on the stem and petioles in 
the native range of the species, was introduced into India 
in 2006 and then in China, Papua New Guinea, Fiji, Guam, 
Palau, Vanuatu and the Cook Islands (2006 – 2012) (Day, Kawi, 

Fidelis, et al., 2011; Day et al., 2016; Orapa, 2017). The rust 
established in five countries (Taiwan, Province of China, Papua 
New Guinea, Fiji, Vanuatu and the Cook Islands) and has kept 
the spread of the bitter vine well under control, especially 
in Papua New Guinea and Vanuatu (Ellison & Cock, 2017). 
However, in India, the rust fungus failed to survive in the field 
apparently due to a low inoculum load and inappropriate time 
of release (Sankaran & Suresh, 2013). Paucity of resources 
prevented further releases in India. 
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a third of programmes only release one biocontrol agent 
and often one agent provides the necessary control, but 
as selecting agents based on likely future effectiveness 
is hard, the release of multiple agents is often required 
(Schwarzländer et al., 2018). When such programmes 
are unsuccessful, termination is generally more to do with 
perceived levels of risk to non-target native species, failed 
agent establishment or lack of funding and political will 
than that all biocontrol agent options have been exhausted 
(Fowler, 2000; Sankaran & Suresh, 2013).

Approximately 50 per cent of classical biological control 
programmes for invasive alien plant or invertebrate species 
do not deliver much effective return on investment (Cooke 
et al., 2013; Julien et al., 2012; Waterhouse & Sands, 
2001). The benefits of successful programmes, however, 
can more than pay for projects that were not successful. In 
Australia, where a total benefit-cost assessment has been 
undertaken for classical biological control against invasive 
plants in agricultural systems, the national effort over 
100 years gave a return on investment of 23:1 including the 
costs of both successful and unsuccessful programmes. 
This was an annual benefit of 95.3 million Australian dollar 
(AU$) a year in 2006 (Page & Lacey, 2006). As the monetary 
benefits cannot easily be measured for the impacts of 
invasive alien plant targets in natural ecosystems, based 
on the number and benefit magnitudes of successful 
programmes, the returns on investment were considered at 
least equivalent against invasive plants. Benefit-cost ratios of 
six programmes in South Africa ranged from 34:1 to 4333:1 
(van Wilgen et al., 2004). Some invasive alien plant species 
are best managed by integrating biological control with 
other management practices (Moran et al., 2005). Evidence 
indicates that biological control alone may not be efficient to 
manage some of the invasive alien plants where integrated 
management is the most viable option. 

A viral-based classical biological control programme against 
Oryctolagus cuniculus (rabbits) in Australia has also been 
highly successful and also had the support of the local 
peak body on the prevention of cruelty to animals (RSPCA 
Australia; section 5.4.3.2f). Since the release of the first 
biological control agent in the late 1940s the programme 
had delivered AU$ 70 billions of benefit by 2011 (Cooke 
et al., 2013; Supplementary material 5.12). Classical 
biological control has been considered but not adopted 
against other invasive mammals, invasive alien fish, 
amphibians, reptiles and birds (CBD, 2019; A. W. Sheppard 
et al., 2019). Marine invasive alien species have not been 
targeted for biological control although the approach has 
been considered (Simberloff, 2021). Secord (2003) and 
Lafferty and Kuris (1996) have undertaken reviews of the 
opportunities and the risks and doubt its relevance.

The application of rigorous and internationally agreed 
risk analyses starting in the 1950s has reduced incidents 

of unpredicted non-target impacts to a very low and 
largely predictable level, a trend that may continue with 
the systematic inclusion of molecular tools, behavioural 
studies, chemical ecology and future scientific and analytical 
advancements (Chapter 3, section 3.3.5.2). There are 
exceptions, such as Harmonia axyridis (harlequin ladybird) in 
Europe (Brown et al., 2008; section 5.4.3.2 for other non-
target impacts). Direct non-target impacts from biological 
control programmes have been repeatedly reviewed and 
found to be predictable and minor compared to the native 
ecosystems’ benefits from control, except for some early 
unregulated releases of generalist predators (e.g., the 
release of cats and mongoose on islands). Indirect impacts 
have received much less attention being less obvious and 
more difficult to measure. Where studied they are minor 
and ephemeral if control is achieved and generally confined 
to areas in close proximity to the target invasive alien plant 
for biocontrol agents that have undergone rigorous risk 
assessment. The completely unregulated introduction of 
Tyto alba (barn owl) in Hawaii in the late 1950s to control 
rats is a rare but unsurprising counter example, although 
this release did not follow the precautionary approach now 
applied in the context of modern classical biological control 
programmes. By 1966, the owls were established and 
breeding and a recent review found these owls were an 
important avian predator of at least eight seabird species 
(Raine et al., 2019). A management programme to control 
owl populations has been undertaken in 2015. Biological 
control in any form, like most other management tools, is 
not risk-free (CBD, 2018).

5.5.6	 Management in an ecosystem 
restoration context 

Restoration of an ecosystem after invasive alien species 
control is both expensive and hard to achieve, unless the 
ecosystem retains a strong regeneration potential. This 
is especially true in marine ecosystems where invasive 
alien species management has proven to be largely 
ineffective (Lopez et al., 2006). Integrating management and 
restoration into an adaptive management approach requires 
long-term monitoring to assess efficacy, outcomes and 
timely detection of lost resilience and reinvasion. Benefits of 
management, particularly to local communities, also need to 
be evaluated. In successful cases of restoration in terrestrial 
ecosystems, efforts are limited in space and time and goals 
are clearly defined and achievable with available resources 
(IPBES, 2018). See section 5.4.3.3 for a description of 
site-based integrated invasive alien species management 
with ecosystem restoration strategies. China has been 
attempting an ecosystem restoration project for controlling 
Sporobolus alterniflorus (smooth cordgrass) introduced in 
1979, which now covers hundreds of thousands of hectares 
in the Yangtze River estuary. The Shanghai government is 
spending 1.3 billion Yuan to control Sporobolus alterniflorus 
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invasion and restore habitats for migratory birds (Wan et 
al., 2017). The integrated management includes cofferdam 
construction for containment, mechanical harvesting, 
flooding, revegetating with native plants and managing 
water levels (Xiao et al., 2011).

In a review on site restoration as a part of controlling 
invasive alien species, Kettenring and Adams (2011) 
observed that, a) the use of herbicides effectively but 
temporarily controlled invasive alien plants but did not lead 
to significant native revegetation; b) prescribed fire reduced 
the biomass of native species and increased the biomass 
of the invasive alien species; and c) cutting/removal of 
the invasive alien species slightly decreased invasive 
alien species biomass but not that of native species. 
However, most studies failed to quantify the effectiveness 
of ecosystem restoration since they had failed to measure 
the initial status of native vegetation. This has led to 
inconsistent conclusions regarding the best invasive alien 
plant control option that may lead to the most effective 
ecosystem restoration. 

One of the common methods to restore terrestrial 
ecosystems invaded by invasive alien plants is to plant 
fast-growing native (annual/perennial) species or disperse 
seeds of such species following effective management 
of the invasive alien species. Though such ecosystem 
restoration attempts may not be sufficiently efficient to 
enhance resistance to invasive alien species, growth and 
spread of planted native species may help to suppress 
regeneration of the invasive alien species community by 
filling recruitment niches (Byun et al., 2013; Byun, Oh, et 
al., 2020). However, large seedbanks of the invasive alien 
species may often interfere with these attempts. Therefore, 
success of ecosystem restoration depends on ensuring a 
well-established seed bank of native plants at the site and 
on long-term monitoring of the restored habitats to ensure 
establishment of the planted seedlings and to manage re-
invasions (Byun, de Blois, et al., 2020; Byun et al., 2018). 
Assisted natural regeneration of native plants by protecting 
the area from grazing, fire and other interventions may also 
help successful ecosystem restoration. Local community 
cooperation is essential for the success of assisted 
regeneration. 

Field experiments have shown that a good knowledge of 
the functional-trait-based biotic resistance and diversity-
resistance in the community will help to achieve successful 
restoration of native communities on sites where invasive 
alien plants were successfully managed. Resistance to 
invasive alien species may be associated with community 
functional diversity (Byun, Blois, et al., 2020; Byun et al., 
2013, 2018; Chapter 1, section 1.4.3), and functional 
diversity could be (based on trait complementarity) a good 
indicator of invasibility. A recent study of communities 
invaded by Phragmites australis (common reed) in Canada 

(Byun, de Blois, et al., 2020; Byun et al., 2013) proved 
that functional diversity-based resistance to invasive alien 
species differs between invasive alien species, and restoring 
functional diversity could provide resistance against multiple 
invasive alien species. It is certainly prudent to restore 
functional diversity as part of ecosystem restoration since 
the process of restoration will be easier if functional diversity 
is not lost.

5.5.7	 Management costs 

The global economic cost of invasive alien species is over 
$1 trillion and the cost is rising (Chapter 4, Box 4.13; 
(Diagne et al., 2021). This cost represents documented 
expenditures with management of biological invasions 
(e.g., prevention, control and monitoring) and economic 
losses associated with the impact of invasive alien 
species. The global reported costs of management of 
biological invasions (excluding impacts of invasive alien 
species) totalled $120.5 billion (2017 US$ values) over 
the last 50 years (Figure 5.25; (Diagne et al., 2020). The 
geographic distribution of management costs (Figure 
5.26) shows that the documented costs were highest 
in the Americas ($103.5 billion), followed by Asia-Pacific 
($6 billion) and Africa ($5 billion). Management costs for 
invasive invertebrates were the highest ($29 billion), followed 
by plants ($5.7 billion) and the management costs were 
highest for terrestrial ecosystems ($107.8 billion). Data 
on whether higher management costs were spent on 
prevention versus management were equivocal, but funds 
being spent globally on research for the management of 
biological invasions were low ($2.78 billion). On a global 
scale, a study showed that eradication of invasive alien 
species can make substantial savings on costs devoted to 
the protection of threatened native species (Jones et al., 
2016), suggesting that eradication of invasive alien species 
is a very cost-effective investment for protecting threatened 
and endangered species in comparison.
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Figure 5  25  	 Annual cost reported globally with the management of biological invasions 
between 1960 and 2020 (2017 monetary values). 

Light dots represent annual average cost reports and dark dots (with lines on each side) connected by dashed lines represent the 
decade averages. Data source: Diagne et al. (2020).
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5.6	 CONTEXT SPECIFIC 
CHALLENGES AND 
KNOWLEDGE GAPS IN 
MANAGEMENT 

5.6.1	 Context specific challenges 

5.6.1.1	 Challenges to management 
success across taxa and ecosystems 

The conceptualized invasion management-invasion 
continuum (Figure 5.1) provides a simplified schematic of 
the typical process and potential management options for 
biological invasions. However, the context (where in the 
invasion continuum), invasive alien species type (Booy et al., 
2020), unique environmental conditions (A. W. Sheppard et 
al., 2002) and the economic costs for each management 
scenario will differ between situations (Pluess, Jarošík, et al., 
2012). For example, an analysis of 173 eradication attempts 
across 94 invasive alien species showed that eradication 
was more likely in anthropogenic than in semi-(natural) sites 
(Pluess, Jarošík, et al., 2012; section 5.5.3). The study 
also showed that eradication attempts are only likely to be 
successful if initiated within four years after introduction 
(Pluess, Jarošík, et al., 2012). Globally it has been shown 
that alien vertebrates are easier to eradicate than alien 
generalist invertebrates, pathogens and plants (Booy et 
al., 2020). Plants and fungi, for example, produce seeds/
spores or other propagules which are hard to find and may 
remain dormant for many years (Mack & Lonsdale, 2001). 
One classical example of eradication is that of Myocastor 
coypus (coypu) from a large region of south-eastern 
England (Gosling & Baker, 1989). Although highly context- 
and scale-dependent, there are examples of aquatic plants 
and freshwater fish being eradicated (Simberloff, 2021). In 
Norway, the invasive alien fish that have been successfully 
eradicated include Phoxinus phoxinus (European minnow), 
Rutilus rutilus (roach), Esox lucius (pike) and Coregonus 
lavaretus (common whitefish) (Bardal, 2019). The feasibility 
of eradication of invasive alien species in marine ecosystems 
at any scale is, however, generally small (Booy et al., 2020). 

For individual invasive alien species, different populations 
within one habitat will vary in their density and impacts 
(section 5.3; Dassonville et al., 2008). This variability alters 
options for optimal management. For example, Undaria 
pinnatifida (Asian kelp) has invaded most temperate regions 
worldwide, but conditions for successful biological invasion 
could not be generalized across regions (Epstein & Smale, 
2017). Also, in the marine context, invasive alien species 
are notoriously difficult to control, because the whole 
system is open and there are complexities in detection and 
implementing and evaluating responses to management 
actions (Simberloff, 2021). 

An analysis of 76 case studies documenting the 
management of invasive alien species by Indigenous 
Peoples and local communities showed that plants are 
the most frequently reported target of management 
(Supplementary material 5.1), although plants are 
relatively difficult to eradicate. Vertebrate animals are also 
often targeted by Indigenous Peoples and local communities 
for management. However, the attempts of managing 
invasive alien animals, especially mammals, on Indigenous 
lands may not be successful, because of cultural or spiritual 
conflicts rather than the biological characteristics of the 
taxa (Koichi et al., 2012; Peltzer et al., 2019). There are few 
case studies reporting the management of invertebrates, 
fungi and pathogens implemented by Indigenous Peoples 
and local communities. The majority of the case studies 
reviewed have focused on terrestrial ecosystems, whereas 
there are much fewer studies documenting the attempts 
in freshwater and marine ecosystems (Supplementary 
material 5.1). This might imply that Indigenous Peoples and 
local communities have not actively attempted management 
of invasive alien species in aquatic ecosystems since it is 
notoriously less feasible than terrestrial ecosystems (but see 
section 5.3.1.2 for examples of uses of aquatic invasive 
alien species by Indigenous Peoples and local communities 
leading to the control of species).

Management of cryptic, marine and infectious and zoonotic 
diseases remain a challenge. However, recent advances 
in environmental DNA are improving detection capability, 
and the improvements in automated underwater vehicles 
are making detection and management of marine invasive 
alien species easier, but authentic identification of marine 
species is one of the greatest obstacles (sections 5.4.4, 
5.5). For zoonotic (e.g., Severe Acute Respiratory Syndrome 
Coronavirus 2 (SARS-CoV-2), Covid-19 (C. R. Wells et 
al., 2020)) and other infectious diseases (e.g., Foot and 
mouth disease; (Tildesley et al., 2006), management is also 
benefiting from genetic surveillance tools as prevention and 
preparedness are critical to avoid impacts.

5.6.1.2	 Management challenges for 
conflict species 

The concept of an invasive alien species is a human 
construct and therefore perceived risks, benefits, costs and 
impacts from them vary depending on a diversity of human 
perspectives (Kelsch et al., 2020; Chapter 1, section 
1.5.2; Chapter 4, section 4.1.2; Box 4.9). There are many 
cases where species provoke strong disagreement on the 
requirement of management between stakeholders. The 
most common conflict comes from species that offer both 
benefits in some sectors (e.g., agriculture and nature’s 
contributions to people) and negative costs or impacts in 
other sectors (e.g., biodiversity, nature’s contributions to 
people and good quality of life) (Pejchar & Mooney, 2009). 
This value-based context dependency of particular species 
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is often significant enough to prevent effective decision-
making and management (R. Gregory et al., 2006; Kelsch 
et al., 2020; Table 5.9). Public value put on common pets 
such as Felis catus (cat), Oryctolagus cuniculus (rabbits) 
or gold fish often biases understanding of their invasive 
impacts (Nogales et al., 2013). Attraction to charismatic 
species, such as Myiopsitta monachus (monk parakeet; 
(Crowley et al., 2019) and hedgehogs (C. Jones et al., 
2005) can also bias recognition of environmental impacts. 
In such cases effective community-based communication 
programmes generally help (Jarić et al., 2020).

Conflicts based on value systems include utilitarian, 
moralistic, spiritual, humanistic, naturalistic/dominionistic/
aesthetic and risk perceptions (Estévez et al., 2015). They 
are based on people’s different beliefs, knowledge and 
experience with the invasive alien species and the social, 
cultural, landscape and policy contexts (Shackleton, 
Adriaens, et al., 2019). Perceptions and values differ 
between countries and regions, policymakers, communities, 
managers, conservationists and Indigenous Peoples and 
local communities (Kelsch et al., 2020), even if globally, 
values regarding environmental conservation are aligning. 
Some species may have been deliberately introduced 
for a particular service but, while providing that service, 
have negative impacts on other sectors. For example, 
introduced Sus scrofa (feral pig) are culturally important 
in HawaiI and are hunted for subsistence, ceremony and 
recreation (Pejchar & Mooney, 2009), but are considered 
keystone species in driving and maintaining alien plant 
invasions and causing forest ecosystem disruption, and 
therefore are primary modifiers of the remaining Hawaiian 
rainforest (Loope et al., 2013). Elsewhere in the United 
States, introduced Sus scrofa are valued by hunters but 
cause annual losses to six crops of nearly $200 million, 
and potentially carry zoonoses or diseases that may affect 
wildlife and livestock (Lewis et al., 2019). Indigenous 
Peoples and local communities often value invasive alien 
species culturally if they have become a food or livelihood 
source, and therefore may have adopted or adapted to 
use and value a particular invasive alien species that has 
established in their communities, even if the same species 
is causing significant environmental impacts (e.g., cats in 
Australia (I. Abbott, 2002) or mesquite in Africa and India 
(Chandrasekaran & Swamy, 2016; Mbaabu et al., 2019) for 
which compromises can be found). For example, for feral 
ungulates, one solution adopted by Indigenous Peoples and 
local communities in Australia is the selection and fencing 
of a priority area (e.g., Heritage sites and high biodiversity 
wetlands) with the animals removed from these sites but 
still harvested sustainably outside the protected zone (E. 
Ens et al., 2016). A similar solution was found in a hunting 
programme in Argentina (Box 5.6). Many other invasive 
alien species are also used for sport. Stocks of Micropterus 
salmoides (largemouth bass) are supplemented for 
recreational fishing in South Africa despite severe ecological 

impacts on macroinvertebrate fauna and communities (O. 
L. F. Weyl et al., 2015; P. S. R. Weyl et al., 2010). Trouts 
are a globally prized recreational fish, restocked into rivers 
every year in many countries outside their native range, 
however, this conflict has been analysed only in South Africa 
(Marire, 2015).

Participation of different stakeholder communities in invasive 
alien species management can also lead to conflicts and 
perverse outcomes. Harvesting and recreational hunting are 
often considered as incentives for invasive alien vertebrate 
management, but whether their inclusion as part of 
management programmes improves or simply perpetuates 
the problem as the target becomes a resource, is strongly 
debated (C. Booth, 2010; Nuñez et al., 2012; Gentle & 
Pople, 2013; Zivin et al., 2000). Australia is the world’s 
largest exporter of goat meat (Meat & Livestock Australia, 
2021) based on harvesting feral goats as an economic 
safety net for rural communities in times of drought. This 
is a significant impediment to widespread management of 
the environmental impacts of feral goats (D. M. Forsyth et 
al., 2009).

In the horticultural sector, about 75 per cent of the global 
established alien flora are grown in domestic gardens 
(van Kleunen et al., 2018), which presents a particular 
challenge when seeking to gain public support for their 
management. Generally, when supported by information 
campaigns and when the impacts after escaping the garden 
fence are realized, the public understands the need to 
avoid some plant species in their gardens and nurseries 
voluntarily agree not to stock them (Burt et al., 2007). 
Another approach is to encourage the benefits of gardens 
with native plants (Shaw et al., 2017). Codes of conduct 
and agreed prohibited lists have been developed between 
government agencies responsible for managing invasive 
alien plants and the nursery trade to address these conflicts 
(Atkinson & Sheppard, 2000). These include the horticultural 
industry, conservation and environmental agencies and the 
plant protection sectors (including regulatory bodies) and 
can improve management of invasive alien plants without 
impacting on an important economic industry (Heywood & 
Brunel, 2011). 

Some alien plant species with high economic value 
become invasive in other contexts, for example for forage 
production or plantation forestry (van Wilgen & Richardson, 
2014). Scasta et al. (2015) documented that the cultivation 
of Lespedeza cuneata (sericea lespedeza), a declared 
invasive alien species by the state invasive council, for 
forage production was publicly recommended in the state 
of Alabama. Similarly, Nuñez et al. (2017) documented a 
case where forestry plantation of a pine species, Pinus 
contorta (lodgepole pine), had been heavily subsidized 
by national government until recently, even though high 
invasiveness of the species has been recognized. Agreeing 
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on management of some of the agriculturally valuable 
but environmentally harmful invasive alien grasses (e.g., 
African grasses in Australia; Cook & Dias, 2006) remains a 
challenge, but biological control of Acacia mearnsii (black 
wattle) timber trees in South Africa found a compromise 
by selecting biological control agents that only reduce 
propagule production (i.e., flower and seed feeding agents) 
(Impson et al., 2011; Impson et al., 2021). This illustrates 

how different stakeholder communities can be brought 
together to understand the different perspectives and seek 
a joint solution. Information campaigns for the general 
public around charismatic invasive alien species also play 
a key role in raising awareness in the community. Explicit 
consideration of the factors creating the different views 
through education and inclusion is critical if management 
measures are to be mutually agreed (Jarić et al., 2020).

Table 5  9  	 Examples of invasive alien species that were intentionally introduced for 
beneficial purposes, conflict resolution and potential management response 
(Chapter 4, section 4.6.4). 

Groups include terrestrial plant; freshwater/marine plant; microorganism; bird/fish/mammal/reptile; insect.

Invasive 
alien 
species 

Taxonomic 
group 

Time and 
location of 
introduction 

Native range 
of introduced 
species

Primary 
purpose of the 
introduction 

Co-operative efforts to develop 
management options 

Lates 
niloticus (Nile 
perch)

Vertebrate 
(freshwater 
fish)

Lake Victoria; 
1960s

Afrotropical; 
Congo, Nile, 
Senegal, Niger, 
Lake Chad, 
Volta, Lake 
Turkana

To promote the 
fisheries industry 
as the dominant 
endemic 
haplochromine 
species were 
perceived 
to have low 
economic value 
(Njiru et al., 2005)

The Kenyan, Ugandan and Tanzanian 
governments established a regional mechanism 
in 1994 – Lake Victoria Fisheries Organization – to 
coordinate the management and conservation. 
The three countries agreed to enforce legislation 
and regulations to protect the lake and its basin 
(Njiru et al., 2005).

Procambarus 
clarkii (red 
swamp 
crayfish) 

Invertebrate 
(freshwater 
crustacean)

Present in 
40 countries 
across all 
continents 
except 
Australia and 
Antarctica 
(Nunes et 
al., 2017; 
Oficialdegui, 
Sánchez, et 
al., 2020)

Southern
United States 
and north-
eastern Mexico

Aquaculture In one example in Europe, where the red swamp 
crayfish has a high economic value, legislation 
regulating the red swamp crayfish on the basis 
of biodiversity protection was overridden to allow 
continued use due to public opposition and 
socioeconomic interests. Therefore, the legislation 
did not achieve the desired environmental 
outcomes, leading to the recommendations that 
context specific legislation is more likely to receive 
wider support (Oficialdegui, Delibes-Mateos, et 
al., 2020).

Robinia 
pseudoacacia 
(black locust)

Terrestrial 
tree 

Europe North America Wood and 
honey 
production, 
amelioration and 
soil stabilization 
(Vítková et al., 
2017)

Societal concern resulted in the species not being 
included in the list of regulated species at the 
European level. In some countries, management 
is based on site-specific approaches leading to 
tolerance in selected areas and strict eradication 
at sites of high conservation value.

Prosopis 
juliflora 
(mesquite)

Terrestrial 
tree

35 countries 
in Africa; over 
20 countries 
in Asia and 
the Pacific

The Americas Soil stabilization 
and to provide 
fuel and 
livestock fodder

It was 
introduced into 
South India 
for fuelwood 
purposes and 
to benefit 
the dryland 
economy 

In one region a national plan to manage the 
invasion is under development, driven by 
bottom-up concerns, as a community requested 
compensation from the government after losing 
their cattle due to the effects of Prosopis juliflora. 
As it was introduced in a government programme 
(Shackleton et al., 2014), the community was 
awarded compensation (Castillo, 2019).
The use of Prosopis juliflora is a socio-economic 
concern in southern India where management 
is a complex issue as charcoal from the tree is 
a source of income for local people (Walter & 
Armstrong, 2014). Increased use of the wood 
through proper silvicultural management was 
proposed to control spread.
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Table 5  9  

Invasive 
alien 
species 

Taxonomic 
group 

Time and 
location of 
introduction 

Native range 
of introduced 
species

Primary 
purpose of the 
introduction 

Co-operative efforts to develop 
management options 

Grasses and 
legumes 
(8200 
species; V. 
M. Adams & 
Setterfield, 
2015; G. D. 
Cook & Dias, 
2006) 

Terrestrial 
plant

Australasia All continents For pastoral 
improvement

Of all the species introduced, twice as many 
became invasive alien species than became useful 
(Lonsdale, 1994). Management options are being 
developed for two species, Andropogon gayanus 
(tambuki grass; V. M. Adams & Setterfield, 2015) 
and Cenchrus ciliaris (buffel grass; Grice et al., 
2012).

33 Acacia 
spp. including 
Acacia 
mearnsii 
(black wattle; 
Magona et 
al., 2018)

Terrestrial 
trees 

South Africa Australia For timber and 
as ornamentals 

Agreeing and selecting biological control agents 
that only reduce propagule production (i.e., flower 
and seed feeding agents; Impson et al., 2011, 
2021). 

Bombus 
terrestris
(bumble bee)

Invertebrate 
(Insect)

Japan Africa, Asia 
and Europe

For pollination 
of commercially 
important crops 
(Inoue et al., 
2008)

In principle, introduction, breeding and release are 
prohibited by the Invasive Alien Species Act, but 
farmers may use bumble bees on the condition 
that measures to prevent escape be taken and 
official permission be obtained (Goka, 2010; 
Lohrmann et al., 2022).

Capra hircus
(goats)

Terrestrial 
mammal

Mexico, 
Guadalupe 
Island

Asia Meat production Goats were introduced in the early 19th century 
by fur traders to have fresh meat. Later, there 
were permits from Mexico’s government to use 
the goats as dry meat. Overgrazing by goats 
decreased forest coverage from 3,850 hectares to 
85 hectares, while some vegetation communities 
disappeared. Because of the latter, with the 
support of federal government agencies (including 
the Mexican Navy), the local fishing community 
and the specialized private organization Grupo de 
Ecología y Conservación de Islas, the goats were 
eradicated (Aguirre-Muñoz et al., 2011).
The eradication of goats took place between 
2003 and 2006. Seedlings of endemic trees 
that were absent in 2003, and species of plants 
believed extinct, reappeared, including species 
not seen in 100 years. To date, the vegetation 
has recovered rapidly, both naturally and through 
active ecosystem restoration (Luna-Mendoza et 
al., 2019).

5.6.1.3	 Management strategies for 
biological invasions under climate 
change and changing land-use as 
multiple drivers of change

Climate change is a driver that facilitates biological invasions 
(Chapter 3, section 3.3.4), and associated extreme climate 
events increase ecosystem susceptibility to biological 
invasions (Diez et al., 2012; Chapter 3, section 3.4). 
Climate change and habitat loss or conversion are linked. 
Climate change influences land-, freshwater- and sea-
use, which adds to the susceptibility of ecosystems to 
invasive alien species (Chapter 2, section 2.1, Chapter 3, 

section 3.5.1). Invasive alien species reduce the resilience 
of ecological communities and habitats to extreme 
events (Godfree et al., 2019), therefore, prevention and 
management can increase the long-term climate change 
functional resilience of threatened ecosystems and habitats. 
In short, climate change poses increasing challenges for 
the management of biological invasions (Walther et al., 
2009). The interactions between climate change, habitat 
change and invasive alien species will alter drivers that 
facilitate biological invasions, resulting in new pathways 
of introduction, vector efficacy and species previously 
environmentally constrained overcoming establishment, 
reproduction and spread barriers (Figure 5.27; Walther et 
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al., 2009; Chapter 3). While models and scenarios give 
insights into the trends of likely impacts of climate change 
on invasive alien species (Chapter 1, section 1.6.7.3; 
Chapter 2, sections 2.6.2, 2.6.3, 2.6.4), mainstreaming 
these concepts into action to minimize future impacts will 
be challenging (Hellmann et al., 2008). Similarly, building 
concerns related to management of biological invasions 
into climate change response planning is also essential, 
since ecosystem resilience to climate change is eroded 
by invasive alien species. This imperative cuts across the 
many sectors involved in climate planning, including human 
health, agriculture and aquaculture, forestry, fisheries 
management and wildlife conservation; it is acutely essential 
when co-planning adaptive management with Indigenous 
Peoples and local communities (Chapter 4, section 4.7.2; 
Chapter 6, sections 6.1.1, 6.3.1).

The individual or synergistic effects of increased carbon 
dioxide levels, changes in air and seawater temperature, 
floods and droughts, increased frequency and intensity of 
fire regimes, higher saltwater incursions, changes in ocean 
currents, extreme events and precipitation patterns, and 
their interactions with invasive alien species is likely to be 
highly uncertain (Walther et al., 2009). Future management 
of biological invasions will need to adapt, based on 
knowledge of how potential risks and impacts will vary with 
changing climate drivers (e.g., spatio-temporal rainfall shifts; 
Beaury et al., 2020). Current “sleeper” (i.e., invasive alien 
species of low apparent risk; Hulme, 2020b) may become 
more invasive as climates change. Environmental monitoring 
(e.g., via sentinel sites) could help identifying these (section 
5.4.3). Future sources of invasive alien species are also 
likely to differ from current sources under climate change, 
as geospatial matched climate changes across the globe 
(Chapter 3, section 3.3.4). New source regions and 
species threats will require prioritization with associated 
adjustments to pathway management actions.

Adaptive management will be needed to adapt monitoring, 
decision-making and management under climate (section 
5.4) and habitat change. There is the possibility that climate 
change may alter the efficacy of existing successful species-
based management programmes (e.g., biological control; 
Y. Sun et al., 2020). This may require the development of 
new management practices to ensure that new control 
programmes, or gains made during current control 
programmes, are not impeded. Site-based management 
priorities may have to be reconsidered based on changing 
climate (Chapter 3, section 3.3.4) and reduced resilience 
of habitats to invasive alien species. The most vulnerable 
sites being offshore and mainland islands, mountain tops 
and coastal environments will be critical for supporting 
threatened and endangered species. The IUCN recognizes 
the likely increased use of species translocations to save 
endangered species from declining climate niches and has 
produced guidelines to support this, but there are risks and 

consequences (Webber & Scott, 2012; Lozier et al., 2015). 
Integrating biological invasions management strategies into 
assisted translocation actions under climate change could 
help avoid unintended consequences (Webber & Scott, 
2012; IUCN/SSC, 2013).

Relevant stakeholder community actions as recommended 
by the CBD (2022b) include: 

	 engaging all sectors including agriculture and public 
health agencies and industries in invasive alien species 
planning where climate change risks are cross-sectoral;

	 raising public awareness, including with local and 
Indigenous Peoples and local communities, of changing 
invasive alien species threats arising from climate 
change and include the participation of the public and 
all relevant sectors in response planning;

	 minimizing the potential of biological invasions or 
develop spatial response planning for areas in which 
communities are threatened with a high risk of extreme 
weather events (e.g., relocate zoos, botanical gardens, 
aquaculture facilities using alien species, from extreme-
event-prone areas).

Currently, invasive alien species are considered under 
the 2030 Agenda for Sustainable Development only in 
the context of the terrestrial environment (Sustainable 
Development Goal (SDG) Indicator 15.8.1), but under climate 
change it will need to be considered equally in marine 
environments. Climate change and habitat transformation 
interactions with invasive alien species at various stages of 
the biological invasion process are illustrated in Figure 5.27.

5.6.1.4	 Management challenges in 
urban areas and coastal developments

Urban and peri-urban environments are the fastest growing 
ecosystems on earth and provide easy opportunities for 
invasive alien species introductions (Gaertner et al., 2017); 
(Chapter 2, section 2.5.5.1; Chapter 3, section 3.2.2.4). 
There are four recognized zones of urbanization in most 
cities, and urban areas often have different microclimates 
from the surrounding countryside (Erz, 1966). They 
are heterogeneous and highly complex human-made 
ecosystems influenced by strong social and political drivers 
(Cadenasso & Pickett, 2008). Natural spaces within urban 
areas are critically important for some constituents of good 
quality of life such as physical and psychological health. 
These nature refuges, parks and gardens are still largely 
human-designed or disturbed so acceptance of some alien 
species (Glossary) is to be expected, which needs to be 
recognized by management frameworks (Gaertner et al., 
2016). Urban environments are often close to country ports 
of entry, so they experience high propagule pressure from 
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alien species and provide direct pathways between urban 
centres globally (Elmqvist et al., 2013; Weiss et al., 2018). 
Urban areas form a nexus (Glossary) of railway and road 
networks, which are pathways for a wide range of invasive 
alien species (Ascensão & Capinha, 2017). Being generally 

highly disturbed, urban areas are therefore susceptible to 
alien species establishment and the high levels of human 
activity facilitate spread. One study showed that on average 
28 per cent of the flora of the urban areas globally comprise 
of non-native species (Aronson et al., 2014). 

Horizon scans and 
modelling to prioritize 
introduction pathways 

of risk

Increase preparedness 
and biosecurity capacity

Policies restricting use/
import of invasive alien 
species under climate 

change projections

Incorporate invasive 
alien species into early 

detection and rapid 
response

Eradication of 
established but not 

widespread invasive alien 
species

Prioritise regions/
areas that will become 

increasingly susceptible 
to invasive alien species

Eradication/control 
in priority/vulnerable 

ecosystems

New pathways of 
introduction or increasing 
movement of species to 

new areas

New alien species 
being considered for 

ornamental, agricultural, 
forestry and other uses

Changing conditions 
allows for individuals 

to survive in areas 
previously unsuitable

Changing conditions 
allows some alien species 

to complete life cycles 
and establish populations 

in the wild

Changing thermal 
barriers currently limiting 

distribution could 
increase spread

Changes in extreme 
climatic events could aid 

further dispersal

Changing conditions will 
enhance the competitive 
ability of some species

The resilience of 
habitats to invasive alien 
species may be reduced

Pathway strategies 
Preparedness

Biosecurity

Surveillance

Pathway strategies Risk 
analysis

Preparedness

Pathway strategies 
Species-based

Species-based

Surveillance

Pathway strategies 
Species-based

Containment

Site-based control

Reduce abundance

Minimize impacts
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Containment

Geography
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species spread
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vulnerability to invasion, 
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ecosystem integrity
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promote restoration

Surveillance in disturbed 
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habitats
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through priority habitats
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habitats

Policy & large scale 
response

Effects Local scale  
management

Effects Policy & large scale 
response

CLIMATE CHANGE LAND USE CHANGEINVASION STAGES & 
BARRIERS

Figure 5  27  	 Climate change and habitat transformation interactions at various stages of the 
biological invasion process, and potential management responses.

Adapted from Walther et al., (2009), https://doi.org/10.1016/j.tree.2009.06.008, under copyright 2009 Elsevier Ltd. See also 
Chapter 3, section 3.4.2. 
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Most intentionally introduced species are alien garden 
plants, which along with released pets, predominate in the 
urban and peri-urban settings to which they may be pre-
adapted. A global review found that most alien species are 
intentionally introduced in cities and were either released or 
had escaped from confinement (Padayachee et al., 2017). 
Many widespread invasive alien species are well adapted 
to human landscapes, but some are so well adapted that 
they may not spread any further (e.g., domestic pigeons; 
Erz, 1966).

The peri-urban fringe of cities is increasingly interweaved 
into surrounding agricultural and natural ecosystems, 
allowing much more intimate interactions between people 
and wildlife (Seto et al., 2013). This, for example, has 
recently been recognized as increasing the risk of emerging 
zoonotic diseases (Di Marco et al., 2020) and the need to 
invest in pandemic prevention (Dobson et al., 2020). Even 
though many introduced alien species may not have any 
perceived impacts in urban areas (McLean et al., 2017), 
they can spread beyond city limits and invade natural and 
semi-natural habitats as a growing number of protected 
landscapes and marine reserves fall within a matrix of 
broader land-use types or zonation (Seto & Shepherd, 
2009). Natural areas surrounded by urban areas also 
suffer from higher-than-normal propagule pressure from 
the urban areas. For instance, numerous new city reserves 
suffer from arthropods, dogs, cats, livestock (e.g., goats) 
and alien plants that live in close association with humans, 
the incursions of which reduces the resilience of these 
ecosystems (Lacerda et al., 2009; Lessa et al., 2016; 
Paschoal et al., 2016; Spear et al., 2013). Management 
of biological invasions in urban contexts is especially 
challenging because on the one hand urban environments 
to a degree actively encourage alien species for physical, 
cultural and political reasons, but natural areas connected 
to them are most threatened by invasive alien species from 
higher levels of human activity spilling over from nearby 
urban areas (Gaertner et al., 2017). 

Continuous monitoring of urban biota improves early 
detection of potential invasive alien species (Paap et al., 
2017). This is best done by assessing alien species impacts 
to distinguish non-invasive and invasive alien species as 
this is critically important for management so resources 
are used cost-effectively. Urban forests have been used 
as sentinel sites for the detection of Agrilus planipennis 
(emerald ash borer) helping managers to manage outbreaks 
early (Poland & McCullough, 2006). Euwallacea fornicatus 
(polyphagous shot-hole borer) and an associated pathogen 
(Neocosmospora euwallaceae) were first detected in urban 
environments in United States (California), Israel and South 
Africa, threatening to spread into nearby plantations and 
native forests (Paap et al., 2020). An advantage of urban 
areas is the high availability of human support for invasive 
alien species management through citizen science-based 

surveillance, detection and rapid response activities (section 
5.4.3.2). Citizen science initiatives have supported the early 
detection of Halyomorpha halys (brown marmorated stink 
bug) in Europe (Maistrello et al., 2016) and New Zealand 
(Payne et al., 2021). The widespread access to smartphones 
carrying biodiversity or pest recording platforms (e.g., 
iNaturalist and SIS-Geo) supports these activities giving the 
entire population the potential as detectors of invasive alien 
species (New Zealand MPI Biosecurity 2025; Bejakovich et 
al., 2018; sections 5.4, 5.5). 

Coastal and associated off-shore infrastructures offer novel 
habitats for both biodiversity and the establishment and 
spread of marine invasive alien species (Chapter 3, section 
3.3.1.4; Airoldi & Bulleri, 2011; Bulleri & Airoldi, 2005; 
Giachetti et al., 2020). The total marine surface created by 
marine construction (as gas and oil platforms, aquaculture 
and wind farms, recreational and commercial ports, wave 
and tidal farms, breakwaters, shipwrecks, artificial reefs) 
was 32,000 km2 in 2018 and projected to increase 23 per 
cent by 2028, which is probably an underestimation (Bugnot 
et al., 2021). Ocean infrastructure is developing faster 
than marine spatial management and planning, which is 
struggling to include management of biological invasions, 
even though eco-engineering may provide solutions 
(Dafforn, 2017).

5.6.2	 Gaps and impediments to 
implementing management

5.6.2.1	 Societal and social impediments 
to effective management 

The likely number of attempts to manage invasive alien 
species compared to the relatively few that are reported as 
successful could imply that most attempts did not provide 
long-term success with objectives achieved. But this need 
not always be true and invasive alien species management 
success rates generally increase as decision-making and 
stakeholder engagement improves and best practice is 
understood and adopted (sections 5.2.1, 5.2.2.1). For 
example, there have been high rates of success in invasive 
alien species eradication on islands (section 5.5.3) and in 
classical insect and weed biological control programmes 
(section 5.5.5). Failures of management can result from 
numerous procedural, societal and capacity-related 
constraints (Table 5.10; Day & Witt, 2019), as for example 
the absence of long-term funding necessary to achieve 
the goals and avoid reinvasions (Dana et al., 2019). These 
constraints, and the fact that in many cases there is a 
lack of understanding or the drivers of change that favour 
the introduction of invasive alien species are not identified 
(Chapter 3), make it difficult to implement pathway, 
species-based and site- or ecosystem- based management 
(section 5.3), thereby obstructing effective prevention, 
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eradication, containment and control of invasive alien 
species. Since invasive alien species are a human-caused 
issue, the constraints described in this section are generally 
related to the context of the values and perceptions on 
invasive alien species.

Jurisdictional boundaries: As invasive alien species are 
impervious to human-created political and legal borders, 
addressing cross-border invasion (be it property, local, 
national or international borders) in a cooperative manner is 
difficult from both a legal responsibility and financial liability 
perspective. Examples are: a) eradication of the invasive 
alien species Hemitragus jemlahicus (Himalayan tahr) in 
New Zealand was considered no longer possible because 
of private legal property rights preventing enforcement of 
an official eradication programme (Forsyth & Tustin, 2001) 
and b) in Ireland, a number of protected sites under the 
European Habitats Directive (Special Areas of Conservation) 
span the border between the Northern Ireland (non-
European Union) and the Republic of Ireland (European 
Union) (Stokes et al., 2006). There is no formal mechanism 
for coordinated cross-border control for managing biological 
invasions, effective management of invasive alien species is 
challenging even within individual protected areas. 

Policy inadequacies: Contradictory or inadequate 
legislations, policies and regulations are a very common 
impediment to management of biological invasions. From a 
prevention perspective, regulating which species can and 

cannot be introduced live into a jurisdiction is the first line of 
control (Garcia-de-Lomas & Vilà, 2015). Regulated species 
lists are lists of species that are either allowed or not into a 
country. Unregulated species can generally be imported live 
across jurisdictional boundaries without control. Countries 
generally ban certain regulated species and allow all others 
to be imported (most countries), or regulate which species 
can be imported and ban all species that are unregulated 
(Australia and New Zealand). In the latter context, for a 
species to be regulated for import it will need to have been 
approved under an independent import risk assessment 
process (section 5.2.2.1). Regulating banned species only 
is a reactive approach while regulating species for import 
is a proactive biosecurity approach (Burgiel et al., 2006). 
Allowing any unregulated species (implies no import risk 
assessment has been undertaken) to be imported creates 
a major invasive alien species biosecurity risk (Hulme et 
al., 2018; Simberloff, 2006). At the post-border stage, 
regulatory power of policies can be an issue of concern. 
For example, in the United States, most authorized invasive 
plant lists do not carry any regulatory weight against the use 
of listed species (Niemiera & Holle, 2009), thereby allowing 
release and escape of many invasive alien species except 
for those banned by federal or state governments. 

Also, several developing countries lack comprehensive 
relevant legislation for biological invasions, and even 
fewer have recognized lists of invasive alien species and 
an associated regulatory system (Banerjee et al., 2021). 

Constraints

Most affected management approaches

Pathway
Species-

based

Site/
ecosystem 

based

Procedural

Jurisdictional boundaries

Policy inadequacies

Stakeholder engagement

Capacity-related

Lack of expertise

Inadequate communication

Resourcing

Societal

Resistance to management approaches and 
technologies

Lack of awareness

Table 5  10  	 Identified constraints of effective management that impede successful 
management at each management approach (pathway, species-based and site/
ecosystem based) explained in this section.

Dark grey cells indicate when there are constraints to effective management approaches.
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For example, Indonesia has an existing invasive alien 
species National Strategy and Action Plan built on risk 
analyses and management priorities, however, it is not 
supported by effective cross-sector policy regulating 
importation and movement of invasive alien species, 
and public understanding of the issue is also inadequate 
(Setyawati et al., 2021). Such socio-political realities often 
lead to governmental lethargy even for invasive alien 
species with actual or potential impacts to the economy 
(Nuñez & Pauchard, 2010; Zenni et al., 2017; K. Gupta 
& Sankaran, 2021) and in some cases such species are 
seen only as potential economic opportunities (Hänfling et 
al., 2011). This clearly has direct and indirect implications 
for implementation of effective management. When 
governments propose tighter regulations on invasive 
alien species, industries that sell invasive alien species 
as products lobby against this on the basis that business 
generates tax benefits for governments (Hulme et al., 2018; 
Mack et al., 2000), for example, horticulture (Niemiera & 
Holle, 2009). Most countries are, however, now parties to 
the CBD which supports national invasive alien species 
legislation under the Kunming-Montreal Global Biodiversity 
Framework (CBD, 2020a). 

Stakeholder engagement: In most countries important 
stakeholders related to management of biological invasions 
are disconnected from the problem. But, identifying 
stakeholder responsibilities and engaging them in the 
management of biological invasions are key to successful 
outcomes (Kamigawara et al., 2020; Chapter 1, section 
1.5.1; Chapter 6, section 6.4). A comprehensive study 
investigating the development and sales of alien pasture 
plants in eight countries located across six continents 
showed that the vast majority of agribusinesses in these 
countries, as well as government agencies and other private 
companies, do not manage the risk of their products; 
agribusiness could integrate risk analysis with development 
of new products and avoid trading species which have a 
high risk of invading natural areas (Driscoll et al., 2014). A 
similar situation was also reported in ornamental horticulture 
industry (Niemiera & Holle, 2009). This lack of recognition 
of social responsibility is at least partly due to a lack of 
incentives (as they do not see this as their problem) and 
legal responsibilities (Driscoll et al., 2014; Simberloff et al., 
2005). Coordinated participation of private landowners is 
also crucial, but is often lacking in the actual management 
(Drescher et al., 2019; Meier et al., 2017) frequently due to 
lack of legal responsibility or incentives (Epanchin-Niell & 
Wilen, 2015), hindering effective management of biological 
invasions across entire landscapes (Glen et al., 2017). There 
are however many examples where effective regulatory, 
social responsibility and incentive-based systems support 
effective industry (Harrington et al., 2003; Burt et al., 2007; 
Conser et al., 2015) and landowner (G. R. Marshall et al., 
2016; Niemiec et al., 2017) engagement in prevention and 
management of biological invasions.

Lack of expertise: Declining numbers of specialist 
taxonomists and a shortage of invasive alien species 
management specialists creates capability impediments to 
management of biological invasions (e.g., Pyšek et al., 2013) 
and regulations at policy level (Hieda et al., 2020), leading 
to errors in decisions in many cases (Bortolus, 2008). This 
is also a weakness for understanding the status and trends 
(Chapter 2) and impacts (Chapter 4) of invasive alien 
species. Sporobolus densiflorus (denseflower cordgrass) 
introduced in California from south-eastern America was 
confused with Sporobolus foliosus (California cordgrass) 
and ecosystem restoration activities along the west coast of 
North America led to its spread (e.g., present in 94 per cent 
of the Humboldt Bay) until 1985 (Bortolus, 2008; Kittelson & 
Boyd, 1997) preventing effective eradication (Pickart, 2012). 
In Australia, Asterias amurensis (northern Pacific seastar) 
was also confused with the native species (Uniophora 
granifera) and by the time this was realized, eradication 
and control were no longer possible (M. L. Campbell et al., 
2007). In Kerala, India, the invasive tree Senna spectabilis 
(whitebark senna) was misidentified as the native Cassia 
fistula (Indian laburnum) and widely planted, and is now 
widespread in the Wayanad wildlife sanctuary and in the 
Nilgiris causing impacts to natural and planted forests and 
coffee plantations (Vishnu Chandran & Gopakumar, 2018). In 
developing countries, lack of capability in the use of effective 
prevention and management approaches for biological 
invasions, tools and technologies are severe impediments to 
implement better management approaches and could be a 
focus of international support and aid programmes

Resourcing: Seeking adequate resources to undertake 
effective and sustainable management of biological invasions 
is a global problem, while many resources aree being used 
ineffectively (Courchamp et al., 2017). Making the case for 
investment requires a) evidence-based economic, social 
and environmental impact analyses (Chapter 4, section 
4.1.1) and b) demonstration that any particular invasive alien 
species management approach provides cost-effective and 
sustainable mitigation of these impacts, in competition with 
other government investment priorities. The lack of success 
of many invasive alien species management programmes 
does not help this case (Latombe et al., 2019). Some 
management approaches such as biological control have 
a long history of cost-effectiveness (section 5.5.5.3) and 
create a strong case for investment. This will need to be 
demonstrated for the new technologies under development. 
Developing national capability and capacity for management 
of biological invasions is also linked to sustained funding 
(Nuñez & Pauchard, 2010).

Resistance to management approaches and 
technologies: Public opposition to uncertainty, often 
resulting from a poor understanding of management 
approaches for biological invasions and technologies, is a 
significant impediment to effective management (Chapter 3, 
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sections 3.3.2.4, 3.3.5.2). Classical biological control, 
despite a long history of development and benefits and 
support by both the IPPC and the CBD still attracts negative 
views (Downey & Paterson, 2016). This is based on historic 
evidence of non-target impacts (Carvalheiro et al., 2008; 
Pearson & Callaway, 2005; Willis & Memmott, 2005), some 
from a time before regulations under internationally agreed 
risk analysis (Howarth, 1991; sections 5.5.5.3, 5.5.5). 
Acceptability is impeded by a general lack of government 
investment to monitor non-target impacts (Barratt et al., 
2021; Simberloff et al., 2005). Pesticide-based chemical 
control is also becoming less acceptable related to short term 
efficacy and non-target effects (section 5.4.3.2; Simberloff 
et al., 2005). Similarly, opinions on the use of lethal control 
of invasive alien vertebrates vary widely based on country 
and stakeholder groups, with the ethical consideration 
thereof now of high importance (Chapter 1, section 1.5.3; 
section 5.4.3.2). This is not helped by the many baiting and 
culling programmes that are poorly planned/implemented or 
unsustainably resourced. Some Indigenous Peoples and local 
communities have a moral dilemma about using chemical and 
biological control methods to manage invasive alien species, 
because the methods can be incompatible with their spiritual 
connections with the land (IPBES, 2022a). Animal welfare 
constraints can also arise from opposing public perspectives 
on invasive alien species (Estévez et al., 2015), which is 
detailed in section 5.6.

Inadequate communication and lack of awareness: 
Lack of understanding of invasive alien species 
impacts (Kleitou et al., 2019) and linguistic problems 

in communication can be a constraint in management 
planning across culturally different stakeholder groups, but 
can be addressed through co-developed communication 
planning. Stakeholder groups are also likely to be more 
engaged and committed to implement management 
strategies in ecosystems they use, which may lead to a 
bias in management towards terrestrial ecosystems (Mungi 
et al., 2019). Sosa et al. (2021) suggested that support to 
manage biological invasions can be enhanced by promoting 
communication between educators and teachers, which 
will encourage public participation in the process. They also 
proposed increasing awareness among students by including 
invasive alien species identification and their potential threats 
in educational curricula from Kindergarten to University levels 
(Sosa et al., 2021; Chapter 6, section 6.7.2.4).

5.6.2.2	 Knowledge and implementation 
gaps in the management of biological 
invasions
This chapter has identified gaps in the implementation of 
knowledge, or knowledge gaps that constrain successful 
long-term control, in pathway, species-based and site/
ecosystem-based management of biological invasions. 
Addressing the gaps identified below can directly support 
improved management actions, in cases providing the 
minimum information for decision-making. Alternatively, 
while certain tools and methods have been developed, how 
to use them in a particular scenario or at a large enough 
scale, is not currently known. A summary of these is 
presented in Table 5.11.

Gap type and category Gap description Why is it important?
Cross-
reference

P
at

hw
ay

 M
an

ag
em

en
t

Knowledge and 
implementation; potential 
instruments, including policy 
and enabling approaches

Eradication strategies and guidelines for 
generalist invasive alien invertebrates, 
diseases and hard to detect freshwater 
and marine invasive alien species (not 
restricted to defined hosts).

These groups have been understudied. 
Even where information is available, 
developing and implementing guidelines 
remains difficult and is seldom done.

5.2.2.1, 
5.2.2.2, 
5.5.3

Knowledge; gaps on 
biomes, units of analysis or 
taxonomic gaps

Risk management, cost-effective species-
based surveillance and detection strategies 
for multiple invasive alien species groups, 
e.g., fungi and other microbes.

Species-based approaches are limited by 
taxonomic un- certainty, e.g., microbes. 
Strategies are needed at a higher 
taxonomic level than species in such cases.

5.2.2.1, 
5.3.1.2, 
5.4.3.2

Implementation; potential 
instruments, including policy 
and enabling approaches 

Risk analysis for movement of marine 
invasive alien species.

Risk analysis tools are available but 
not consistently applied. Pathway 
management is the highest priority for 
marine species.

5.2.2.1, 
Figure 5.4

Implementation; potential 
instruments, including policy 
and enabling approaches 
and management

Managing alien species movements 
and biosecurity risks along trade supply 
chains, e.g., via shipping containers.

Trade based pathways such as shipping 
containers and illegal mail order remain 
poorly managed, particularly for 
contaminating pests and diseases.

5.3.1.1, 
5.4.3.1,
Box 5.2

Table 5  11  	 A summary of gaps in knowledge and implementation impeding management of 
biological invasions. 

The gaps were developed through an expert elicitation process with authors of Chapter 5. 
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Gap type and category Gap description Why is it important?
Cross-
reference

P
at

hw
ay

 M
an

ag
em

en
t

Implementation; 
potential instruments, 
including policy and 
enabling approaches and 
management

Effective management and compliance of 
biofouling policy.

International (and national) policy 
instruments are available but not 
consistently applied. New biofouling 
treatments are needed. 

5.5.1,
Chapter 
6, section 
6.2.1(5)

Implementation; 
management

Management of deliberate movements 
of species across jurisdictional land-
borders. Domestic quarantine is poorly 
implemented in several developing 
countries.

Needs better policy to support 
management. Natural pathways cannot 
be prevented, but may benefit from 
improved surveillance.

5.6.2.1, 
Table 5.10

Knowledge; integrated 
scenarios and models; 
technical development

Understanding of direct and indirect 
non-target impacts of chemical, manual, 
mechanical and biological control of an 
invasive alien species on other species 
and ecosystems.

Non-target impacts can be substantial 
and are important therefore data need to 
be collected and included in risk analysis. 

5.5.5

S
p

ec
ie

s-
b

as
ed

 M
an

ag
em

en
t

Knowledge; gaps on 
biomes, units of analysis or 
taxonomic gaps

Incorrect taxonomic species identification 
(or varieties) impeding management.

Access to strong taxonomic capability for 
invasive alien species in all key groups 
is critical.

5.4.3.2, 
5.6.2.1,
Table 5.4,
Table 5.12

Knowledge and 
implementation; integrated 
scenarios and models; 
technical development

Prioritizing invasive alien species 
management and developing the 
necessary strategies under climate 
change and habitat or land-use change. 

Considering climate change effects 
on invasive alien species and their 
management is rare but will be critical in 
the future.

5.6.1.3, 
Figure 5.27; 
Chapter 
6, section 
6.7.2.2

Knowledge and 
implementation; integrated 
scenarios and models; 
technical development

Prioritizing management of biological 
invasions over other actions (e.g., 
threatened and endangered species 
protection and management). 

Protecting threatened species and 
communities may be improved by 
understanding cost-effectiveness of 
different actions including management 
of biological invasions to prioritize 
investments. 

5.2.2.2, 
5.3.1.4

Implementation; 
management

Containment of slow spreading pervasive 
invasive alien invertebrates and plants.

Slow spreading invasive alien species are 
often a lower priority for management but 
they may be harder to control later and 
have greater long-term impacts. 

5.5.4

Implementation; technical 
development

Humane management approaches for 
invasive alien species subject to animal 
ethics.

Humane management approaches for 
invasive alien species often increases 
social acceptability.

5.4.3.2, 
5.5.5.2

Implementation; integrated 
scenarios and models; 
technical development

Management of invasive alien 
invertebrates and plants under 
increasingly restrictive chemical control 
options.

With the preference to alternative 
management options, it is important to 
proactively consider and develop better 
integrated management approaches 
including biological options.

5.4.3.2,
5.4.3.3

Implementation; 
management

Management of marine invasive alien 
species for population suppression.

All current marine invasive alien species 
management programmes have been 
unsuccessful in the long-term as a means 
of control. 

5.6.1.1,
Box 5.3

Implementation; 
management

Management approaches for widespread 
established invasive alien species using 
available and novel tools and methods.

Once prevention has been optimized 
there is a need to consider and develop 
better technologies for control of 
widespread species. 

5.5.5

Implementation; integrated 
scenarios and models

Management decision-making 
approaches for invasive alien species 
with benefits in some contexts (i.e., 
conflict species).

Policy and collective decision-making 
approaches need to better address 
conflict species to prevent management 
being stalled.

5.6.1.2, 
Table 5.9; 
Chapter 
6, section 
6.4.1

Knowledge; integrated 
scenarios and models

Prioritizing site-based management 
under multiple management contexts 
(i.e., nature, nature’s contributions to 
people and good quality of life).

Site-based, ecosystem-based and 
restoration generally focuses on 
biodiversity protection but needs to 
include impacts on Indigenous Peoples 
and local communities.

5.3.1

Table 5  11  	
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5.6.2.3	 Challenges to management in 
relation to knowledge gaps in invasion 
biology 

While technological advances (section 5.4) are assisting 
management of biological invasions, it is critically important 
that ecological understanding at the species and community 
levels (Zavaleta et al., 2001) and Indigenous and local 
knowledge underwrite their application to avoid perverse 
outcomes (e.g., Caut et al., 2009; section 5.5.4). Since 
biological invasions are non-linear and dynamic (Chapter 6, 
section 6.6.1.1) the resulting complexity needs to be 
recognized when preventing and managing biological 
invasions around the world. There are multiple examples 
of invasive alien plant replacements following mis-informed 
management that can make the system worse (Pearson 
et al., 2016). Invasive alien vertebrate management 
programmes can also lead to unexpected consequences. 
Invasive pig control in Hawaiian rainforest removed a 
disturbance agent supporting native species recovery 
in some areas (Loope et al., 2013), but led to a five-fold 
increase in the invasive alien plant Psidium cattleianum 

(strawberry guava) in others (Kellner et al., 2011). Similarly 
invasive cat suppression can allow invasive alien rodent 
densities to increase (Karl & Best, 1982; Zavaleta et al., 
2001). In Kakadu National Park (Australia), expansion of 
Urochloa mutica (para grass) expansion followed invasive 
Bubalus bubalis (Asian water buffalo) removal (Morris, 
1996; Chapter 3, section 3.3.5.2). Monitoring biodiversity 
and freshwater ecosystems using macroinvertebrate-
based indices is a widely-used method globally, however 
knowledge is lacking on how invasive alien species may 
affect the metric scores and therefore classification of a 
river's status (Guareschi & Wood, 2019).

5.6.2.4	 Insufficient technological 
expertise in implementing management 
techniques 
Based on the available information, the numbers of invasive 
alien species in developed countries are significantly higher 
compared to developing countries (IPBES, 2019). However, 
this could be an incorrect assertion since several developing 
countries are underexplored for invasive alien species and/

Table 5  11  	

Gap type and category Gap description Why is it important?
Cross-
reference

S
it

e/
ec

o
sy

st
em

-b
as

ed
 M

an
ag

em
en

t

Knowledge; integrated 
scenarios and models; 
technical development

Cost-effective scenarios and modelling 
for invasive alien species management 
and evaluation use.

Scenarios and modelling are generally 
underutilized for invasive alien species 
management planning.

5.2.2.4, 
5.6.3.2,
Table 5.14, 
Table 5.15

Knowledge; potential 
instruments, including 
policy and enabling 
approaches and 
management

Managing urban and peri-urban areas, 
including urban-marine linked areas, in 
the context of impacts on surrounding 
ecosystems and ecosystem services on 
which local communities depend.

As urban and peri-urban areas 
put increasing pressure on native 
communities through local biodiversity 
loss, managing this driver of invasive 
alien species impacts needs to be 
prioritized and addressed.

5.6.1.4

Implementation; 
management

Effective inclusion of Indigenous and 
local knowledge in management design 
and decision-making.

Indigenous and local knowledge is critical 
for long-term, integrated, management of 
biological invasions.

5.1.3, 5.5.2, 
5.7, 
Box 5.15

Implementation; 
management 

Adaptive integrated invasive alien species 
management with ecosystem restoration 
to improve ecosystem resilience and 
broader ecosystem-based management.

Improving adaptive management from 
governance to implementation is a 
priority, as it is a proven approach to 
managing dynamic ecosystems.

5.4.3.3, 
5.5.6,
5.6.2.5;
Chapter 6., 
Box 6.14 
and Box 
6.16

O
th

er
 im

p
le

m
en

ta
ti

o
n 

g
ap

s

Essential supporting 
processes as 
impediments to 
invasive alien species 
management; potential 
instruments, including 
policy and enabling 
approaches and 
management

Procedural (policy, cross-jurisdictional, 
stakeholder engagement).
Capacity-related (capability, lack 
of knowledge on modern tools 
and techniques, resourcing and 
communication).
Societal (lack of awareness, resistance) 
challenges will need to be addressed.

Biosecurity and invasive alien species 
have a human cause, are a function 
of human values and endeavour, and 
therefore need greater cooperation and 
social and societal analysis and solutions.

5.6.3.3, 
Table 5.10; 
Chapter 6, 
sections 
6.4 and 6.7

Uncertainty; integrated 
scenarios and models; 
technical development

Decision-making in the context of 
uncertainty.

The precautionary approach argues 
that actions should not be hampered 
by incomplete knowledge where doing 
nothing is not an option.

5.2.2.3, 
5.6.2.5
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or data are unavailable, especially for some ecosystems 
(e.g., for marine ecosystems), resulting in significant data 
gaps. As a result, invasive alien species are poorly managed 
or unmanaged in these regions (McGeoch et al., 2010). 
This may also be due to the gaps in capacity and capability 
(i.e., expertise and experience) between developed and 
developing countries in management of biological invasions. 
Technologically advanced countries may provide strategies 
and solutions through aid programmes to developing 
countries, but aid programmes rarely have the long-term 
support to ensure systemic adoption (Boy & Witt, 2013) 
and generally fail when development of local expertise is not 
supported, not adequately co-designed, institutionalized 
and resourced. This creates a huge impediment for the 
adoption of the many effective tools and technologies 
currently available (section 5.4) as many regions are unable 
to utilize them. Local communities’ distrust of unfamiliar 
techniques is also one of the impediments for adoption 
(sections 5.4, 5.5). For monitoring, lack of resources or skills 
precludes adopting many advances in technology such as 
environmental DNA, remote sensing, or the use of unmanned 
aerial vehicles for invasive alien species detection (section 
5.4.3.1). Technological solutions need to be set in the local 
context encouraging local communities to adopt them in 
a manner applicable to their conditions, experience and 
resourcing. Adoption of autonomous technological solutions 
in developing countries has been effective in other sectors 
(e.g., vaccine delivery in Ghana). In many regions, the use 
of pesticides is disallowed due to lack of regulations and for 
fear of non-target effects. For weeding in agricultural areas, 
which frequently includes invasive alien plants, this leaves 
manual removal as the only option. In Africa and the Asia-
Pacific region manual removal is the most time consuming 
and costly activity for local farming communities (Day, Kawi, 
Tunabuna, et al., 2011; FAO, 2006; Muraleedharan & Anitha, 
2000; Sims et al., 2012). In such cases, the use of classical 
biological control may provide long-term solutions, however 

aversion to such techniques needs to be overcome (Boy & 
Witt, 2013). Sharing of technological expertise to manage 
biological invasions can be achieved with international 
cooperation and by building long-term relationships (Hulme, 
2020b; section 5.6; Chapter 6, sections 6.3.1, 6.6.2.2). 

5.6.2.5	 Applying adaptive management 
under uncertainty

Adaptive management is a key approach in management 
of biological invasions (Foxcroft & McGeoch, 2011; Zalba 
& Ziller, 2007), assisting decision-making in management 
where there are data and knowledge gaps (Chapter 6, 
section 6.6, Figure 6.20). This is usually the case when 
resources are limited, and the management system is 
socially and ecologically complex (sections 5.4, 5.5). 
Uncertainty often leads to the tendency of inaction and 
delaying management actions for want of complete 
information (Salafsky et al., 2001), however, this needs to be 
compared to the consequences of inaction. In management 
of biological invasions, some decisions and actions need 
to be taken rapidly, for example, to manage a pathway 
during an unexpected incursion, or to initiate species-
based eradication while it is still feasible (S. Liu et al., 2011). 
Therefore, management decisions need to be made and 
actions implemented based on the best available knowledge 
(Stohlgren & Jarnevich, 2009). Accurate information 
is a precondition for undertaking effective and timely 
management measures, including species identification, 
gained from field and literature surveys (e.g., Island 
Conservation, 2018). Errors often lie across the scales and 
types of invasive alien species data with potentially serious 
consequences for prevention and management (McGeoch 
et al., 2012). Examples are given in Table 5.12. Field 
validation of knowledge is important and can be obtained 
during the management implementation using an adaptive 
management approach.

Type of error Explanation Effect on management or policy 
development

Management responses 
(instruments tools and 
approaches) 

Data collection There can be a lack of survey information 
on the presence, extent, and population 
dynamics outside the native range of a 
species.

Resolution of data and scaling in the 
introduced range of the invasive alien 
species: he low-resolution of alien 
species distribution maps or geographic 
regions can lead to overestimation of 
species distribution.

a) Data on the establishment and 
spread is required to designate alien 
species as invasive. Insufficient 
survey information results in failure to 
recognize invasive alien species. 

b) Invasive alien species assemblages 
are dynamic, and the lack of regular 
surveys can lead to inaccurate species 
lists and data on distribution and 
population sizes.

Increased attention to detail and 
taking care to record data correctly, 
and increasing efforts to search for 
information to ensure correct species 
identification (including synonyms, 
name changes, incorrect names). 

Increased frequency of data surveys 
for a better recognition and definition 
of invasive alien species distribution 

Table 5  12  	 Impacts of errors in data on invasive alien species presence, distribution, socio-
economic and political perceptions and potential responses to improve the 
efficacy of management interventions on biological invasions. 

Adapted from McGeoch et al. (2012). See sections 5.4 and 5.5 for details on management methods.
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Type of error Explanation Effect on management or policy 
development

Management responses 
(instruments tools and 
approaches) 

Data collection c) Populations may be incorrectly 
delimited (prevalence known) leading 
to incorrect decision-making and 
management errors.

d) Prematurely declaring eradication 
campaigns successful when not enough 
monitoring has been done to ensure 
confidence in eradication as cryptic 
populations remain un-detected.

(Chapter 6, sections 6.6.2.4 to 
6.6.2.7).

Data and 
knowledge not 
documented or not 
readily or widely 
accessible 

Data are not available in books and peer-
reviewed literature, electronic, or online 
databases. Information may exist (and 
specialists may recognize invasive alien 
species), but is not yet documented, or 
is outdated. 

Grey literature is not easily accessible 
and may be in different languages. Some 
of the new taxa data are published 
in obscure journals. A wide range of 
data sources exist, but are not always 
sufficiently well collated, published or 
easily accessible. 

This may result, for example, in a 
time delay between discovery and 
publication. This may influence the 
likelihood of eradication opportunities. 
Eradicated or extirpated species may 
also remain on species lists.

Inadequate native range information 
(e.g., cryptogenic species – see 
Glossary), may result in subjective or 
incorrect listing of species as being 
alien or not. 

Identifying an alien species incorrectly, 
a lack of information on how to 
implement management, and a lack of 
specific/appropriate management tools.

Enhance connectedness of global 
repositories (section 5.4), especially 
for data and grey literature (section 
5.4). 

Use of taxonomic expertise (Pyšek et 
al., 2013) and identification tools to 
assist in correct species identification 
(section 5.4; Chapter 6, section 
6.6.2.2).

Incomplete 
information/
literature 
searches 
and species 
misidentification

Erroneous information in lists and 
databases may be perpetuated. 

Misidentification of species, without 
recognizing synonyms, changing names 
and other errors in data entry.

Lack of comprehensive information 
searches can result in incomplete lists. 

Alien species can be misidentified as a 
result of lack of taxonomic data, such 
as undescribed species or taxa where 
the systematics have not been fully 
resolved.

Conscientious and thorough reviews 
and assessments before decision-
making (section 5.2; Chapter 6, 
section 6.6.1).

Socio-economic 
and perception 
data 

Differing perspectives leading to different 
perceptions in the community concerning 
management. E.g., hunters have a vested 
interest not to reduce density of an 
invasive alien species of their interest or 
completely eliminate the target species.

Difficulty to gain consistent 
perspectives on invasive alien species 
management directions and planning.

Collaborative and adaptive 
co-management (section 5.4; 
Chapter 1, section 1.5.2; Chapter 6, 
section 6.7.2.4).

Political 
perspectives

Political will may vary with different 
political perspectives and situations.

Management of biological invasions is 
not a priority item for some countries 
and may receive only limited/
intermittent funding. 

Jurisdictional boundaries complicate 
management responses (section 5.5).

Globally, implementing treaties and 
conventions (section 5.5; Chapter 6, 
section 6.1.3). 

Locally, initiatives such as 
Trans-frontier protected areas or 
biospheres reserves provide vehicles 
for collaboration (section 5.3; 
Chapter 6, section 6.3).

Table 5  12  

5.6.3	 Supporting approaches to 
improve the uptake of effective 
management of biological invasions

5.6.3.1	 Role of national and international 
networks and regional partnerships in 
management
The capacity of governments and resource managers 
to prevent and manage biological invasions depends on 

open and quick access to the best available scientific 
information, data and evidence of impacts (including socio-
economic impacts) and access to suitable management 
tools and approaches (Chapter 6, section 6.6.1). 
National and international networks and partnerships are 
key to achieve these goals (Supplementary material 
5.13; Fonseca et al., 2013; Simpson, 2004; Simpson et 
al., 2009; Soubeyran et al., 2015; Wallace et al., 2020) 
through trust and a feeling of shared responsibility (S. 
Graham et al., 2019; Nourani et al., 2018). Table 5.13 
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presents an overview of common challenges in national 
and international network development as opposed to 
local collaborative governance networks focused on 
active management implementation (Chapter 6, section 
6.4.4). Networks and partnerships also encourage 
collective efforts which may lead to socially acceptable 
and feasible strategies for management (S. Graham et 
al., 2019; Nourani et al., 2018). International conventions 
and organizations such as IPPC for plant-based trade, the 
WOAH for animal health, the IMO for shipping pathways 
(ballast water and biofouling), the CBD for e-Commerce 
and Convention on International Trade in Endangered 
Species of Wild Fauna and Flora (CITES) for movement 
of protected species help global coordination and 
cooperation in the management of pathways which is 
crucial to significantly reduce unintentional introductions via 
international pathways. Chapter 6, sections 6.3.2, 6.4.4 
and Box 6.9 cover the role of networks and partnerships in 
managing biological invasions in more detail. 

5.6.3.2	 Scenarios and models to support 
the design and implementation of 
management
Many useful scenarios and modelling approaches have 
been developed and used to support decision-making 
and implementation in the context of biological invasions 
(e.g., Buchadas et al., 2017; Dinis et al., 2020; Gallien et 
al., 2010; Hall et al., 2021; sections 5.2 and 5.4). Indeed, 

ecological population modelling as a discipline started 
through the exploration of the predator-prey relationships 
linked to classical biological control management systems 
against invertebrate pests (e.g., Hassell, 1978; Mills & 
Getz, 1996; Murdoch et al., 2013). Since then, species 
ecological-based and epidemiological-based models have 
been used in a multitude of forms including deterministic 
and stochastic models, matrix-based, agent-based and 
simulation models. These have all actively been used to 
assist the understanding and management effectiveness 
of many terrestrial and a few aquatic invasive alien species 
including plants (e.g., Buckley et al., 2003a, 2003b, 2007), 
vertebrates (e.g., Calvete, 2006; Garrott et al., 1992; K. 
Graham et al., 2021; C. M. King & Powell, 2011; McCarthy 
et al., 2013), plant disease-causing organisms (e.g., Filipe 
et al., 2012; Harwood et al., 2011) and invertebrates (e.g., 
Herms & McCullough, 2014). Process-based models, 
where the physiological or environmental characteristics 
of the invasive alien species are inputs and underly the 
model outputs have been used for decision-making 
and implementation of multiple management actions 
(Strand, 2000; Sutherst et al., 2011) including biological 
control (Shea et al., 2002). They are used most frequently 
in scenario and modelling studies as identified in the 
literature review to this assessment (107 of 183 studies; 
Table 5.14; Lenzner et al., 2021).27 These models have 
supported strategies at national and sub-national level, on 

27.	Data management report available at: https://doi.org/10.5281/
zenodo.5706520

Challenge Solutions

Technical

Co-develop tools for early detection, eradication and control

Provide high quality, up-to date and accessible data

Assure interoperability and data standardization

Societal

Raise awareness

Drive political choices

Ensure access to funds wherever necessary

Coordination

Overcome national boundaries

Avoid overlaps and fill gaps in knowledge

Link thematic group and local networks

Designate governance and responsibility

Table 5  13  	 Overview of challenges in international and national network development and 
potential solutions to address them. 

Review and synthesis of S. Graham et al. (2019); Groom, Desmet, et al. (2019); Katsanevakis et al. (2013); Lucy et al. (2016); Piria et al. 
(2017); Reaser, Simpson, et al. (2020); Simpson et al. (2006); and Simpson et al. (2009).

https://doi.org/10.5281/zenodo.5706520
https://doi.org/10.5281/zenodo.5706520
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terrestrial invasive alien plants and invertebrates. Economic 
and bioeconomic models have also been developed to 
support management such as for feral pigs (Zivin et al., 
2000), diseases (Petucco et al., 2020) and invertebrates 
(Marten & Moore, 2011; Vannatta et al., 2012). Modelling 
has also been applied to the understanding of invasive 
alien plant management as part of integrated management 
and ecosystem restoration (Caplat et al., 2012; Firn et al., 
2010). However, the consistent use and application of these 
approaches to support management of biological invasions 
including decision-making and response actions to prevent 
or reduce negative impacts is lacking, particularly in marine 
systems where there are significant gaps. 

Correlative models, mostly found in the literature review 
conducted for this assessment (Chapter 1, section 
1.6.7.3, have only been developed and applied to individual 
management activities (49 of 183 studies considering 
management; such as control. These correlative models 
have principally been implemented on invasive alien 
invertebrates and mammals from Asia and the Pacific, 
estimating and quantifying potential impacts and changes 
in species occurrence or abundance. Correlative models 
are also often used to build species risk maps both under 
current and future conditions to estimate invasion potential 
(e.g., under different climate change scenarios; section 
5.2.2.4; Chapter 1, section 1.6.7.3). Hybrid and expert-
based models, far less found in the literature (22 and 6 
of 183 studies considering management respectively), 
have been applied especially in Africa, Antarctica, Europe, 
Oceania and Central Asia, to help assess the prevention and 
preparedness for the management of biological invasions 
across many different invasive alien taxa (e.g., amphibians, 
birds, fungi, fishes, reptiles) in freshwater and marine realm 
considering an international extent and context.27 Examples 
are given in Table 5.15. The use of scenarios and models 
for the management of marine and cryptic species remains 
challenging due most likely to a lack of environmental 
data and data on species occurrence that can be used to 
develop scenarios. 

As the process of invasion is dynamic, scenarios and 
models help make projections to assist, independently or 
in combination, with preparedness and management goals 
and decision-making (Figure 5.1; section 5.2.2.4). Both 
long (until 2050-2100) and mid-term (until 2030-2050) 
projections have been obtained under varying management 
scenarios, but they were little used in retrospective policy 
evaluations (IPBES, 2016; C. M. Jones et al., 2021). 
Similarly, projections have been made on single or multiple 
management approaches addressing one or more drivers 
in the context of invasive alien species scenarios (Table 
5.14). Scenarios supporting management goals have 
been both qualitative and quantitative, mainly exploratory 
(109 of 183 studies considering management),27 and they 
have principally considered scenarios of management, 

invasive alien species characteristics (i.e., demographic, 
dispersal, interaction; 29 publications), climate change 
(35 publications) and land- and sea-use change 
(12 publications) as drivers, alone or along with other drivers 
(Table 5.14; section 5.6.1.3).

Models and scenarios can be important tools to understand 
opportunities and contexts of desirable outcomes of 
management in terms of biodiversity, nature’s contributions 
to people and good quality of life (IPBES, 2016). For 
example, different scenarios of effective management of 
rats and an introduced Philornis downsi (avian vampire 
fly), on nesting success of the critically endangered 
Camarhynchus heliobates (mangrove finch) were developed 
as part of a management programme on Isabela Island in 
the Galápagos archipelago. These scenarios were used 
to understand potential management interventions on 
finch population recovery to identify positive biodiversity 
outcomes (Fessl et al., 2010). Similarly, an agent-based 
model was developed for understanding hypothetical 
agricultural subsidy scenarios aimed at controlling invasive 
guava and assess the resulting population and land cover 
dynamics effecting community livelihoods on the same 
island (Miller et al., 2010). Management options have also 
been explored to provide positive outcomes to nature’s 
contributions to people (e.g., reduction of economic losses 
and carbon emissions; Alaniz et al., 2020). Scenarios 
and models have been poorly used, however, to evaluate 
the outcomes of management programmes for nature’s 
contributions to people (around 12 per cent of 183 studies) 
and good quality of life (only 10 per cent of the studies; 
Table 5.14). Scenarios and models with emphasis on 
Indigenous and local knowledge or Indigenous Peoples and 
local communities (e.g., with participatory target-seeking 
scenarios) have been rare (4 per cent of studies focused on 
management), though involvement of Indigenous Peoples 
and local communities may lead to better invasive alien 
species management (section 5.5). See section 5.6.2.1 
and Chapter 6, section 6.6.1.6, for gaps and future 
directions of scenarios and models which may support 
management of biological invasions. Scenarios and models 
have also been used to translate the potential impact of 
management actions into consequences to good quality 
of life. For example, for Aphis glycines (soybean aphid), 
an invasive pest of Glycine max (soyabean), a dynamic 
bioeconomic model was developed to estimate the optimal 
chemical control strategy while considering explicitly the 
economic value of natural pest control (i.e., the control of 
the aphid by their natural enemies). Thus, this approach 
would reduce the economic inefficiency of pesticide use, 
leading to income security (W. Zhang & Swinton, 2009).
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Table 5  14  	 Overview of model and scenario types as well as drivers.

Overall, 183 publications were identified to include management of biological invasions. Numbers for the different groups can be higher 
than 183 if multiple model or scenario types or multiple drivers were considered in the same study. Evidence from the systematic 
literature review on scenarios and models undertaken for the IPBES invasive alien species assessment. Data management report 
available at: https://doi.org/10.5281/zenodo.5706520

Number papers

Model types

Expert-based models 6

Correlative models 49

Process-based models 106

Hybrid models 22

Scenario types

Exploratory scenario 109

Target-seeking scenario 25

Intervention scenario 46

Missing information 3

Drivers

Climate change 35

Land/sea use change 12

Pollution 1

Demographics 9

Socio-economic development 16

Resource extraction 2

Governance 9

Invasive alien species 29

Biomes Type of action IPBES 
zones

Examples

Terrestrial Prevention,
containment

The 
Americas

Spatial model screening the economic cost of programmes preventing the spread of 
satellite populations of an invasive beetle, under different scenarios of success and 
simulations of spread, versus the estimated delayed cost of control, under different 
scenarios of actions as removal, and/or no action. Preventing the establishment of new 
populations is cost-effective (Kovacs et al., 2011).

Early detection, 
containment, 
eradication

Not stated Economic simulation model evaluating the cost and success of eradication or 
containment potential actions under different scenarios of detection rates and search 
efforts (i.e., early detection; Cacho et al., 2010).

Eradication, 
containment

Europe and 
Central Asia

Simulation population model evaluating percentage of reduction in invasive plant 
species range under different scenarios of removal of individuals, human density and 
invasive populations characteristics (Wadsworth et al., 2000).

Eradication Asia and 
the Pacific

Stochastic spatio-temporal model evaluating the rate of spread of invertebrates under 
different eradication scenarios (Kadoya & Washitani, 2010).

Table 5  15  	 Examples of scenarios and models used for invasive alien species management. 

https://doi.org/10.5281/zenodo.5706520
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Biomes Type of action IPBES 
zones

Examples

Terrestrial Containment Oceania Process-based model of the impact of climate change on the distribution change of 
an invasive shrub based on its physiological tolerances for growth and reproduction 
(Kriticos et al., 2003). 

Control The 
Americas 

Epidemiological model to understand the capacity for spread of the pathogen 
Phytophthora ramorum (sudden oak death) and the degree to which this is likely to 
influence management options (Filipe et al., 2012).

Oceania 
islands

Matrix-based population model for estimating the population growth rate of stoats to 
define dulling strategies that will lead to effective population and impact suppression of 
this introduced predator of ground nesting birds (C. M. King & Powell, 2011). 

Control, biological 
control

Oceania Multi-level mixed effects and individual based ecological models allowed management 
strategy ranking based on potential to suppress population size of the invasive plant 
Hypericum perforatum (St John’s wort; Buckley et al., 2003b). 

The 
Americas

Bio-economic model to develop a general stochastic optimal control framework for the 
management of an invasive invertebrate using integrated pest management (Marten & 
Moore, 2011).

Biological control The 
Americas

Deterministic and stochastic ecological population model evaluating the 20-year 
effective biocontrol of citrus red scale (Murdoch et al., 2006). 

Restoration, 
management

The 
Americas

Process-based state-transition model evaluating positive and negative impacts of 
different restoration scenarios of fire, livestock and grazing and invasion rates of non-
native plant species (Forbis et al., 2006).

Freshwater Prevention The 
Americas

Correlative models are used in cost–benefit analyses for prevention efforts, considering 
various scenarios of lakes at risk of being invaded by crayfish and different actions, from 
full protection (i.e., all lakes) to few lakes protected. Even with high expenditure on lake 
protection, net economic benefits were higher (Keller et al., 2008).

Eradication Africa Spatial ecological model evaluating potential management scenarios of pond-breeding 
frog species considering pond networks, ecotypes (i.e., arboreal, aquatic, terrestrial), 
access for managers to ponds due land use change (i.e., number of pods targeted) and 
percentage of individual removal (Vimercati et al., 2017).

Eradication, 
Containment

The 
Americas

Process based model evaluating potential management scenarios that included 
selective and non-selective removal of fish individuals based on age-group (Chizinski et 
al., 2010).

Containment Asia and 
the Pacific

Ecological population model evaluating potential management scenarios on abundance 
of invasive alien species considering river flow conditions for various corridors and 
containment through commercial fishing or trap removal of individuals (Koehn et al., 
2018).

Control, biological 
control

Oceania Correlative hydrological, ecological and epidemiological based spatio-temporal habitat 
suitability modelling to prioritize future areas for common carp biocontrol in Australia 
using the virus CyHV-3 (K. Graham et al., 2021).

Marine Prevention Europe and 
Central Asia

Correlative age-base modelling and hydrodynamic models of surface flow are used to 
evaluate the risks of spreading of fish and invertebrates, associated with intentional or 
unintentional discharges of ballast water, and considering scenarios of dispersal (i.e., 
types spreading of groups of organisms) and connectivity (Hansen et al., 2015).

The 
Americas

A Bayesian network relative risk modelling is used to detect the areas of a coastal region 
at greatest risk of invasion. Risk reduction is evaluated under ballast water treatment 
scenarios considering a decrease in non-native species introductions or their removal 
after introduction (Herring et al., 2015).

Eradication; 
Containment

Not stated Matrix models are used to explore the efficacy of possible control strategies by removal 
of crab individuals at critical stage ages and seasons (Z. Zhang et al., 2019).

The 
Americas

Correlative models are used to evaluate the success of various fishermen harvest 
scenarios as control strategies, different levels of interaction complexity among the 
biotic and abiotic components of the ecosystem and restoration programmes of native 
species (Ortiz et al., 2015).

Asia and 
the Pacific

Process-based spread models are used to forecast areas of potential arrival of invasive 
crabs through different pathways. These models are complemented with quarantine 
scenarios preventing transport of crabs by vessels and estimated delayed times of 
arrival are estimated for areas with greater risk (Koike & Iwasaki, 2011).

Table 5  15  	
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5.6.3.3	 Biosecurity policy built on 
prevention and preparedness

The cost-effectiveness of investing in prevention (e.g., 
pathway management) to thwart introduction and 
establishment of invasive alien species has been emphasized 
in this chapter. However, absolute prevention is not always 
possible and cannot be expected to be successful in all 
circumstances. It is also difficult to prove that preventative 
measures are effective, especially when the pathways 
are diverse and complex. Prevention is therefore best 
complemented by preparedness, by ensuring that the 
government, industry and the community are ready when 
new threats are intercepted, become established and start to 
spread (e.g., Bacon et al., 2012). Therefore, while preventive 
measures and biosecurity are essential components of a 
management strategy, best practice includes investment in 
preparedness (section 5.4.2). Well-developed biosecurity 
systems in island lead to the interception of large numbers of 
potentially invasive alien species, which significantly reduces 
the rates of new introductions (in the case of Australasia 
exponential introduction rates have been reduced to linear 
introduction rates; CSIRO, 2020). New introductions are 
inevitable in any system, but preparedness and associated 
rapid response strategies help suppress impacts (Box 5.2). 
In this context, the Australian biosecurity system has recently 
been forward valued at AU$ 314 billion over the next 50 
years, suggesting significant benefits (Dodd et al., 2020).

5.7	 CONCLUSIONS 
Chapter 5 reviews and assesses the efficacy of various 
approaches, programmes and tools, to prevent biological 
invasions and manage invasive alien species and 
their negative impacts on biodiversity, threatened and 
endangered species and communities, sociological and 
economic systems and nature’s contributions to people. The 
chapter focuses on identifying solutions to manage these 
impacts across ecosystems, species and regions. To do so, 
the generalized invasion management continuum or invasion 
curve (Figure 5.1) was used to illustrate the progression 
of invasion from pre-introduction to widespread invasion. 
This figure also provides insights into potential management 
actions at different phases of invasion. 

The chapter provides evidence that a large body 
of knowledge and experience already exists for the 
development and successful implementation of suitable 
biological invasion management plans at the local, 
regional and national levels (sections 5.2, 5.6.3). These 
management plans rely on active engagement and 
knowledge-sharing of broad stakeholder groups and 
Indigenous Peoples and local communities in goal-setting, 
decision-making and intervention through management 

actions. Since invasive alien species is a human concept, 
management of these species may cause conflicting values, 
interests and perceptions for different stakeholders and 
Indigenous Peoples and local communities (section 5.1.3). 

Explicit decision-making for the management of biological 
invasions is transparent, adaptable, repeatable and ensures 
stakeholder participation, education and endorsement of 
management choices (sections 5.2, 5.6.2; Chapter 6, 
section 6.2). This chapter has presented a range of 
decision-support tools available for the identification 
of hazards, the prioritization of pathways, species and 
sites, the choice of the best management option and the 
evaluation of progress to achieve the desired outcomes 
(section 5.2.2, Table 5.6). Indigenous Peoples and local 
communities have unique systems for decision-making, 
from recognition of the need to manage invasive alien 
species to the choice of management options. The chapter 
also underlines the need of utilizing both scientific and 
Indigenous and local knowledge to make the optimal 
management decisions (section 5.2.1).

Limited evidence and/or uncertainty on invasive alien 
species and their potential or actual impacts are not an 
obstacle to the implementation of management strategies. 
Instead, the adoption of a precautionary approach, as 
appropriate, risk assessments and adaptive management 
approaches has been shown to provide long-term 
opportunities (sections 5.2.2, 5.3.1, 5.3.3, 5.4.3.3). 
Management of biological invasions can be achieved by 
managing pathways, species and site/ecosystem, which 
can be effectively done individually or in combination, 
depending on the management goals, the status of invasion, 
the type of ecosystem and the socio-economic context 
(section 5.3.1). Their combined use fosters more informed 
decision-making and resource allocation and can be applied 
at multiple scales (section 5.3.3). Of these, pathway 
management is critical since permeability of pathways may 
promote introduction and spread of new invasive alien 
species (section 5.3.1).

Many efficient management methods, tools and 
technologies such as precision application of pesticides, 
baits, biological control and gene drive technology are 
increasingly becoming available, and new technology is 
being rapidly developed (section 5.4.4). These methods 
relate to pathway management (sections 5.4.2.1, 5.4.3.1, 
5.5.1), surveillance and detection, rapid response and 
eradication (sections 5.4.2.2, 5.5.2, 5.5.3), containment, 
local to landscape level management (sections 5.4.3.2, 
5.5.4, 5.5.5) and ecosystem restoration (sections 5.4.3.3, 
5.5.6). Scenarios and modelling approaches are important in 
management of biological invasions to assess management 
responses, to predict the risk of future incursions and to 
plan effective eradication-containment–control approaches 
(section 5.6.3.2).
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Involvement of all stakeholders is central for planning, 
decision-making and implementing management 
programmes for biological invasions, through the 
promotion of co-implementation, social learning and broad 
partnerships (sections 5.2.1, 5.6.2; Chapter 6, section 
6.2). Also, stakeholder-led adaptive management involving 
Indigenous Peoples and local communities promotes wide 
acceptance and capacity-building and optimization of 
management success and economic, environmental and 
social outcomes (sections 5.2.1, 5.6.1.2). Averting this 
partnership may impact good quality of life of people who 
are dependent on or have adapted to utilizing invasive alien 
species as a resource. 

Prevention and rapid intervention are the most efficient 
and cost-effective management approach sustainable 
in the long-term, which is crucial for marine ecosystems 
(section 5.5.1). However, prevention may not always be 
successful. National biosecurity systems and invasive alien 
species legislation can underwrite prevention by ensuring 
that jurisdictions have suitable regulations and incentives 
in place and that there is preparedness (surveillance and 
monitoring) and rapid response capability in the community 
to address future incursions (section 5.6.3; Chapter 6, 
section 6.3.2). Surveillance for newly introduced species 
through citizen science and social media provides broader 
security by upskilling and engaging the public (section 
5.5.2). Prevention through pathway management may be 
successful only if international biosecurity standards are 
implemented scrupulously (section 5.5.1).

Effective eradication approaches have been developed and 
may be cost-effective only on smaller islands, mountain 
tops, wetlands and other refuges of high socioecological 
and biodiversity values (section 5.5.3). Eradication 
elsewhere is unlikely to succeed, unless the incursion is very 
localized, easy to detect (no hidden propagules), delimited 
and spreads slowly. There is demonstrable technical 
know-how to eradicate invasive alien animals on islands, 
but success depends on a supporting community to 
implement actions.

Challenges to management of biological invasions include 
knowledge gaps (section 5.6.2.1), inadequate legislation, 
lapses in implementing the legislation, poor awareness, 
lack of capacity and capability, know-how and resources 
(sections 5.6.2.2, 5.6.2.4; Chapter 6, sections 6.6, 6.5) 
and conflict of interests around invasive alien species that 
are harmful in one context or sector but beneficial in another 
(section 5.6.1.2). These impediments significantly challenge 
management attempts, especially in the developing 
economies (section 5.6.2).

A comprehensive review of the effectiveness of 
management of biological invasions leading to measurable 
improvements in reducing the impacts of invasive alien 

species on biodiversity and ecosystem services was beyond 
the scope of this assessment. However, there is strong 
evidence that management success can be achieved if 
pathway, species-based and site-based management 
strategies, identified through evidence-based decision-
making, are implemented using appropriate tools and 
techniques (sections 5.2, 5.3, 5.4, 5.5). These approaches 
may be applied during all stages of the biological invasion 
process in the proper context and depending on the types 
of invasive alien species and ecosystems (sections 5.1, 
5.5). Adaptive management strategies assist the process 
supported by stakeholder engagement and Indigenous and 
local knowledge (sections 5.4.3.3, 5.6.2). The outcomes of 
these integrated approaches will provide maximum benefits 
for nature, nature’s contributions to people, including the 
economy, good quality of life (section 5.4.3.3). 

Chapter 5 has taken a positive and solutions-focussed 
approach. Although the vast majority of actions taken to 
manage biological invasions around the world over the 
last 70 years have not provided long-term success, this 
chapter did not undertake a complete and objective review 
of successes versus failures. Chapter 5 recognizes that, 
around the world, failures have led to continued learning 
and this has resulted in an increasing number of successful 
programmes and outcomes. Successful results come 
from failures, from learning about the techniques and tools 
available and under development, and from understanding 
when, where and how they work best. Future management 
approaches will need to be taken in the context of climate 
change impacts on biodiversity, which will be a greater 
challenge. 

Globally, it may not be possible to address all impacts 
from undesirable invasive alien species, but the successes 
described in this chapter show how management of 
biological invasions can deliver positive outcomes. This 
may save many threatened and endangered species 
and communities and improve ecosystems, nature’s 
contributions to people and good quality of life, using the 
tools and approaches that have been and continue to be 
developed. Management of biological invasions is critical 
to improve ecosystem resilience and protect biodiversity 
in the context of future environmental changes, especially 
climate change.
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Disclaimer on maps 
The designations employed and the presentation of material on the maps used in the present report do not imply the 
expression of any opinion whatsoever on the part of the Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services concerning the legal status of any country, territory, city or area or of its authorities, or concerning the 
delimitation of its frontiers or boundaries. These maps have been prepared or used for the sole purpose of facilitating the 
assessment of the broad biogeographical areas represented therein. 
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Chapter 6

GOVERNANCE AND POLICY OPTIONS 
FOR THE MANAGEMENT OF 
BIOLOGICAL INVASIONS

EXECUTIVE SUMMARY

 1 Despite some successes over the past decade, 
there has been limited progress towards meeting 
international goals and targets for biological 
invasions, such as Aichi Target 9 of the Strategic Plan 
for Biodiversity 2011-2020 and Target 15.8 of the 2030 
Agenda for Sustainable Development (well 
established) {6.1.2} (Table 6.4). Many countries have little 
or no funding for activities to prevent or control biological 
invasions (well established) {6.1.3}, and most national 
invasive alien species targets lack sufficient ambition to 
substantively contribute to the achievement of Aichi 
Biodiversity Target 9 (well established) {6.1.2, 6.3.3}. 
Legislative and other policy instruments addressing 
biological invasions and their implementation vary greatly 
across countries (well established) {6.1.2} and sectors within 
countries (well established) {6.3.1.1, 6.3.3.1}. Data for 
assessing the effectiveness of pathway- and species-
management are mostly unavailable (well established) 
{6.6.1.2}, highlighting the need for the generation of new 
and up-to-date information on the appropriate level of 
implementation and on the successes and failures of 
management interventions {6.6.1, 6.7.2.6}. Furthermore, 
there is limited dedicated interdisciplinary research on the 
governance for biological invasions in a broader 
environmental governance context (well established) {6.2.2, 
6.3.3.3, 6.6.1.4}.

 2 Effective governance for biological invasions can 
address policy gaps and limits, and improve policy 
coherence and its implementation (well established) 
{6.2.3, 6.7.2.3}. This could be achieved with a context-
specific integrated governance approach for biological 
invasions, that focuses on coordinated and sequential 
implementation of strategic actions (established but 
incomplete) {6.2.4, 6.7.2}. Integrated governance can be 
achieved through robust institutions that are responsive to 
changing contexts, and strategies to ensure effective 
implementation of strategic actions (well established) {6.7.3} 
(Figure 6.21). A conducive environment for integrated 
governance is equitable and respects different value 
systems and perspectives (well established) {6.7.3} (Figure 
6.21). This in turn promotes inclusive decision-making, 
shared efforts and commitments, the understanding of 
specific roles of all actors, catalyses the sharing of 

knowledge, data and resources, and promotes the 
development and implementation of multidisciplinary 
solutions (well established) {6.7.2} (Figure 6.21). Integrated 
governance includes explicitly considering negotiation and 
trade-offs as an integral part of the process (established but 
incomplete) {6.2.2} (Figure 6.21). By focusing on the 
relationships between the scales, levels of governance, 
sectors and stakeholders involved, the integrated 
governance approach identifies and addresses feedbacks, 
efficiencies and trade-offs in the management of biological 
invasions (well established) {6.2.4, 6.2.3.3, 6.7.2, 6.7.3}
(Table 6.7).

 3 Multilateral coordination and cooperation are 
key for bringing about progress towards achieving 
invasive alien species goals and targets, and 
coherent, mutually supportive actions (well 
established) {6.2.3.3, 6.3.2.3, 6.4.4, 6.7.2.2}. Widespread 
and purposeful cooperation could improve the effectiveness 
of policy instruments to prevent and control invasive alien 
species (well established) {6.3.2.3, 6.7.2.2}. The need for 
cooperation emerges from the diversity of stakeholders and 
perspectives involved {6.4.1}; problems created by 
uncoordinated responses and little-considered trade-offs 
across sectors {6.3.1.1, 6.7.2.2}; the multiple geopolitical 
scales at which policy and management are needed 
{6.3.2}; widespread economic constraints in some regions 
{6.1.3}; and the interdependence between invasive alien 
species and other drivers of change in nature {6.3.1.3, 
6.7.2.2} (established but incomplete). Strategies for 
achieving such cooperation and for managing the collective 
action costs of widespread collaboration can include: 
enhancing coordination and collaboration across 
international and regional mechanisms {6.2.3.4, 6.7.4}; 
long-term resourcing, including developing the capacity 
needed, and commitment from governments and 
institutions at the highest levels {6.2.3.2, 6.5.1, 6.7.2.3} 
(Table 6.1). Other options to accelerate progress include 
research on the relationships between actors and 
institutions {6.6.1}; engagement of the general public 
including awareness campaigns {6.2.3.3, 6.4.2.2, 6.6.2.1}; 
inclusion of Indigenous Peoples and local communities and 
recognition of their rights {6.4.3.1, 6.4.3.2, 6.6.1.5}, and 
information platforms to support decision-making that are 
developed and sustained for the long-term (established but 
incomplete) {6.2.3.1(3), 6.6.2}.
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 4 One of the most effective ways to manage 
biological invasions is to develop policy instruments 
that seek synergies between human health, 
agriculture, forestry, fisheries and environment 
sectors at national and international levels 
(established but incomplete) {6.1.2, 6.3.1.1}. Many 
national laws and regulations, as well as multilateral 
agreements, aimed at preventing the introduction of invasive 
alien species have been adopted (well established) {6.1.2}. 
They have jointly contributed to reducing the risk of invasive 
alien species’ impacts on nature’s contributions to people 
and good quality of life (well established) {6.1.2}. However, 
there are still gaps, limitations, and inconsistencies in the 
scope, taxonomic coverage, procedures and standards of 
current policy instruments both within countries and across 
regions (well established) {6.2.2}. Close collaboration 
between the different national agencies overseeing trade 
policy, agriculture and forestry, the environment and health 
can deliver a coordinated approach to biological invasions 
(well established) {6.3.1.1}. Existing approaches for 
achieving the necessary coordination (such as EcoHealth, 
One Health and One Biosecurity approaches) provide 
frameworks for cross-disciplinary thinking in support of the 
development and implementation of policies and policy 
instruments (established but incomplete) {6.3.1.1, 6.7.2.2}. 
While economic incentives can potentially enhance 
compliance with biosecurity protocols (established but 
incomplete) {6.5.2.1}; financial deterrents in the form of 
tariffs and penalty systems can also be used to prevent 
mismanagement of species introductions and the revenues 
they generate as means to fund incentives and/or 
government control programmes (established but 
incomplete) {6.5.2.2, 6.5.2.3, 6.5.3, 6.5.4, 6.5.6}. 
Governance for biological invasions would also benefit from 
the expansion of dedicated inter- and transdisciplinary 
research (well established) {6.2.4, 6.6.1.4}. Research on the 
impacts of invasive alien species across the health, 
agriculture, forestry, fisheries and environment sectors could 
support the development of coherent policy instruments 
(established but incomplete) {6.2.4} (Table 6.2).

 5 Implementation-focused national strategies and 
action planning for biological invasions, aligned with 
international regulatory frameworks, could stimulate 
action and help improve the effectiveness and 
efficiency of management efforts (well established) 
{6.2.3.2, 6.3.3.1, 6.7.2.3}. Implementation-focused 
strategies and action plans can provide enabling conditions 
for the successful governance of biological invasions, 
including coordination and collaboration across international 
and regional mechanisms (established but incomplete) 
{6.2.4, 6.7.3}, legal, regulatory and institutional frameworks 
{6.3.3.1}, market-based instruments that provide economic 
incentives and deterrents {6.5.2} and multisector inclusion 
{6.2.3.3, 6.3.1.1}. These national strategies could prioritize 
the measurement and monitoring of the resource inputs, 

processes, outputs and outcomes needed to improve 
implementation and accelerate progress towards meeting 
invasive alien species goals and targets at multiple levels of 
governance (established but incomplete) {6.2.3, 6.3.3.3, 
6.6.2, 6.6.3, 6.7.2.6}. National strategies can define the 
governance models, policy instruments and support tools 
needed to ensure shared efforts and commitments, and 
understanding of the specific roles of all actors (well 
established) {6.2.3.2, 6.7.2.5} and include plans for the 
effective engagement across private and government 
stakeholders and Indigenous Peoples and local communities 
(established but incomplete) {6.4.3, 6.6.1.5, 6.7.2.4, 
6.7.2.5}. They can also include market-based instruments to 
fund and promote activities to prevent and manage 
biological invasions in national budgets (established but 
incomplete) {6.5.2, 6.5.3, 6.5.4, 6.5.6} and ensure the 
efficient use of resources for biological invasions (well 
established) {6.2.3.2, 6.2.3.4, 6.3.3.2, 6.7.2.2}. National 
strategies provide a mechanism to operationalize the 
Convention on Biological Diversity’s fifteen guiding principles 
for the prevention, control and mitigation of impacts of 
invasive alien species, which remain highly relevant but are 
not yet adequately implemented (well established) {6.1.2, 
6.2.3.2, 6.3.3.3, 6.7.2.3}. National strategies are central to 
guiding actions to implement context-specific integrated 
governance for addressing biological invasions (established 
but incomplete) {6.2.4, 6.7.1}.

 6 An open, interoperable information platform can 
effectively support changing information needs on 
biological invasions and enable the rapid flow of 
information for decisions across international, 
national and local levels (well established) {6.6.2.3, 
6.6.2.4, 6.6.3, 6.7.2.6}. Such a platform could ensure that 
knowledge is readily available to all stakeholders involved in 
addressing biological invasions, particularly for those whose 
actions are currently limited by a lack of resources (well 
established) {6.6.2.3, 6.6.3, 6.7.2.6}. Integrated data 
workflows and rapid data publication could considerably 
reduce the time lag between the establishment of evidence 
and making the evidence available for a wider community 
and for policy, including regarding Target 6 of the Kunming-
Montreal Global Biodiversity Framework (well established) 
{6.6.2.3}. Conforming to the data principles of findability, 
accessibility, interoperability and reusability (FAIR) makes 
data easier to access and use for monitoring, modelling and 
forecasting (established but incomplete) {6.6.2.4}. 
Continuously collecting and sharing up-to-date information 
on biological invasions can help evaluate the effectiveness of 
policy instruments and management actions (established 
but incomplete) {6.6.2.3, 6.3.3} and improve management 
outcomes (well established) {6.6.2, 6.6.3, 6.7.2.3}. Such an 
information platform could maintain and deliver indicators of 
the different dimensions of biological invasions to track 
progress at national and global scales, and in the medium to 
long term as part of a responsive and adaptive policy 
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environment {6.1.2, 6.1.3, 6.2.3, 6.6.3, 6.7.2.6} (well 
established). Targeted investment in specific research and 
monitoring programmes can rapidly and effectively deliver 
relevant data and information for policies and management 
of biological invasions (well established) {6.6.2, 6.7.2.6}.

 7 Committed engagement with stakeholders and 
Indigenous Peoples and local communities can 
benefit the management of biological invasions by 
improving understanding and awareness, social 
learning, collaboration, surveillance and data 
generation (well established) {6.2.3.3, 6.4.2.1, 6.7.2.6}. 
Inclusive engagement can help build policy and 
management plans to address biological invasions that are 
coherent, legitimate and reflect local environmental and 
cultural realities. Adaptive-collaborative governance can 
foster collaboration and coordination grounded in 
disciplinary integration, experimentation, monitoring, the use 
of the best available technology and social learning 
(established but incomplete) {6.2.3.3, 6.4.3}. Engagement 
activities can be explicitly linked with the measurement and 
monitoring of management actions through national 
strategies aimed at enhancing respect for Indigenous 
Peoples and local communities’ knowledge, rights and 
priorities (established but incomplete) {6.4.1, 6.4.3.2}. 
Biocultural community protocols developed by Indigenous 
Peoples and local communities can frame how they wish to 
be engaged in the activities that impact them (established 
but incomplete) {6.4.3.2}. These protocols can facilitate a 
deeper engagement with the knowledge and customary 
governance systems of Indigenous Peoples and local 
communities within, rights-based frameworks and in 
accordance with national legislation, benefitting both good 
quality of life and effective management of biological 
invasions (established but incomplete) {6.4.3.2}. Social 
research can help to better inform management and policy 
and build trust between sectors of society (established but 
incomplete) {6.4.4, 6.6.1.4}. Social research can also 
provide valuable information on how best to share 
knowledge and on invasive alien species status and trends 
on land managed by stakeholders and Indigenous Peoples 
and local communities (well established) {6.4.1, 6.6.1.5, 
6.2, 6.4}.

 8 The current understanding of the biological 
invasion process, which includes extensive 
information on many of the currently most impactful 
species and well-established principles for 
prevention and control, is adequate for guiding 
effective action on invasive alien species (well 
established) {6.1.2, 6.1.3, 6.2.3, 6.2.4}. The complexity 
and uncertainty of social, economic and environmental 
costs and benefits of invasive alien species is broadly 
acknowledged (well established) {6.2.2} and is a central 
obstacle to predicting biological invasions, including the 
outcomes of invasion, necessitating a precautionary 

approach (well established) {6.1.2, 6.2.2, 6.3.1.2}. 
Nonetheless, the key aspects of this complexity are 
understood, including the multiple sectors and 
stakeholders that contribute to and are affected by invasive 
alien species (well established) {6.2.3}. Which sectors and 
stakeholders are involved is context dependant and their 
specific roles depend on the invasive alien species involved 
and the ecosystems affected (well established) {6.2.3.3, 
6.3.1.1, 6.4.1, 6.7.2.5}. A further dimension of complexity 
that can be considered in the governance and 
management of biological invasions is the interaction 
between invasive alien species and other key drivers of 
change in nature, including climate change, pollution and 
land-use change (well established) {6.3.1.3}. Given the 
strong interactions between these drivers, considering all 
forms of global environmental change can yield benefits for 
effective environmental governance (well established) 
{6.2.3.3, 6.3.1.3, 6.7.2.2}. Despite these complexities and 
the uncertainty that can affect decision-making, scientific 
and technical solutions exist for designing efficient and 
effective options to deal with biological invasions {6.2.3}, 
and for supplying the information needed to support policy 
and management decisions (well established) {6.6.2}. 
Strategic investment in research to keep data and 
information up to date and to fill key gaps will improve the 
efficiency and effectiveness of management of biological 
invasions (well established) {6.6.1} (Table 6.10).

 9 An integrated governance approach that 
connects and combines key strategic interventions 
and creates robust governance system properties can 
bring about context-relevant transformative change 
for the effective prevention and control of invasive 
alien species (established but incomplete) {6.2.4, 6.7.1} 
(Figure 6.21). Positive transformation can be achieved by 
(a) strengthening the connectivity within the invasion 
governance system, using information technology and 
international partnerships {6.6.2.7, 6.7.2.6}; (b) developing 
stronger and broader global regulatory instruments to 
address invasions threats {6.3.1, 6.7.2.3} as well as higher 
visibility of biological invasions in national legislations and 
environmental actions plans {6.2.4.2, 6.3.2, 6.7.2.1}; 
(c) engaging all relevant sectors including health, 
environment, agriculture, fisheries and forestry, and all 
relevant stakeholders including the private sector, the 
general public and Indigenous Peoples and local 
communities{6.2.3.3, 6.3.1.1, 6.4.2.2, 6.7.2.4, 6.7.2.5}; and 
(d) supporting innovative science and environmentally sound 
technologies for solutions-focused approaches {6.3.3.4, 
6.7.2.6}. Governance that is responsive to changes in 
biological invasion risk and management contexts, focuses 
on effective implementation, sustains investment and 
commitment to goals, and is equitable and inclusive across 
both those affected and responsible, can bring about a step 
change in the prevention and control of invasive alien 
species (well established) {6.2.4, 6.7.3}. 
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6.1	 INTRODUCTION AND 
OUTLINE

This chapter evaluates past and possible future governance 
models and challenges, policy instruments and support 
tools, collectively called response options (Glossary). 
These response options are aimed at managing biological 
invasions (Chapter 1, Figure 1.1; Glossary) to reduce 
their impacts on nature, nature’s contributions to people 
and good quality of life (Box 6.1; Glossary). Governance 
models (section 6.2) target specific components of the 
socioecological system, are complimentary and tend to 
draw on specific sets of policy instruments, tools and 
methods. Policy instruments (sections 6.3 and 6.5) are the 
set of options (means or mechanisms) used at any scale 

by individuals or organizations for building or strengthening 
international, national and local efforts to manage biological 
invasions. Policy support tools and methods (section 6.6) 
are approaches that can inform, assist and enhance relevant 
decisions, policy-making and implementation at the local, 
national, regional and international levels, to better prevent 
and control these species and their impacts (Glossary).

Multiple international organizations and programmes have 
highlighted the roles of governance models (Table 6.1), 
policy instruments and policy support tools and methods 
(Table 6.1) as means to achieve international policy targets 
for preventing and controlling invasive alien species and 
managing biological invasions (Chapter 1, Box 1.1). They 
include the Convention on Biological Diversity (CBD), the 
International Union for Conservation of Nature (IUCN) 

Box 6  1  	 Rationale of the chapter.

This chapter builds on previous chapters of the IPBES invasive 
alien species assessment to present response options for 
improving and strengthening the governance for biological 
invasions. The chapter explores governance models and policy 
instruments (legal, regulatory and incentive-based) and support 
tools available for multilateral efforts and national strategies 
to prevent and control invasive alien species. Together, the 
integration of these strategic actions could lead to positive 
transformative change (Glossary).

Guiding questions: 
•	 What are the challenges facing biological 

invasions governance?
•	 What are the current gaps, overlaps and inconsistencies 

in existing legal and regulatory instruments focused on 
biological invasions management (Glossary)?

•	 Which decision and engagement tools can be used to 
manage biological invasions?

•	 What economic instruments can be implemented to 
fund or promote the various prevention, eradication, 
containment, mitigation, restoration and ecosystem-based 
management options (Glossary)?

•	 How to develop information systems (Glossary) to help 
design, implement and monitor response options to the 
biological invasions problem? 

Keywords: 
Governance, policy instruments, community engagement, 
integrated governance, goals and targets, multilateral 
coordination, implementation strategies, coherent policy 
regimes, open data, information systems.

Table 6  1  	 Array of possible governance and policy response options for managing 
biological invasions.

Possible response options that can be used to (i) prevent or mitigate the main drivers responsible for biological invasions and 
(ii) prevent the impacts of invasive alien species on nature and society. The response options include models of governance, 
categories of policy instruments and families of support tools and methods (IPBES, 2019a).

Governance Models Categories of  
Policy instrument

Families of support tools and methods (main 
governance model/s in brackets)

A. Hierarchical

B. Scientific-technical

C. Governing strategic behaviour

D. Adaptive-collaborative

Legal and regulatory

Economic and financial

Rights-based and customary norms

Social and cultural instruments

Assembling data and knowledge (B)

Assessment and evaluation (B)

Public discussion, involvement and participatory process (D)

Selection and design of policy instruments (A, B)

Implementation, outreach and enforcement (A, C)

Training and capacity-building (B, D)

Social learning and innovation (D)
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Invasive Species Specialist Group (ISSG), the Food and 
Agriculture Organization of the United Nations (FAO), the 
World Health Organization (WHO), the International Plant 
Protection Convention (IPPC), the World Organisation for 
Animal Health (WOAH, founded as OIE), the World Trade 
Organization (WTO), the International Maritime Organization 
(IMO), the World Bank and the Centre for Agriculture 
and Biosciences International (CABI). Many of these 
organizations participate in the Inter-agency Liaison Group 
on Invasive Species established by the Executive Secretary 
of the CBD.

Guided by the Intergovernmental Science-Policy Platform 
on Biodiversity and Ecosystem Services (IPBES) conceptual 
framework (Chapter 1, section 1.6.1; Figure 6.1), possible 
options to prevent and manage biological invasions outlined 
in this chapter respond to direct and indirect drivers of 
change responsible for biological invasions, and to the 
possible impacts of invasive alien species on nature, 
nature’s contributions to people and good quality of life. 
Section 6.2 presents options to strengthen the governance 
systems within which policy instruments and support tools 
for biological invasions are implemented. These include 
options for enhancing the coverage and strategic nature of 
biological invasions governance, dealing with multiple levels 
and sectors of society, as well as enhancing governance 
capabilities. Section 6.3 evaluates the limitations of and 
opportunities for the current array of legal and regulatory 
frameworks, highlighting the need for strategies that bridge 

and coordinate across sectors, geopolitical units and stages 
of the biological invasion process. Section 6.4 lays out 
the role of widespread engagement and the context and 
reasons for the broad and specific inclusion of stakeholders 
and Indigenous Peoples and local communities. This 
section examines the range of approaches for coordination 
and collaboration and shows how stakeholder and 
Indigenous Peoples and local communities’ engagement 
can improve biological invasions governance. Section 6.5 
outlines financial and economic policy options that provide 
incentives for international organizations, governments, 
financial institutions and individuals to invest in invasive alien 
species prevention, containment, mitigation, or eradication 
(Glossary). This section assesses the role of tariffs, cost-
sharing and penalty systems as deterrents to invasive 
alien species (Glossary) introduction and spread and as a 
financing alternative. This section also presents support tools 
for analysing the costs and benefits of invasive alien species. 
Section 6.6 specifies options for generating and maintaining 
the information and knowledge needed to govern and 
manage biological invasions. This section identifies 
knowledge gaps and options for access to the information 
needed for the creation of early warning systems, for 
forecasting the spread and impact of invasive alien species 
and for assessing management effectiveness. Information 
needs for the purpose of developing and reporting on the 
effectiveness of policy instruments are also described. 
Finally, section 6.7 summarizes the key governance and 
policy challenges and opportunities for sustainable biological 

Drivers across 
the biological

invasion stages

Other indirect drivers

 Invasive alien species

Direct drivers

Response options to prevent
the spread, manage or reduce the 

impact of invasive alien species

(Indirect drivers)

Governance
Legal and regulatory

Stakeholder involvement
Economic and financial

Knowledge

Good quality
of life 

Nature’s
contributions

to people 

Nature

Prevent, reduce
impacts on, and maintain

Prevent, reduce
impacts on, and maintain

Prevent, reduce
impacts on, and maintain

Prevent, reduce
impacts on, and maintain

Limit

Reduce

Figure 6  1  	 Framework for governance and policy response options and how they relate to 
nature, nature’s contributions to people and good quality of life.

Simplification of the IPBES conceptual framework that describes the array of response options (left box) to limit the drivers facilitating 
biological invasion and the spread of invasive alien species (middle box) and mitigate their negative impacts on good quality of life 
(surrounding boxes connected by dashed arrows). Modified from S. Díaz et al. (2015), https://doi.org/10.1016/j.cosust.2014.11.002, 
under license CC BY-NC-SA 3.0.

https://doi.org/10.1016/j.cosust.2014.11.002
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invasion management that emerge from the assessment. 
This section outlines the set of strategic actions and 
governance system properties that can jointly construct 
an integrated approach to the governance for biological 
invasions that can bring about a step change in progress to 
achieving related policy and management goals. 

6.1.1	 Risks and opportunities 

The IPBES invasive alien species assessment and previous 
IPBES assessments (as outlined in Table 6.2) identify risks 

and opportunities that provide the basis for determining 
future options and strategies to prevent and mitigate 
the impacts of invasive alien species on nature, nature’s 
contributions to people and good quality of life (Figure 6.1). 
These risks and opportunities can be categorized into 
ten groups (Table 6.2) and lay the foundation for the 
strategic identification of governance policy instruments and 
options. These risks and opportunities also reveal where 
adaptation is the most feasible option, when eradication 
or adequate management is no longer feasible, and 
when such an adaptive response could lead to a positive 
system transformation.

Table 6  2  	 Risks (hazard or impact taking place) and opportunities (circumstances that 
make it possible to act) for managing biological invasions as defined in the 
IPBES invasive alien species assessment and other IPBES assessments.

The risks and opportunities showcased provide an overview of the main governance challenges, policy instruments and knowledge 
needs that are highlighted in this chapter to effectively manage biological invasions. The relevant sections within the IPBES invasive 
alien species assessment and other IPBES assessments are highlighted for each of the points raised. 

Risks and/or opportunity Description (relevant chapter sections of this/previous IPBES assessments)

Information disparity •	 Geographic, taxonomic, data access and publication biases (Chapter 6, section 6.6.1; Chapter 4, 
section 4.7.2; IPBES, 2018a)

•	 Comparatively limited knowledge of invasive alien species impacts on fisheries, coral reefs and 
marine ecosystem functioning (Glossary; Chapter 4, section 4.7.2)

Information uncertainty •	 Uncertainty about management cost, efficacy, limitations, success, collaborations and adaptation 
(Chapter 5; IPBES, 2018b)

•	 Uncertainty about dispersal pathways, transboundary and regional collaboration (Glossary; 
Chapter 3, section 3.6.1; IPBES, 2018b)

•	 Uncertainty about the impacts of novel assemblages/ecosystems emerging due to invasive alien 
species (Chapter 4)

Framing biological invasions in 
terms of their interactions with 
other environmental problems

•	 Inadequate integration of biological invasion problems in policies and management interventions 
aimed at addressing other environmental problems such as land degradation or climate change 
(sections 6.3.1 and 6.7; IPBES, 2016, 2018d)

Policies as drivers facilitating 
biological invasions

•	 Lack of coordination of policies on environment, infrastructure, health, agriculture, forests, 
environment, nutrition and biological invasion management can catalyse invasive alien species 
spread (section 6.3.1; IPBES, 2018d)

•	 Inefficient policies on climate change, pollution, human population, land-use change, pet and 
wildlife trade, afforestation, horticulture and health had severe consequences on spread and 
impacts of invasive alien species (section 6.3)

•	 Lack of coordination between policies of different sectors (section 6.3.1) and between national and 
regional regulations (sections 6.3.2 and 6.3.3)

Impact disparity •	 Management of biological invasions is particularly difficult when they simultaneously have both 
serious negative environmental impacts and benefits for good quality of life or are characterized by 
value conflicts (Chapters 4 and 5)

•	 Use of potentially invasive alien species in programmes aimed to ensure food security or promote 
economic development (section 6.3)

Technological advancement •	 Absence of early detection systems and rapid response actions for prevention and eradication of 
invasive alien species (section 6.6)

•	 Lack of monitoring (Glossary) programmes to track the effectiveness of responses and progress in 
managing biological invasions (section 6.2) 

•	 Lack of inter-operable and standardized databases (section 6.6; IPBES, 2018c, 2019a)

Economic synergies •	 Conflict of interest in international regulatory frameworks with a direct or indirect focus on 
preventing invasive alien species introductions (sections 6.3 and 6.5)

•	 Difficulties with assessing the collective investment in prevention and control of invasive alien 
species, how adequate they are, and costs avoided as a result (section 6.1)
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6.1.2	 Progress towards 
international and national goals 
and targets for invasive alien 
species

The CBD is currently the most encompassing and directly 
relevant global environmental governance mechanism for 
biological invasions. It has the following three objectives: 
the conservation of biological diversity; the sustainable 
use of the components of biological diversity; and the fair 
and equitable sharing of the benefits arising out of the 
utilization of genetic resources (Figure 6.1, section 6.1.2). 
The Conference of the Parties (COP) to the CBD has also 
specifically recognized that invasive alien species represent 
one of the primary threats to biodiversity, especially in 
geographically and evolutionary isolated ecosystems, 
such as small island developing States (SIDS). As early 
as 2002, the CBD COP adopted a series of Guiding 
Principles for improving the governance for biological 
invasions (Table 6.3). These Guiding Principles remain 
highly relevant and provide a list of options to accelerate 
and sustain progress on invasive alien species and their 
control. The responsibilities of Parties to the CBD are 
therefore longstanding, and gaps and shortcomings in the 
governance for biological invasions over the last several 
decades (section 6.1.3) have meant that actions have not 
been sufficient to stop their spread (Chapter 2).

Under the recent Kunming-Montreal Global Biodiversity 
Framework (CBD, 2022a), the invasive alien species target 
(Target 6) encompasses eliminating, reducing and mitigating 
impacts through pathway management (Glossary), 
prevention and with a focus on priority species and priority 
sites (Chapter 1, Box 1.1). With the addition of some 
new elements Target 6 reinforces the key elements of the 
previous Aichi Biodiversity Target 9, based on which current 
progress has been evaluated. Assessment of the progress 

towards meeting Aichi Biodiversity Target 9 (invasive alien 
species prevented and controlled) concluded that, while 
increases in the adoption of related policy was encouraging, 
there was still a considerable gap between the development 
and adoption of invasive alien species policy, and 
implementation at national levels (Secretariat of the CBD, 
2020; Table 6.4). 

The fifth edition of the Global Biodiversity Outlook also 
indicated that there has been no reduction in the pressure 
from invasive alien species on biodiversity, ecosystems and 
society (Secretariat of the CBD, 2020). Factors identified as 
underlying the imperfect achievement of Aichi Biodiversity 
Target 9 included: inadequate policy implementation due 
to limited capacity and resourcing of relevant governmental 
agencies; lack of coherence across multiple, relevant 
policies; and the fact that policy adoption does not 
equate directly to management effectiveness. This Global 
Biodiversity Outlook report further pointed out the lack of 
research and data on biological invasion policy effectiveness 
at a global scale (Secretariat of the CBD, 2020). Subsequent 
studies have also identified poor governance as a factor 
limiting national-level progress to achieving other Aichi 
Biodiversity Targets (Buchanan et al., 2020).

The Sustainable Development Goals (SDGs) also include 
a target for invasive alien species (Target 15.8; Chapter 1, 
Box 1.1) closely related to Aichi Target 9 of the Strategic 
Plan for Biodiversity 2011-2020. This target aims to track 
progress in the commitment by countries to relevant 
multilateral agreements, and the proportion of countries with 
national strategies, legislation and policy for invasive alien 
species. However, the indicators that were selected to track 
progress of Target 15.8 of the 2030 Agenda for Sustainable 
Development also included for the first time an “input 
response” element (i.e., the extent to which the measures 
identified are resourced; section 6.2.1). 

Risks and/or opportunity Description (relevant chapter sections of this/previous IPBES assessments)

Societal response •	 Lack of public support, financial resources and awareness of risks associated with invasive alien 
species among all stakeholders (sections 6.4 and 6.5, IPBES, 2018a, 2019a)

•	 Absence of institutions that coordinate and provide oversight on invasive alien species prevention, 
control and mitigation strategies, and promote the flow of information (sections 6.3 and 6.7)

Engagement with Indigenous 
Peoples and local communities

•	 Engaging with stakeholders and Indigenous Peoples and local communities (section 6.4)

•	 Lack of integration of stakeholder and Indigenous and local knowledge (Glossary) and limited 
engagement of stakeholders and Indigenous Peoples and local communities in decision-making for 
biological invasions (section 6.4)

Gaps in knowledge of 
governance

•	 Lack of information about the success of governance in management interventions (section 6.2)

•	 Limited dedicated interdisciplinary research on the governance for biological invasions in an 
environmental governance context (section 6.2)

Table 6  2  	
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Table 6  3  	 The 15 Guiding Principles for the prevention, introduction and mitigation of 
impacts of alien species that threaten ecosystems, habitats or species.

The text associated with these principles is not provided in full here – abbreviated notes are shown where particularly relevant to 
invasive alien species governance as discussed in section 6.2 (Chapter 1, section 1.3.1). Source: CBD (2002).

No. Guiding Principle

A. GENERAL

1 Precautionary approach: efforts to identify and prevent unintentional introductions as well as decisions concerning intentional 
introductions should be based on the precautionary approach as described in Principle 15 of the 1992 Rio Declaration.

2 Three-stage hierarchical approach: prevention is the top priority; followed by early detection, rapid response and eradication; and 
then containment, long-term control measures and examination of the benefits and costs.

3 Ecosystem approach: as described in decision V/6 of the Conference of the Parties.

4 The role of States: States should recognize the risk that activities within their jurisdiction or control may pose to other states and 
should take appropriate individual and cooperative actions to minimize that risk, including making information on the identity of 
invasive alien species available to other states.

5 Research and monitoring: Research on an invasive alien species should focus on the history and ecology of invasions, the biological 
characteristics of the invasive alien species, and the associated impacts. Monitoring should involve multiple sectors and include both 
targeted and general surveys.

6 Education and public awareness: Promote education and public awareness of the causes of invasion and the risks associated with 
the introduction of alien species.

B. PREVENTION

7 Border control and quarantine measures: Putting in place appropriate measures to control introductions of invasive alien species 
based on risk analysis of threats and potential pathways of entry.

8 Exchange of information: CBD Parties should assist in developing an inventory and synthesis of relevant databases, and developing 
information systems and an interoperable distributed network of databases for compilation and dissemination of information on alien 
species. The Parties should provide all relevant information on their specific import requirements for alien species and make this 
information available to other States.

9 Cooperation, including capacity-building: Cooperation should be based on programmes developed to share information as well 
as cooperative research and funding efforts. Capacity-building may involve technology transfer and the development of training 
programmes, especially for countries that lack expertise and resources.

C. INTRODUCTION OF SPECIES

10 Intentional introduction: No first-time intentional introduction or subsequent introductions of an alien species already invasive or 
potentially invasive within a country should take place without prior authorization from a competent authority of the recipient state(s).

11 Unintentional introductions: Provisions to address unintentional introductions need to be set in place.

D. MITIGATION OF IMPACTS

12-
15

(full text not provided here) Including mitigation of impacts (no.12), eradication (no.13), containment (no.14) and control (no.15) 
(Chapter 5).

By comparison, multilateral instruments or organizations 
such as the IPPC and WOAH have been widely successful 
in developing and implementing instruments to mitigate the 
risks of invasive alien species considered to be pests or to 
affect animal health. There are over 40 adopted international 
standards for phytosanitary measures (ISPMs, developed 
by IPPC),2 31 Diagnostic Protocols, and 39 Phytosanitary 

2.	 https://www.ippc.int/en/core-activities/standards-setting/ispms/

Treatments aimed to protect the environment, forests 
and biodiversity while also facilitating economic and trade 
development. The standards and codes developed by the 
IPPC and WOAH have provided a foundation for multilateral 
collaboration in managing the risks posed by invasive 
alien species.

https://www.ippc.int/en/core-activities/standards-setting/ispms/
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Table 6  4  	 Progress against invasive alien species policy goals and targets.

Indicator 
category

Indicator3 Elements of Aichi 
Biodiversity Target (AT) 9 
and SDG Target 15.8

Global progress against Target or Goal

Driver Trends (Glossary) 
in pathways of 
introduction and 
spread 

Measures are in place to 
manage pathways to prevent 
introduction and establishment 
(AT); Introduce measures to 
prevent the introduction of 
invasive alien species (SDG)

Progress has been made, but at an insufficient rate. This target 
has not been achieved (high confidence; (Secretariat of the 
CBD, 2014, 2020). Major pathways are not efficiently controlled 
at a global scale (Secretariat of the CBD, 2014), but major 
advancements have been made in the context of shipping (in 
particular, an agreement to prevent biological invasions via ballast 
water).

Pathways identified and 
prioritized (AT 9.2)

Major pathways have been identified (Faulkner et al., 2020; IUCN, 
2017; Saul et al., 2017; Secretariat of the CBD, 2014). However, 
the pathways of introduction of more than a third of introduction 
events are unknown (McGrannachan et al., 2021).

Pressure Trends in numbers 
of invasive alien 
species and their 
impacts

None The number of documented, new introductions of alien species 
continues to increase (Seebens et al. 2017). Progress towards 
target has been made, but at an insufficient rate (Secretariat of the 
CBD, 2014).

Invasive alien species are 
identified and prioritized (AT 9.1)

Measures have been taken in many countries to develop 
checklists of invasive alien species (Secretariat of the CBD, 2014, 
2020). Target partially achieved.

State Trends, 
mechanisms and 
severity of invasive 
alien species 
impacts

Introduce measures to 
significantly reduce the impact 
of invasive alien species (SDG)

A negative trend in the conservation status of species threatened 
by invasive alien species in the Red List Index (McGeoch et al., 
2010) suggests that this target has not been achieved. Overall, 
there has not been an improvement in conservation status of 
species threatened by invasive alien species, although some 
progress has been made for some species and for species on 
islands (CBD, 2020b; Secretariat of the CBD, 2014).

Response 
Input

Trends in the 
allocation of 
resources towards 
the prevention or 
control of invasive 
alien species 

Proportion of countries 
adopting relevant national 
legislation and adequately 
resourcing the prevention or 
control of invasive alien species 
(SDG)

Of the 195 countries party to the CBD, almost half have no 
national budget and no funding via global mechanisms for invasive 
alien species prevention and control activities (Pagad et al., 2020). 

Process Trends in 
establishment and 
national adoption 
of international 
agreements 
relevant to the 
prevention and 
control of invasive 
alien species

Trends in policy responses, 
legislation and management 
plans to control and prevent 
spread of invasive alien species 
(Pagad et al. 2020)

Between 30 and 90 per cent of all countries are signatory to the 
nine multilateral agreements relevant to the prevention or control 
of invasive alien species, including the CBD, with most countries’ 
signatory to the World Heritage Convention, IPPC and the 
Convention on International Trade in Endangered Species of Wild 
Fauna and Flora (CITES; 2% increase since 2010; Pagad et al., 
2020). Likewise, most of the world shipping tonnage (over 91%) is 
under regulation under the International Convention for the Control 
and Management of Ship’s Ballast Water and Sediments (BWM 
Convention; IMO, 2022). Trends in adoption overall are positive 
since 1970 (Pagad et al., 2020).

Trends in numbers 
of countries with 
national legislation 
and other policy 
measures relevant 
to the prevention 
and/or control 
of invasive alien 
species

Proportion of countries 
adopting relevant national 
legislation and adequately 
resourcing the prevention or 
control of invasive alien species 
(SDG)

Only 10% of reporting parties have national targets of similar 
scope and ambition to Aichi Biodiversity Target 9 and are on track 
to meet them (CBD, 2020b). Party self-assessment is variable as 
assessed against their own national targets (Secretariat of the 
CBD, 2020). Most countries (190) party to the CBD have some 
form of national legislation relevant to invasive alien species; 17% 
of these are specifically focussed on invasive alien species (Pagad 
et al., 2020). 39% of countries have developed a national invasive 
species strategy and action plan (NISSAP; Pagad et al., 2020). 
10% of countries rely entirely on international funding for invasive 
alien species prevention and control activities (Pagad et al., 2020). 
Of the countries party to the CBD (195), 80% have invasive alien 
species targets in their national biodiversity strategies and action 
plans (NBSAPs), 74% are aligned with Aichi Biodiversity Target 9 
(Pagad et al., 2020).

Output Trends in the 
prevention of 
invasive alien 
species 

Measures are in place to 
manage pathways to prevent 
introduction and establishment; 
Priority species are controlled 
or eradicated (AT 9.4); 
Introduce measures to control 
or eradicate priority invasive 
alien species (SDG)

There has been no significant overall progress towards this target 
(Secretariat of the CBD, 2014). Some measures have been put in 
place but are not sufficient to prevent the continuing increase in 
invasive alien species. 
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3.	 The indicator here is expressed in an inclusive general form, encompassing relevant alternative formulations of closely related indicators.

Indicator 
category

Indicator3 Elements of Aichi 
Biodiversity Target (AT) 9 
and SDG Target 15.8

Global progress against Target or Goal

Output Growth in 
information 
relevant to 
informing policy 
on invasive alien 
species prevention 
and control

none In progress

Outcome Trends in 
successful control 
and eradications 
of invasive alien 
species

Priority species are eradicated 
(AT 9.3)

Progress towards target, but at an insufficient rate (Secretariat of 
the CBD, 2020). Some control and eradication, but data limited. 
Progress has been made, but Target has not been achieved.25% 
of invasive alien species mammal eradications on islands have 
occurred since 2010 (Secretariat of the CBD, 2014, 2020).

Priority species are controlled 
(AT 9.3)

Data limited (Secretariat of the CBD, 2020). Target unlikely to have 
been achieved.

Table 6  4  	

6.1.3	 Specific progress towards 
governance-related invasive alien 
species goals

Response plans and monitoring for invasive 
alien species 

In general, goals specific to societal “responses” to 
biological invasions are very poorly developed, as is 
the availability of data on response plans and response 
monitoring (section 6.6.3; Vicente et al., 2021). 
Nonetheless, some components of existing invasion 
targets and associated indicators fall into this “response” 
category, and these are highly relevant to the governance 
for biological invasions at global and national scales. These 
include the existence and uptake of multilateral agreements 
and national legislation relevant to the prevention and control 
of invasive alien species, and resourcing of invasive alien 
species prevention and control activities (McGeoch et al., 
2010; Pagad et al., 2020; section 6.6.3).

Multilateral agreements

Monitoring of the response targets that do exist (section 
6.6.3) shows that there has been a small increase in the 
number of countries that are signatories of seven relevant 
multilateral agreements in the last decade, and country 
adoption ranges from about 60 per cent to 98 per cent 
across these agreements (Figure 6.2; Pagad et al., 2020). 
Of these, IPPC and WOAH have been critical instruments 
for preventing the introduction of invasive alien species 
and defining the roles of authorities working on biosecurity 
(Glossary) to prevent introductions of invasive alien species. 
Likewise, the eighth, and most recent, agreement – the 

BWM Convention – has reached a country signatory level 
of 33 per cent since it was established in 2004 (Figure 6.2; 
Chapter 5, section 5.5.1), although it was ratified only in 
2017. The over 60 country signatories to this convention are 
responsible for 91 per cent of the world’s shipping tonnage 
(IMO, 2022), making it a potentially powerful instrument for 
preventing invasive alien species; interestingly, this is the 
only multilateral treaty adopted specifically to prevent the 
spread of invasive alien species. 

National legislation

The development and adoption of relevant national 
legislation is split across agricultural and environmental 
sectors, and in some cases also split across industries 
involving plants and those involving animals (Figure 6.3). 
Only 17 per cent of countries have invasive alien species-
dedicated national legislation (Pagad et al., 2020), whereas 
an estimated 69 per cent have invasive alien species-
specific legislation as part of legislation in other sectors 
(in addition to plant and animal health legislation that 
is broadly relevant to invasive alien species; Pagad et 
al., 2020).

Overview of progress

The development of action plans for invasive alien species 
by CBD parties can help them achieve biological invasion-
relevant goals and targets, such as occurred under the 
previous Aichi Target 9 of the 2011-2010 Strategic Plan 
(CBD, 2020). However, across the elements of Aichi 
Biodiversity Target 9 and related Target 15.8 of the 2030 
Agenda for Sustainable Development, limited progress 
was made over the decade to successfully prevent, control 
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Figure 6  2  	 Percentage of countries (y axis) signatory to eight multilateral agreements 
relevant to the prevention and control of invasive alien species (x axis). 

Data is shown for 2010 (left bars; n = 192) and 2020 (right bars; n = 195), with % increase since 2010 (shown above), signatory countries 
to eight multilateral agreements relevant to the prevention and control of invasive alien species. Only countries party to the CBD at the 
time of reporting were considered in the analysis. The eight multilateral agreements (year of establishment below acronym in figure) 
analysed were the Cartagena Protocol on Biosafety to the CBD (CBD, 2000), the IPPC (IPPC, 1952), the Agreement on the Application 
of Sanitary and Phytosanitary Measures of the WTO (WTO SPS; WTO, 1995), CITES (CITES, 1975), the Convention on Wetlands of 
International Importance (Ramsar) (Secretariat of Convention on Wetlands, 1971), the Convention on the Conservation of Migratory 
Species of Wild Animals (CMS) (CMS, 1979), the World Heritage Convention (WHC) (UNESCO, 2017) and the BWM Convention) (IMO, 
2004). The WOAH (WOAH, 2011) has a high level of uptake (93%) and showed no change between 2010 and 2020 and is therefore not 
included in the figure. Source: Pagad et al. (2020), https://opal.latrobe.edu.au/articles/report/International_Adoption_of_Invasive_Alien_
Species_Policy/13065158, under license CC BY 4.0.
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Figure 6  3  	 Adoption of national legislation relevant to the prevention and/or control of 
invasive alien species. 

Data is shown for 195 countries reporting to the CBD. The percentage of countries (y axis) with national legislation in invasive alien 
species-relevant sectors (x axis) shown. Source: Pagad et al. (2020), https://opal.latrobe.edu.au/articles/report/International_Adoption_
of_Invasive_Alien_Species_Policy/13065158, under license CC BY 4.0.
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and reduce the impacts of invasive alien species (section 
6.1.2; Table 6.4). Most countries (about 196 countries; 
Pagad et al., 2022) now have checklists of introduced 
and invasive alien species, but the documented numbers 
of new introductions continue to increase (Chapter 2; 
Seebens et al., 2017). The overall conservation status of 
species threatened by invasive alien species (Blackburn 
et al., 2019) continues to worsen, many countries have 
little to no funding for invasive alien species activities 
(Blackburn et al., 2019; section 6.1.2), and most national 
invasive alien species targets lacked ambition relative to 
Aichi Target 9 (Table 6.4). Legislative and other policy 
instruments for invasive alien species are highly variable 
across countries and across sectors within countries (Pagad 
et al., 2020; section 6.1.2). Data available for assessing the 
management of pathways of introduction of invasive alien 
species and of alien species (Chapter 5, section 5.3.1), 
and the effectiveness of this management, are inadequate 
and largely unavailable (Table 6.4).

Resourcing

Estimates of the financial cost of biological invasions to 
countries vary widely, depending on the data source, 
location and evaluation method used (Diagne et al., 
2020). Based on country-sourced data (Pagad et al., 
2020), estimates of country investment in the prevention 

and control of invasive alien species (section 6.5) show 
that close to half of countries allocate no funds, with 
most such countries concentrated in Africa (Figure 6.4 
and Figure 6.5). Indeed, Africa depends most heavily on 
globally-sourced funding for the prevention and control of 
invasive alien species (Figure 6.5) and needs additional 
resources to support policy development and reporting 
(Egoh et al., 2020). In the other IPBES regions, funds 
are allocated through a mix of national and international 
sources (Figure 6.5). Europe and Central Asia have the 
highest rates of nationally derived funding. However, even 
where relevant legislation has been adopted, countries 
face significant resource shortages (Outhwaite, 2018). It 
is important to note that in these indicators, investment in 
resourcing of biological invasions policy and management 
implementation is different from the realized “cost” of 
invasive alien species measured as damage or loss from 
invasive alien species and expenditure on management 
(Diagne et al., 2020). 

In summary, globally representative, country-relevant 
data on the governance for biological invasions and 
related policy instruments show generally high levels of 
compliance with multilateral agreements. Such agreements 
do contribute to prevention and control of invasive alien 
species and stimulate the existence of many different 
national instruments, though in most countries these 
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Figure 6  4  	 Allocation of financial resources to the prevention and control of invasive alien 
species, including both national and global financial mechanisms.

Source: Pagad et al. (2020), https://opal.latrobe.edu.au/articles/report/International_Adoption_of_Invasive_Alien_Species_
Policy/13065158, under license CC BY 4.0.
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instruments are siloed within industry sectors (Figure 6.3), 
most of which are not dedicated to invasive alien species 
prevention and control. A thorough analysis of national 
legislative instruments for biological invasions is still 
lacking (perpetuating the situation identified mid-term 
in the Strategic Plan for Biodiversity 2011-2020), as are 
assessments of the effectiveness of invasive alien species 
legislation (Leadley et al., 2014).

Although evidence for progress in establishing and 
advancing effective governance for biological invasions 
is patchy and incomplete, the weight of evidence points 
to a failure to adequately resource, prevent and control 
invasive alien species (throughout this assessment and 
section 6.6.3). While it is not possible to establish how 
much worse the situation would be in the absence of the 
substantial collective investment made to date to prevent 
and control invasive alien species (Chapter 5, section 
5.5.7), it can be inferred that governance approaches and 
governance systems for biological invasions have been 
inadequate. Strengthening related governance provides an 
overarching option for improving the prevention and control 
of invasive alien species and making faster progress 
toward achieving multilateral goals and targets (Buchanan 
et al., 2020). 

6.2	 GOVERNANCE 
RESPONSE OPTIONS

This section provides context for assessing governance 
options for biological invasions. It aims to clarify 
the understanding of the governance system within 
which a policy instrument or policy support tool for 
biological invasions is being implemented (Box 6.2). 
“Good governance is an enabling condition for policy 
implementation, distributing the resulting positive impacts 
evenly across society” (IPBES, 2019b). This section 
identifies governance considerations from invasive alien 
species-specific literature and contextualizes these within 
environmental governance more broadly. A key finding is 
that there is little dedicated interdisciplinary research on 
the governance for biological invasions in an environmental 
governance context. 

The concept of governance is defined and used in several 
ways. This assessment uses the formulation and rationale of 
Gilek et al. (2016):

“Governance includes both structures – such as policy 
contexts, existing power relations among key actors, 
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Figure 6  5  	 Percentage of countries (y axis) per IPBES region that have accessed different 
funding sources (x axis) for invasive alien species prevention and control. 
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regulatory frameworks and organizational forms of 
decision-making, reflexivity and participation – and 
processes. Processes comprise aspects such as the 
evolution of institutions and interactions between, for 
example, science and policy, as well as communication 
and interaction among policymakers, scientists, 
and other stakeholders. Processes also include the 
development of strategies, framings, communication, 
and learning.” 

Strong governance can help to address the problem of 
invasive alien species, as it enables the legislation, regulations, 
cooperation, participation and monitoring of actions to 
mitigate key drivers (T. Evans et al., 2018).

6.2.1	 The theory of change and 
indicator frameworks for improving 
implementation

The Driver-Pressure-State-Response (DPSR) model, 
sometimes including impacts (DPSIR; OECD, 2003), is 
a strategic framework used for reporting on global and 
national progress toward meeting goals and targets. It is 
designed to directly link monitoring of the problem with the 
actions taken to deal with it. The Kunming-Montreal Global 
Biodiversity Framework (CBD, 2022a) now extends this, 
using a theory of change for accelerating action to achieve 
biodiversity goals for the planet and people (CBD, 2021a); 
it distinguishes four types of response, i.e., input, process, 
output and outcome (OECD, 2019; Table 6.5). This more 
detailed and specific identification of the types of responses 

Box 6  2  	 Governance for biological invasions.

Governance encompasses the norms, rules, laws, values, 
expectations, relationships and structures that affect or guide 
the behaviour of individuals and institutions, public and private. 
In the context of biological invasions, governance is aimed at 
the specific public purpose of preventing and reducing the 
spread and preventing the harm, caused by invasive alien 
species (Andonova & Mitchell, 2010; M. S. Reed & Curzon, 
2015). The governance for biological invasions therefore 

encompasses formalized arrangements such as national 
strategy and legislation, as well as informal decision-making 
processes involving the range of effecting and affected 
stakeholders (section 1.5.1 in Chapter 1 for more information 
on stakeholder groups, Reed & Curzon, 2015). A key feature 
of governance for biological invasions is that it is a continuous, 
cooperative process that accommodates diverse and 
conflicting interests to enable action (Riley, 2012). 

Table 6  5  	 Four types of societal responses that can be measured and monitored for the 
purpose of limiting the spread and reducing the impacts of invasive alien species.

The four types of responses are in the context of a DPSR framework. Adapted from OECD (2019), with the addition of invasive alien 
species-specific examples.

Response type Definition Invasive alien species examples

Input Measures the material and immaterial 
pre-conditions and resources – both 
human and financial – provided for 
an activity, project, programme, or 
intervention 

•	 Budget allocated for invasive alien species research, education, 
monitoring, prevention and control 

•	 Number of staff allocated to invasive alien species monitoring, 
prevention and control

Process Measures the progress of processes 
or actions that use inputs and the 
ways in which programme services 
and goods are provided 

•	 A national inter-Ministerial Committee for biosecurity established
•	 Targeted education programmes for local communities affected by 

invasive alien species 

Output Measures the quantity, quality and 
efficiency of production of goods 
or services because of an activity, 
project, programme or intervention 

•	 New legal or policy instruments 
•	 Studies such as national invasive alien species assessments 

completed
•	 The costs of invasive alien species integrated into national accounts 

Outcome Measures the intermediate broader 
results achieved through the 
provision of outputs 

•	 Increased eradications of invasive alien species 
•	 Reduced ranges of priority invasive alien species
•	 Reduced impacts of invasive alien species
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needed to bring about urgent positive change is intended to 
strengthen the power of monitoring, analysis and reporting 
(section 6.6.2; CBD, 2021b). In other words, if these four 
responses are effective, they would result in a reduction in 
invasive alien species pressure and an improvement in the 
state of socioecological systems negatively impacted by 
invasive alien species (section 6.6.2; Essl et al., 2020). 

The DPSR and theory of change frameworks are valuable 
strategic governance tools for biological invasions because, 
by design (OECD, 2019), they explicitly connect the causes 
(drivers) facilitating biological invasions, the size of the 

problem (pressure), its impact (state) and societal responses 
to dealing with it (McGeoch et al., 2010; Box 6.3), 
although there are currently gaps in its application and 
implementation (Vicente et al., 2022). By tracking change in 
each of these components (for example, using indicators), 
it becomes possible to design evidence-based, well-
motivated and targeted policies for invasive alien species. 
The framework further makes it clear that the type, size and 
effectiveness of societal responses will determine the extent 
to which drivers decline (for example McGeoch et al., 2015; 
Box 6.3). Importantly, the focus of the Kumning-Montreal 
Global Biodiversity Framework is on the “R, response” in 

Box 6  3  	 The Driver-Pressure-State-Response framework for invasive alien species.

This framework (Figure 6.6) is intended to guide investment 
in monitoring and to enable evidence-based causality to be 
assigned to the relationships among drivers affecting biological 
invasions (Chapter 3, section 3.5), invasive alien species and 
their impacts (Chapter 4) and societal responses to dealing 
with the problem (Chapter 5). The indicators listed under each 
part of the framework below are examples from the application 
of this framework to the Antarctic (for a global example see 

McGeoch et al., 2010). For example, trends in invasive alien 
species eradication at different scales (response) lead to reduced 
numbers of alien and invasive alien species (pressure) and 
reduced extinction risk of species threatened by invasive alien 
species (state). Trends in the number of tourists in the region 
(driver – note that the term driver in this context differs from its 
general use in this assessment) provide the information needed 
to inform policy (response). 
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Figure 6  6  	 Driver-Pressure-State-Response (DPSR) framework for invasive alien species 
in the Antarctic context. 

The DPSR applied to the Antarctic context as an example (non-bold text). Adapted from McGeoch et al. (2010, 2015), https://
doi.org/10.1111/j.1472-4642.2009.00633.x, https://doi.org/10.1016/j.gloenvcha.2014.12.012, under license CC BY 4.0 and 
Elsevier license 5406200304811 respectively.

https://doi.org/10.1111/j.1472-4642.2009.00633.x
https://doi.org/10.1111/j.1472-4642.2009.00633.x
https://doi.org/10.1016/j.gloenvcha.2014.12.012
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DPSR, via a theory of change, so that the slow progress of 
implementation can be accelerated.

6.2.2	 Identifying the challenges of 
governing biological invasions

Environmental governance involves increasingly complex 
and interconnected arrangements, and the governance for 
biological invasions is no exception (Andonova & Mitchell, 
2010; Gilek & Karlsson, 2016). Despite notable successes 
(Chapter 5, section 5.5), there are shortcomings in the 
prevention and control of invasive alien species, leading 
to a sustained global presence of invasive alien species 
introductions (Chapter 2, section 2.2). Understanding 
the underlying reasons for governance and management 
failures, across multiple environments, regions and 
taxonomic groups of invasive alien species helps to design 
better response options. Ten features emerged from a 
review of the governance challenges posed by invasive 
alien species.4 These challenges are often interdependent 
(one may drive another for example) and jointly undermine 
effective prevention and control efforts (Jacobs, 2017; 
Linke et al., 2016; J. Reed et al., 2016). These key 
challenges are outlined below as the foundation for the 
options discussed in section 6.2.4 and in the rest of 
this chapter.

(1) Complexity 

The governance for biological invasions is considered to 
be complex because the process of biological invasions is 
naturally dynamic in space and time (Chapter 1, section 
1.4). It has multiple stages and drivers, involves a large 
and diverse set of stakeholders, and crosses jurisdictional 
boundaries (Brenton-Rule et al., 2016; Liu et al., 2018; 
Figure 6.7; Chapter 1, section 1.5.1). The dynamic and 
difficult-to-predict behaviour of new technological options 
(such as the potential use of gene drives; Chapter 5, 
section 5.4.4.2.j) adds another level of complexity (Mitchell 
et al., 2018). Context-specific application of integrated 
governance for biological invasions (Glossary) thus 
involves multiple trade-offs and the consideration of social, 
technological and ecological contexts and risks (Lubell et al., 
2017) across all levels of governance (Lansink et al., 2018; 
Riley, 2012; Figure 6.7).

(2) Uncertainty 

A high degree of uncertainty is associated with the biological 
invasion process because many species are involved and 
the likelihood of any species invading is determined by 
a combination of multiple biological, driver and pathway 

4.	 Data management report available at: https://zenodo.org/doi/10.5281/
zenodo.5762739

characteristics (Cooney & Lang, 2007; Udovyk & Gilek, 
2013; Chapter 1; Chapter 3; Chapter 5, section 5.2.2.3; 
Figure 6.7). Biological invasion processes are non-linear 
and the uncertainty is “inherent, fundamental and persistent” 
(D. C. Cook et al., 2010; Cooney & Lang, 2007). The 
outcomes of this complexity are difficult to predict within 
specific, narrow contexts, and therefore understanding the 
likely success of interventions is also difficult (Moon et al., 
2017; Smolarz et al., 2016). Time lags (Glossary) between 
different parts of the invasion process, and in policy and 
management responses to invasive alien species, add to 
this uncertainty (Chapter 1, section 1.4.4; Chapter 2, 
section 2.2; Jacobs, 2017; J. Reed et al., 2016).

(3) Information availability, flow and access

Information silos across stakeholder groups hinder 
effective governance (Collins, 2018; Nourani et al., 2018; 
Peltzer et al., 2019). Effective, sustained communication 
and collaboration across large, multi-layered networks is 
however difficult to achieve and has a high transaction 
cost (Lubell et al., 2017; Nourani et al., 2019). The flow 
of information relevant to biosecurity within and across 
countries and trading partners is also limited (D. C. Cook 
et al., 2010). Actors involved at different scales and levels 
of governance tend to have access to different types of 
knowledge (Omondiagbe et al., 2017). This includes the 
gap between science and practice (Aslan et al., 2009; Esler 
et al., 2010). There is also an imbalance of information 
between those who bear the costs of invasive alien species 
(affected actors; those who tend to have good knowledge 
of invasive alien species), and the actors responsible 
for exacerbating biological invasion risk (causal actors; 
Glossary; section 6.6; Cook et al., 2010).

(4) Over-reliance on hierarchical governance

The currently dominant, hierarchical forms of governance 
for biological invasions tend to be centralized, top-down, 
process-heavy and reactive and, while necessary, are 
on their own not adequate for preventing and controlling 
invasive alien species (Cook et al., 2010; Evans et al., 2018; 
Reed & Curzon, 2015; Figure 6.7). Policy models can rely 
too heavily on rigid, non-adaptive, top-down approaches 
(Cooney & Lang, 2007). Hierarchical governance can be 
slow, culturally inappropriate, and not in step with the latest 
technological developments or scientific understanding 
(Barnhill-Dilling et al., 2019; Boström et al., 2016; Head 
& Atchison, 2015; Hughes & Convey, 2014; Trump et 
al., 2018). Invasive alien species differ in key ways from 
other drivers of change in nature; for example, a strong 
precautionary approach (Glossary) that is often not enabled 
by traditional governance approaches is crucial (T. Evans 
et al., 2018; Smolarz et al., 2016). In addition, the power 
imbalances that can develop under highly centralized 
governance can lead to, for example, incoherent policy, 

https://zenodo.org/doi/10.5281/zenodo.5762739
https://zenodo.org/doi/10.5281/zenodo.5762739
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disengagement, or conflict amongst the broad range of 
stakeholders affected by invasive alien species (Neale & 
Macdonald, 2019; A. L. Smith et al., 2013). It is now widely 
recognized that governments as decision-making authorities 
are necessary but insufficient for effective invasive alien 
species prevention and control (Miyanaga & Nakai, 2021; 
section 6.2.3.1). 

(5) Fragmentation of policy instruments and 
their application

Current policy on invasive alien species and its implementation 
is often fragmented, with multiple, often isolated decision-
making centres. As a result current policy is less effective 
than it could be (Gilna et al., 2014; Nourani et al., 2019; 
Praseeda Sanu & Newport, 2010; Rudd et al., 2018). At the 
highest level, as assessed by Outhwaite (2018), there is no 
“full and coherent applicable body of international law”. This 
fragmentation also includes policy differences between levels 
of governance and between actors and institutions, e.g., 
across industry sectors such as agriculture, forestry and the 
environment (Figure 6.7), between countries and regions, 
and national and subnational levels of governance (Lubell et 
al., 2017; P. Martin et al., 2016). Fragmentation can result in, 
for example, overlapping jurisdictions, incompatible objectives, 
and unbalanced power relations (Visseren-Hamakers, 2015). 
Fragmentation of risk communication mechanisms can 

also undermine prevention and control efforts and public 
confidence (Jonsson et al., 2016).

(6) Externalities 

The negative impacts of invasive alien species often occur 
outside of the social or economic contexts responsible for 
their introduction and spread (section 6.3.1.2, also called 
telecoupling). For example, the cost of invasive alien species 
impacts are not included in the price of traded goods 
(Stoett, 2010). Invasion risk is sometimes not considered 
in the development of new agricultural and forestry 
technologies (Driscoll et al., 2014), when deploying disaster 
relief aid or when developing international assistance 
programmes (Murphy & Cheesman, 2006); insect pests can 
be unintentionally imported with products used to rebuild 
infrastructure after natural disasters (Chapter 3, section 
3.2.2.2). Negative environmental consequences of invasive 
alien species are often spatially and temporally diffuse, and 
this can undermine the legitimacy of environmental concerns 
(Neale & Macdonald, 2019). Biological invasion as an 
unintended consequence of trade is an example of a spill-
over system, and spill-over effects can tend to be neglected 
in governance systems (J. Liu, Dou, et al., 2018). The costs, 
liability and responsibilities for biological invasions need to 
be balanced between those directly responsible for species 
introductions and the general public, because health and 
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Figure 6  7  	 The complex socioecological system characterizing biological invasions. 

The complex socioecological system (vertical boxes) that characterizes biological invasions and their management, and the four, 
complementary governance models (horizontal boxes) needed to enable successful policy implementation through integration within 
and across these components of the system (section 6.2.4). Data from: IPBES-PEG (2019b).
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biodiversity are a public good (i.e., nature’s contributions 
to people and good quality of life; Outhwaite, 2010). One 
consequence of treating invasive alien species as an 
externality (Glossary) is that the welfare of the supply-side 
of trade is considered in isolation (D. C. Cook et al., 2010). 
The trade-offs that occur as a result of unaccounted-for 
externalities result in conflicting interests (Hewitt & Campbell, 
2007; Marire, 2015; Rouillard et al., 2018; A. L. Smith et 
al., 2013). Trade-offs also become increasingly political 
and difficult to resolve as they shift from within particular 
governance systems or sectors to between and outside of 
them (Visseren-Hamakers, 2015). 

(7) Hurdles to implementation of policy

Although the arguments for invasive alien species policy 
implementation are empirically well supported, the extent 
and success of existing policy at international, national and 
sub-national scales is highly variable (Figures 6.2, 6.3, 6.4 
and 6.5) and considered inadequate (Leadley et al., 2014). 
Differences exist in the extent to which regulatory measures 
are implemented across countries (Brenton-Rule et al., 
2016) and laws are not always supported by regulation or 
implementation plans (Riley, 2012). There is no international 
authority, global coordination, or oversight mechanism 
for all invasive alien species, and the implementation of 
biosecurity practices under trade agreements is inconsistent 
(Stoett, 2010). There are several reasons why both policy 

and management implementation are challenging, including 
for example austerity measures and resource shortages 
(VanNijnatten, 2016), lack of capacity and expertise 
(Angulo & Gilna, 2008), as well as a number of the other 
challenges outlined in this section. Often there is a lack of 
monitoring to gather scientific evidence to support effective 
implementation, including information to evaluate the 
success of management approaches, such as knowledge 
generated from adaptive management (Glossary; Reed et 
al., 2016; Smolarz et al., 2016).

(8) The need for collective action

Effective prevention and control of invasive alien species can 
be achieved by cooperating and building of trust and social 
norms across actors, institutions, levels and sectors (Figures 
6.7 and 6.8; McKiernan, 2018). However, conflicting interests 
and diverse values and perspectives mean that prevention 
and control programmes often fail (Graham et al., 2019; 
Guerrero et al., 2015; Smolarz et al., 2016; Chapter 1, 
section 1.5.2; Chapter 5, section 5.6.1.2). For example, 
ineffective prevention and control can occur when individual 
land managers have an incentive to avoid invasive alien 
species control costs, thereby resulting in risks to others 
(Graham et al., 2019). Similarly, actors that benefit from 
activities that increase risk of invasive alien species often 
have little incentive to acknowledge the risks and impacts 
of invasive alien species on other actors (Angulo & Gilna, 
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Figure 6  8  	 An example of the many relevant stakeholders for managing biological invasions 
from the Ebro River, Spain. 

There are four categories of stakeholders (on the left) and examples of stakeholders (on the right) involved in decision-making that 
affects the outcome of biological invasion, based on freshwater invasive alien species in the Ebro River, Spain. Adapted from Rodríguez-
Labajos et al. (2009), https://doi.org/10.1016/j.ecolecon.2009.08.022, under copyright 2009 Elsevier B.V.

https://doi.org/10.1016/j.ecolecon.2009.08.022
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2008; Lubell et al., 2017). Tensions between free trade and 
the governance of biosecurity risk further undermine the 
collective action (Glossary) that is needed on invasive alien 
species (Lansink et al., 2018). The context-dependence 
of social settings and, therefore, of appropriate design of 
collaborative solutions, exacerbates this challenge (Lubeck 
et al., 2019; P. Martin et al., 2016). The transaction costs of 
administration, supervision and capacity development for 
implementing management of biological invasions can also 
undermine collective action (P. Martin et al., 2016).

(9) Awareness, perception and values

There is often a lack of awareness and understanding, 
or neglect, of invasive alien species and their negative 
environmental, social and economic impacts. This is the 
case amongst a number of sectors, actors and stakeholders 
including amongst policymakers (Chapter 1, section 1.5.2; 
Moon et al., 2015; Stoett, 2007). Perceptions of invasive 
alien species can also vary widely for several reasons 
(Shackleton, Richardson, et al., 2019; Zengeya & Wilson, 
2020), such as a focus on economic (instrumental) versus 
intrinsic and cultural (relational) values (Chapter 1, section 
1.5.2; Leventon et al., 2021). Understanding and the concept 
of biological invasion risk differs across and within groups 
and communities (Maclean et al., 2022). Local communities, 
for example, may be very familiar with individual invasive alien 
species and their negative impacts on good quality of life, 
but remain unaware of the concept of biological invasions 
and the context of management and policy (Shrestha et al., 
2019; section 1.6.7.1 (ii)). Lack of awareness and different 
values can result in a lack of public support (Vane & Runhaar, 
2016), exacerbate differing perceptions, and ultimately 
undermine collective efforts to manage biological invasions 
(Kohl et al., 2019; Chapter 3, section 3.2.1). Public and 
private sector consultation and engagement can successfully 
underpin invasive alien species prevention and control efforts 
when they include effective risk communication and rely on 
the contributions of stakeholders and Indigenous Peoples 
and local communities (Ekanayake et al., 2020; Falkenmark, 
2007; Jonsson et al., 2016).

(10) Conflicting interests and trade-offs

Conflicting interests and trade-offs happen when 
externalities are not considered and when a priori risk 
assessment is not done (e.g., Driscoll et al., 2014), or is 
not inclusive of sectors and stakeholders (Woodford et 
al., 2016; Zengeya et al., 2017). Since some invasive alien 
species can have both positive and negative impacts, 
control and eradication programmes can spark conflict 
(Chapter 1, Figure 1.1, section 1.5.2; Chapter 4, section 
4.1.2). There is also the often challenging need to strike 
a balance between short term needs and the long-term 
maintenance of good quality of life, alongside the uncertainty 
and challenges in making predictions outlined above.

6.2.3	 Options for strengthening the 
governance for biological invasions

“Current environmental challenges call for new interdisciplinary 
approaches at the interface of natural and social sciences, 
framed in a context of governance and decision-making 
by actors from the state, market and civil society” (Padt et 
al., 2014).

The challenges outlined in the previous section provide a 
platform for identifying a range of options for strengthening 
the governance for biological invasions. Governance-
related options that emerged from the literature review5 
are summarized in Table 6.6 under six general topics: 
strategy; multilevel and multisector governance; 
coordination and cooperation; policy environments 
that are enabling; research and information and their 
communication; and governance capability, capacity 
and resourcing. Governance provides an overarching 
instrument for dealing with complex systems and is 
considered one of the most important factors to achieve 
desired environmental outcomes (Bennett & Satterfield, 
2018). The many considerations and elements of 

5.	 Data management report available at: https://zenodo.org/doi/10.5281/
zenodo.5762739

Box 6  4  	 Restoring the Kafue flats: a case study of integrated management and effective 
governance of the invasive shrub, Mimosa pigra in Zambia.

Impact on good quality of life and protected areas: In the 
early 1980s, Mimosa pigra (giant sensitive plant) invaded the 
Kafue Flats – a 6,500 km2 floodplain located in the southern 
region of Zambia and a designated Wetland of International 
Importance under the Ramsar Convention. The flood plain 
is world-renowned for its abundant floodplain wildlife, 
including the endemic antelope, Kobus leche kafuensis (Kafue 
Lechwe), and rich diversity of birdlife including the Bugeranus 

carunculatus (wattled crane) and Balearica regulorum (gray 
crowned-crane). The flood plain hosts two national parks, 
surrounded by buffer zones inhabited by smallholder farmers 
and fishers, whose livelihoods depend on the land and water 
resources of the floodplain. It has been suggested that the 
Mimosa pigra invasion was triggered by hydrological alterations 
resulting from hydropower dams (Blaser, 2013; Mumba & 
Thompson, 2005). What started as a small infestation of about 

https://zenodo.org/doi/10.5281/zenodo.5762739
https://zenodo.org/doi/10.5281/zenodo.5762739
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Box 6  4  	

Figure 6  9  	 Mimosa pigra (giant sensitive plant) in Zambia. 

Left: Clearing of Mimosa pigra from the Kafue flats floodplain. Right: control of Mimosa pigra maintains habitat for the endemic 
Kobus leche kafuensis (Kafue Lechwe) and other biodiversity in this wetland of international importance. Photo credits: Gareth 
Bentley (WWF Zambia) – Copyright (left) / Patrick Bentley (WWF Zambia) – Copyright (right).

2 ha spread rapidly and covered over 3000 ha of the floodplain 
(Blaser, 2013; Shanungu, 2009; Solomon Genet, 2007; 
Thomas, 2007). Consequently, the native floodplain vegetation 
was replaced by Mimosa pigra, and many wildlife species of 
conservation concern including the Kobus leche kafuensis and 
Bugeranus carunculatus were displaced as their habitat shrank 
(Glossary; Blaser, 2013). 

Multiparty governance: In 2017, The International Crane 
Foundation/Endangered Wildlife Trust Partnership (ICF/EWT 
Partnership), World Wide Fund for Nature (WWF) – Zambia, and 
Zambian Department of National Parks and Wildlife (DNPW) 
embarked on a three-year cooperative project to address 
the continued spread of Mimosa pigra, restore the floodplain 
grasslands and enhance their ability to support important 
biodiversity of the flats, and control up to 95 per cent of the 
baseline cover of Mimosa pigra in an effort with substantial 
community involvement. 

Stakeholder and Indigenous Peoples and local 
communities involvement and benefits: The project 
also focused on developing the Zambian Department of 
National Parks and Wildlife local staff capacity in invasive plant 
management and habitat restoration. This included ecological 
research to enhance global understanding of large-scale 
Mimosa pigra control methods and their measurable impact 
on biodiversity, livelihoods options, and the broader economy 
through agriculture, fisheries and tourism (Figure 6.9). The 
project took an ecosystem approach with a focus on the wider 
Kafue Flats ecosystem – including the two National Parks and 
the buffer zones – with a strong emphasis on a multi-sector 
approach in the management of the invasive alien species. 

The project intended to engage non-traditional stakeholders 
including the private sector. The integrated management 
approach adopted combined physical, chemical and biological 
control options (Glossary). 

Sustainable successes: By 2020, all management options 
described above had been implemented. About 450 workers 
from local communities were employed to undertake 
community-based restoration work through large-scale physical 
removal and chemical spraying of Mimosa pigra. Biological 
control trials through the importation and direct release of the 
control agent Carmenta mimosa commenced in May 2019. 
Six months after direct release, a monitoring exercise was 
undertaken to determine if there were signs of the control 
agent’s survival. The presence of adults and actively feeding 
larvae six months after the introduction indicated that the 
biocontrol agent survived successfully and was reproducing. 
By June 2020, the area invaded by Mimosa pigra had been 
reduced by approximately 68.8 per cent of the total invaded 
area at baseline. Ecological surveys indicate that there is 
regeneration of native vegetation in areas previously covered 
by Mimosa pigra and use of the restored sites by herbivores 
including the Kobus leche kafuensis, as well as various species 
of resident and migratory waterbirds including breeding pairs 
of Bugeranus carunculatus and Balearica regulorum. Some 
members of the community employed by the project had been 
able to use their income to invest in livestock and improved 
housing while others had used it to educate their children.

Long-term efforts were undertaken to restore water conditions 
through environmental flow releases from the dam upstream 
that might limit future Mimosa pigra establishment. 
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successful governance for biological invasions are well 
illustrated by the case of the invasive alien shrub, Mimosa 
pigra (giant sensitive plant), in Zambia (Box 6.4). 

As context for the sections to follow, three key points can 
be made about the literature and evidence in support of 
governance approaches for biological invasions:

	 While there is literature on the topic of biological 
invasions governance (assessed and drawn upon in 
the formulation in this section), only a small proportion 
of this literature critically evaluates, with empirical data 
in an invasive alien species context, the strengths and 
weaknesses of particular or alternative governance 
models and overarching governance systems. 

	 The most useful and evidence-based literature comes 
from comparatively extensive and relevant work on 
environmental governance more broadly. 

	 As a result, many of the options, tools and approaches 
are not particular to biological invasions and evidence for 
them is steeped in different domains and areas of expertise 
(Weitz et al., 2017). Since an assessment of environmental 
governance is beyond the scope of this assessment – the 
field is interdisciplinary and itself developing rapidly – this 
section draws on some of the general frameworks and 
thinking on environmental governance that align with 
insights from biological invasion-specific literature, and 
refers to key findings in depth only where there is evidence 
specific to biological invasions.

Table 6  6  	 Overview of governance response considerations.

This table presents six types of response options (left column), and examples of relevant support tools, methods and frameworks 
(middle column) alongside examples of publications (right column).

Response option Examples of relevant support tools, methods and 
frameworks

Example publications

Strategy, including 
approaches to deal with 
inherent complexity 

(sections 6.2 to 6.7)

•	 Empirical analysis of invasive alien species policy and governance
•	 Objective review and evaluation
•	 National invasive alien species Strategy and Action Plans 
•	 Sustainability: Environmental – social – economic 
•	 Pressure-State-Response type models
•	 Ecosystem-based approach to management (EBM)
•	 Adaptive governance (Glossary) model

Barnhill-Dilling et al., 2019; Boström 
et al., 2016; Chaffin et al., 2016; 
Cooney & Lang, 2007; P. Martin et 
al., 2016; McGeoch, Shaw, et al., 
2015; Rudd et al., 2018; Smolarz et 
al., 2016; Termeer et al., 2010

Multi-level and sectoral 
integration

(sections 6.3, 6.7)

•	 Integrated governance for biological invasions
•	 Transnational environmental alliances 
•	 Conflict resolution
•	 Negotiation of values
•	 Inter-agency coordination to co-ordinate across policies and 

agencies and to monitor (stakeholder and Indigenous Peoples and 
local communities-wide or) government-wide activity. 

•	 Multidisciplinary, comparative research on invasive alien species 
policy regimes (Glossary)

Bennett & Satterfield, 2018; Daviter, 
2017; Herrick, 2019; Justo-Hanani 
& Dayan, 2020; Visseren-Hamakers, 
2015; Weitz et al., 2017

Coordination and 
collaboration across 
international and 
regional mechanisms 

(section 6.2.3.4)

•	 Stakeholder and Indigenous Peoples and local communities 
mapping

•	 Actor network analysis
•	 Measures to build public support
•	 Bridging organizations (Glossary)
•	 Extension personnel
•	 Institutions that build cooperation amongst relevant actors
•	 International cooperation on information sharing, monitoring, 

implementation and best practice

Angulo & Gilna, 2008; D. C. Cook et 
al., 2010; Gilna et al., 2014; Lubell 
et al., 2017a; Nourani et al., 2019; 
Stoett, 2010

Policy that is 
enabling, including 
the consideration of 
inclusion, the distribution 
of power and adaptation 

(sections 6.4, 6.5)

•	 Policy risk analysis
•	 Assess the distribution of costs and benefits of governance actions
•	 Stakeholder and Indigenous Peoples and local communities 

mapping
•	 Ecosystem Based approach to Management (EBM)
•	 Mechanisms to identify the need for and enable the establishment 

of temporary task forces 
•	 Networked, polycentric governance (Glossary)
•	 Legitimize decision-making at local scales
•	 “Landcare” model

Catacutan et al., 2009; Chaffin 
et al., 2016; Linke et al., 2016; 
Marshall et al., 2016; P. Martin et 
al., 2016; P. Martin & Taylor, 2018; 
McKiernan, 2018; Moon et al., 
2015; Peltzer et al., 2019; Smolarz 
et al., 2016
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6.2.3.1	 Employing multiple models of 
governance

Together, four complementary models of governance (1-4 
below) provide a high-level framing for comprehensive 
governance and for guiding the development of national 
invasive alien species strategies (Figure 6.6; IPBES, 
2019b). These models provide alternative but, importantly, 
not mutually exclusive mechanisms for bringing about 
policy implementation, and together they encompass 
a focus on all relevant actors (Primmer et al., 2015; 
Figure 6.7). Each of these models thus plays a role in the 
comprehensive and strategic governance for biological 
invasions; each encompasses options for strengthening 
governance that are outlined in further detail in sections 
6.3 to 6.6. 

(1) Hierarchical governance: Top-down 
governance based on agreed invasive alien 
species -relevant policies or decisions and 
their implementation

Governments enact legislation, develop aligned regulatory 
policy, and provide the funding needed to implement risk 
assessment and surveillance (Glossary; Lodge et al., 2006), 
i.e., provide a comprehensive, centralized and science-
based control regime, administered through one or more 
national agencies (Herrick, 2019). Hierarchical governance 
provides an existing and necessary backbone as well 
as, via legislation and regulation, the strongest category 
of instruments for invasive alien species implementation 
and control. While shortcomings in the hierarchical 
governance for biological invasions are identified and 
discussed above and in multiple sections of this assessment 
(section 6.2.2.(4)), hierarchical multilateral and national 

policy and legislative instruments will remain central to 
governance for biological invasions (section 6.3).

(2) Strategic-behavioural governance: 
Governance encouraging actors to behave in 
the collective interest of limiting invasive alien 
species and their harm

Beyond legislated policy, broad stakeholder and Indigenous 
Peoples and local communities support is essential to 
the effectiveness of invasive alien species prevention 
and control, including the full breadth of relevant actors 
(Figures 6.7 and 6.8; Vane & Runhaar, 2016). Strategic 
institutional arrangements can create enabling environments 
for collaboration, achieving agreement, and enhancing 
effective action. Perceived costs and risks of invasive alien 
species as well as opposition based on moral or ethical 
considerations can undermine management outcomes, 
whereas community groups, lobbies and public support can 
be particularly powerful in altering actions that affect invasive 
alien species outcomes (Crowley et al., 2019; P. Martin et 
al., 2016). Public support and voluntary, collective action 
are needed, for example, to manage weeds that cross 
boundaries. The willingness of land owners to participate 
in interventions is determined by many individual, collective 
and context-specific factors (Finkel & Muller, 1998; Lubeck 
et al., 2019; Vane & Runhaar, 2016). The research and 
design of tailored behaviour-change strategies, effective 
communication and outreach and the analysis of policy risk 
to anticipate undesirable outcomes are all key components 
of successful strategic-behavioural governance (Lubeck et 
al., 2019). The net balance of incentives and disincentives 
determines the likelihood of participation in invasive alien 
species prevention and control efforts. The focus of 
strategic-behavioural governance is therefore on social and 

Response option Examples of relevant support tools, methods and 
frameworks

Example publications

Effective communication 
of research, information 
and learning 

(section 6.6)

•	 Biosecurity collectives for information sharing
•	 Structured process by which knowledge can influence relevant 

actors
•	 Knowledge sharing platforms and infrastructures at multiple scales
•	 Clear assignment of responsibilities for risk communication
•	 Public information campaigns
•	 Context-specific messaging to encourage strategic behaviour 
•	 Information brokers

D. C. Cook et al., 2014; Cooney & 
Lang, 2007; Jonsson et al., 2016; 
Lubeck et al., 2019, 2019; Moon et 
al., 2015; Nourani et al., 2019

Governance capability, 
resourcing and capacity 

(sections 6.2 to 6.6)

•	 Build capacity in key governance capabilities
•	 Campaigns to make necessary technical concepts part of the public 

agenda
•	 Consider gains and losses from activities (e.g., trade) in negotiations
•	 Cost sharing arrangements
•	 Assess potential inequity and incapacity

D. C. Cook et al., 2014; Ford-
Thompson et al., 2012; Jonsson et 
al., 2016; P. Martin et al., 2016; P. 
Martin & Taylor, 2018; Outhwaite, 
2017; Termeer et al., 2016; Termeer 
& Dewulf, 2014

Table 6  6  	
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economic mechanisms for bringing about public support 
and behavioural change (Martin et al., 2016; sections 6.4 
and 6.5).

(3) Scientific-technical governance: 
Governance of knowledge to systematically 
support decision-making

Effective governance for the prevention and control of 
invasive alien species demands a wealth of information, 
efficient delivery of this information, and context-appropriate 
means by which to communicate it. Scientific-technical 
governance deals with the governance of knowledge within 
and across the components of the socioecological system 
that characterizes biological invasion (Figure 6.7; McGeoch 
& Jetz, 2019). This includes the role of international 
collaboration in delivering and sharing knowledge (Latombe 
et al., 2017) and regional early warning and information 
systems for invasive alien species. Scientific-technical 
governance includes the structure of information systems 
and platforms, assignment of responsibilities for data 
and information generation, sharing and communication 
(including risk communication; Chapter 5, section 
5.2.2.1.h). It also includes strategies for delivering and 
communicating different types of information to different 
stakeholders. For example, the European Commission has 
developed an invasive alien species information system 
(European Alien Species Information Network, EASIN) that 
ensures transparent and authoritative data on invasive alien 
species (European Environment Agency, 2010a). Scientific-
technical governance could also involve introducing, or 
strengthening existing, mechanisms that support a more 
ecosystem-based approach to governance, i.e., that 
includes systematic collection of essential data, use of best 
available evidence, and impact assessments as a pre-
condition for new activities, policy change and involvement 
of stakeholders (Smolarz et al., 2016).

(4) Adaptive-collaborative governance: 
Communication across sectors and 
governance levels to enhance shared invasive 
alien species goals

This model of governance involves a systematic approach 
to improve the planning and management of invasive alien 
species by “learning from doing”. It involves joint formulation 
of management objectives, specification of multiple 
management options, forecasting and estimating uncertainty, 
implementing management options, monitoring (social 
learning) to improve forecasting and reduce uncertainty, 
and changing management responses throughout a policy 
cycle (Glossary; Niemiec et al., 2019; Richardson et 
al., 2020). To date, many approaches to governance for 
biological invasions that refer to adaptive management have 
included only scientists, other experts or formal invasive alien 
species managers, and top-down modes of governance. In 

contrast, the concept and practice of adaptive collaborative 
governance and management are based on the involvement 
of stakeholders in decision-making at all levels, and on the 
establishment of vertical and horizontal institutional linkages 
spanning governance scales. These linkages support 
integrating and sharing knowledge. Adaptive-collaborative 
governance and management is ultimately “concerned 
with enhancing and including the capacity of all actors with 
a stake for sustainably managing the resource at hand” 
(Plummer et al., 2012). Options involving this model of 
governance are covered in further detail in section 6.4.

6.2.3.2	 Developing effective strategy for 
biological invasions 

Recognizing the significance of strategic planning for 
invasive alien species, one indicator under the SDGs 
(Indicator 15.8.1) aims to track the percentage of countries 
with national strategies for preventing and controlling 
invasive alien species (UN, 2021). The need for strategy to 
deal with biological invasions is driven by: 

1.	 The sheer size of the problem and the need to prioritize 
resources and actions; 

2.	 The multidimensional and interconnected nature of the 
problem across invasion stages (Glossary), sectors and 
actors; and 

3.	 The interdependence between invasion and other forms 
of environmental change. 

Strategic planning

The way strategies are designed, their content and the 
incorporation of good and environmental governance 
principles are key to guarantee their effectiveness 
(Chapter 5, section 5.2 for more information on evidence-
based decisions). In complex contexts, such as those 
faced by countries dealing with invasive alien species 
and their impacts, strategic planning can be improved by 
clear and cyclical assessment, option formulation, action, 
and re-assessment to achieve the goals of prevention, 
control and minimization of negative impacts (Andonova 
& Mitchell, 2010), including regular, objective review and 
evaluation (Martin et al., 2016; Table 6.6). Given limited 
resources, strategic planning can drive prioritization, 
including determining which species need prevention, 
control, or adaptation responses (McGeoch et al., 
2016). The strategic planning phase would consider all 
four governance models discussed above as part of a 
comprehensive strategy. Widely accepted steps in the 
development of strategy include: (1) evidence-based 
situation analysis; (2) development of a strategy and action 
plan; (3) identification and prioritization of tools and methods 
to enable strategic action, including legislation, financing, 
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institutional arrangements, stakeholder and Indigenous 
Peoples and local communities participation; and (4) 
mechanisms to ensure implementation (Falkenmark, 2007).

National strategies

National strategies are critical for achieving invasive alien 
species goals and targets, as this is the level at which legislative 
and resourcing commitment by countries is strongest (CBD, 
2020c). National strategies for invasive alien species have 
been called for, inter alia, to design implementation regimes, 
for example in the form of national invasive alien species 
strategy and action plans or national-level biosecurity strategies 
(Sustainable Development Solution Network, 2021). Such 
strategy could aim to include or address:

	 The means to achieve coherent legislative frameworks;

	 Coordination mechanisms to manage and communicate 
with the range of government and non-government 
sectors and actors involved; 

	 A coordinating body able to harmonize law such that 
no conflicts exist between sectors (Riley, 2012; Shine et 
al., 2005);

	 Collaborative and inclusive definition of goals and 
objectives for invasive alien species across sectors and 
levels that can be integrated into national strategies 
(Barnhill-Dilling et al., 2019; Praseeda Sanu & Newport, 
2010; Smolarz et al., 2016);

	 The identification, prioritization and management of 
pathways and drivers; 

	 Prioritizing established and future invasive alien species 
threats and committing related resources accordingly;

	 Optimizing surveillance, early detection and rapid 
response, eradication, containment and control 
programmes at local and sub-national scales;

	 The prioritization of national strategies to improve the 
efficiency of deployment of limited resources for invasive 
alien species prevention and control; 

	 National strategies can also define instruments 
and processes to encourage shared efforts and 
commitments, and understanding of the specific roles of 
all sectors and actors (Indigenous Peoples, community 
and industries) and multi-scale coordination of response 
programmes (e.g., Maclean et al., 2021); 

	 Mechanisms for specifying the distribution of 
responsibility (financial, planning, infrastructure, etc.) 
amongst stakeholders (Smolarz et al., 2016);

	 Coordination and justification for efficient and effective 
investment (whether national and sub-national) and 
appropriate support and reporting on invasive alien 
species guiding principles (Table 6.3), guidelines, 
goals and targets under multilateral agreements, in the 
context of societal and economic goals of sustainable 
development and international trade; 

	 Mechanisms to drive institutional and organizational 
structures that allow for flexible strategic thinking 
and reflection (Boström et al., 2016) and adaptive 
cooperation between stakeholders (Smolarz et al., 
2016); 

	 National strategies that address the need for and design 
of, local and subnational strategies for the eradication of 
priority species.

6.2.3.3	 Including actors across scales, 
levels and sectors

There is increasing evidence and a growing realization 
that the involvement of multiple sectors, stakeholders and 
Indigenous Peoples and local communities, together with 
the consideration of diverse perspectives and interests, can 
achieve effective governance and management of biological 
invasions (Guerrero et al., 2015); thus, a sustainability 
framework for an invasive alien species strategy could 
be appropriate (e.g., Barnhill-Dilling et al., 2019; Vaas 
et al., 2017). Governing invasive alien species within a 
sustainability framework provides a widely-accepted 
departure point for national environmental strategies 
(Nourani et al., 2018), including strategies for invasive alien 
species. Including stakeholders and Indigenous Peoples and 
local communities with different knowledge, perceptions and 
socio-cultural contexts can help achieve shared efforts and 
commitments, the understanding of the specific roles of all 
actors, improve the efficiency of proposed mechanisms and 
build trust (Maclean et al., 2022; Shackleton, Richardson, et 
al., 2019). In other words, everyone has a role to play in the 
governance for biological invasions. 

Such joint or integrated approaches (section 6.2.4) 
across the components and processes that characterize 
the socioecological system relevant to biological invasion 
(i.e., multilevel and multisector governance) can improve 
the effectiveness and efficiency with which the complexity 
of the invasive alien species problem can be managed 
(Lubeck et al., 2019; Stoett, 2007; Figure 6.7). While the 
terms “level” and “scale” are often used interchangeably, 
they have distinct, complementary meanings in governance 
for biological invasions. Because of their importance 
to the design of effective governance systems, these 
dimensions and the roles that they play are outlined below 
and discussed in terms of their importance for sectors 
and networks.
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Scales and governance – spatially and 
temporally continuous structures and 
processes

One way of viewing governance is through a scaling lens 
(Padt & Arts, 2014). While the impacts of invasive alien 
species occur locally, the drivers that facilitate biological 
invasions operate across scales from global to local, and 
the impacts also accumulate upwards to affect national and 
global economies and ecosystem processes (Andonova 
& Mitchell, 2010; Boström et al., 2016; Termeer & Dewulf, 
2014). As a global change phenomenon, biological invasion 
is both complex and dynamic because it involves interacting 
social, biological and abiotic environmental dimensions, often 
with context-specific outcomes (Chapter 1, section 1.5). 
Biological invasions are also transboundary in nature. This is 
a consequence of the fact that species movements are not 
naturally constrained by geopolitical boundaries: borders can 
be fluid for stakeholders and Indigenous Peoples and local 
communities and trade and human movement across natural 
and geopolitical borders are the primary drivers promoting 
biological invasion (S. Muller et al., 2009). As a result, 
solutions for managing biological invasions demand strategy, 
communication, cooperation, data and information that are 
similarly geopolitically unbounded (Figure 6.7). Agencies 
responsible for management are often local and the transfer 
of knowledge and management technology to this level is 
crucial (section 6.6). Biological invasions and management 
events at one place or time, and the reporting of such 
events, have a fundamental bearing on relevant response 
options at scales beyond which they occur. The process 
of biological invasion operates continuously across spatial 
scales from local – sites at which populations of invasive alien 
species establish or have impact – to the large regions over 
which invasive alien species are transported, cross borders 
and spread. Similarly, invasive alien species management 
spans short-term actions – such as rapid responses to 
eradicate newly established invasive alien species – to long-
term efforts to contain or control well-established invasive 
alien species in order to mitigate their impacts. Investing in 
invasive alien species management systems is a long-term 
endeavour to protect and maintain good quality of life and 
nature’s contributions to people. Therefore, it is appropriate, 
for example, that invasive alien species information systems, 
management of invasive alien species, and governance for 
biological invasions structures account for such scales. All 
of these information, structures and processes are planned 
and implemented across multiple spatial and temporal scales 
of biological organization (i.e., considering genetic diversity 
and adaptation, species population dynamics, community 
processes and ecosystem function; Padt & Arts, 2014).

Levels of governance – vertical interactions

Invasive alien species are governed and managed at 
multiple levels of societal organization, from regional to 
national and sub-national (Chapter 1, Figure 1.9). Levels 

of governance encompass civil society groups, for example, 
that contribute to weed clearing in local neighbourhoods, 
to sectoral land-management at a sub-national scale 
(such as protected and production areas), to states and 
provinces, countries, regions and broader intergovernmental 
arrangements (Figures 6.7 and 6.8). When a mismatch 
exists between the level of governance and the scales 
at which biological invasion occurs, policy and resulting 
interventions are less likely to succeed (Primmer et al., 
2015). Biological invasions policy is relevant and necessary 
at all levels of governance, and specification of those 
levels is useful, if not essential, in strategic planning and 
decision-making (Lescrauwaet et al., 2015). Stakeholders 
and institutions affected by and responsible for governance 
for biological invasions operate across either more or 
less hierarchical or inclusive levels of responsibility and 
cooperation. At a sub-national level, there are several 
possible invasive alien species management institutions, 
such as state/province-wide management programmes 
(bounded by sub-national government borders), cooperative 
management areas (delineated by land use or ownership) 
and volunteer groups (Figures 6.7 and 6.8). For example, 
the Landcare movement across multiple IPBES regions 
provides a tested option for government-supported, 
community-led information sharing and action, including 
partnerships among business, researchers, natural resource 
management agencies, governments, stakeholders and 
Indigenous Peoples and local communities, resulting in 
several successful cases of local implementation (Catacutan 
et al., 2009; McKiernan, 2018). 

Sector governance – horizontal interactions

Invasive alien species prevention and control activities, 
including legal and regulatory instruments for biological 
invasions, involve multiple institutions with global (CBD, 
WTO, IMO) or regional (Council of Europe) mandates and 
tend to be developed for and organized within key industry 
sectors (Hulme, 2020). As discussed further in section 
6.3.1, these sectors include environment and biodiversity, 
transport, trade, production systems, extraction systems 
and public health. One main limitation of the current policy 
regime for managing biological invasions is the narrow 
sectorial focus, where legal and regulatory instruments 
focus only on addressing either biosafety or biodiversity 
issues. The need for information flows and communication 
across governance systems from different sectors has 
been identified as a major challenge that undermines the 
effectiveness of invasive alien species management (Roura-
Pascual et al., 2021; Chapter 5, section 5.6.2.2) and a 
limitation for effective horizontal integration of invasive alien 
species management approaches. Moreover, many of 
these sectors influence public policy and resources (notably 
production, extraction, development aid and health sectors), 
so the explicit consideration and inclusion of all sectors is 
critical for effective governance for biological invasions. 
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Network governance – horizontal and vertical 
interactions

From an analytical perspective, and with the purpose of 
better understanding the roles and interactions among 
actors, scales, levels and sectors (Figure 6.7), governance 
systems can be considered as networks (Lubell et al., 
2017; Provan & Kenis, 2008; Chapter 5, section 5.6.3.1). 
Networks are a useful way to jointly consider the scales, 
levels and sectors outlined above. For example, the multiple 
relationship links between stakeholders needed to manage 
aquatic invasions in rivers in Figure 6.8 can be viewed 
and as a network to better understand the strengths, 
weaknesses and gaps in governance for biological invasions 
in this freshwater context. A network approach is useful for 
understanding the roles and contributions of stakeholders 
and institutions for cooperation and for strengthening 
the effectiveness of working relationships (Moon et al., 
2015; VanNijnatten, 2016). A network view of governance 
for biological invasions encompasses the concept of 
polycentric governance (one with multiple centres of power 
in decision-making) that has been identified as a successful 
and complementary model for inclusive governance for 
biological invasions (Marshall et al., 2016; Vaas et al., 2017). 
Some of the advantages of polycentric governance include 
better information generation and flow within and across 
actors (nodes) in the network compared to monocentric 
governance, as well as short social and physical distances 
between interacting nodes (Cook et al., 2010, 2014; Vaas et 
al., 2017; section 6.4.4).

6.2.3.4	 Coordination and cooperation to 
support the governance for biological 
invasions
Regardless of the view taken (scaled, multilevel or multisector, 
networked, or integrated), governance for biological 
invasions is achieved through cooperation, coordination and 
effective communication (Jacobs, 2017; Lubell et al., 2017; 
McKiernan, 2018; Vaas et al., 2017). Options for enabling 
integrated governance for biological invasions thus include 
identifying and supporting stakeholders who are able to play 
a bridging role across otherwise disconnected nodes of the 
network, the establishment of formal coordination bodies, 
and the use of extension personnel (Ekanayake et al., 2020; 
Nourani et al., 2019; Vaas et al., 2017; sections 6.2.4 and 
6.4). International networks and partnerships play a decisive 
role in sharing information, capacity-building, promoting 
collaboration, and sharing novel tools and techniques to 
manage biological invasions (Chapter 5, section 5.6.3.1). 
For example, sharing of knowledge between native and 
invaded ranges (Glossary) helps to predict entry and 
establishment risks and the potential impacts of alien species 
(Nourani et al., 2018). International collaboration is critical 
in managing biological invasions since the alien species 
are mobile and do not respect political or legal boundaries 
(Graham et al., 2019).

Governance for biological invasions is therefore in part a 
collective action problem that provides collaborative solutions 
(Hershdorfer et al., 2007; Epanchin-Niell et al., 2010; McLeod 
& Saunders, 2011; Bagavathiannan et al., 2019) including, for 
example, public-private partnerships (Mato-Amboage et al., 
2019). As outlined earlier, the mobility of invasive alien species 
means that preventing spread and managing established 
populations can be achieved through cooperation and 
coordination across property and jurisdictional boundaries 
(Graham, 2014; Yung et al., 2015; Howard et al., 2018; 
section 6.4). Achieving such cooperation is challenging 
because diverse actors have different perceptions and 
values (Chapter 1, section 1.5.2 and varying levels of 
interest, skills, resources, capacity, and time to commit to 
invasive alien species prevention and control (Donaldson & 
Mudd, 2010; Graham, 2013; Ma et al., 2018; Kropf et al., 
2020). Successful collective action would include developing 
stakeholder and Indigenous Peoples and local communities 
networks, and building the trust to forge a common 
understanding of the problem, agree on a common goal, 
identify measures of success, and encourage participation 
in individual and group activities (Stallman & James, 2015; 
Niemiec et al., 2016; Graham & Rogers, 2017; T. M. Howard 
et al., 2018; Bagavathiannan et al., 2019). Micro-interventions 
implemented during community engagement activities 
can increase participation and change social perceptions, 
such as facilitating increased communication amongst 
community members, setting collective goals, achieving 
public commitment, and enhanced visibility of contributions 
(Niemiec et al., 2019). There are many examples of how 
local communities have successfully mobilized to collectively 
manage invasive alien species (section 6.4.3). 

6.2.3.5	 Considering human adaptation 
to invasive alien species in governance 
systems
Adaptation to invasive alien species is emerging as a critical 
consideration for policy and management. Two concepts 
of adaptation are relevant: the first is “planned” adaptation, 
derived from a concept used by the Intergovernmental Panel 
on Climate Change (IPCC), which is “the result of a deliberate 
policy decision, based on an awareness that conditions 
have changed or are about to change and that action is 
required to return to, maintain, or achieve a desired state” 
(IPCC, 2007); the second is “autochthonous” adaptation, 
defined as “deliberate adaptation actions undertaken by 
individuals or small social groups that are specific to and 
occur within a local system, where human populations 
are ultimately affected” (P. L. Howard, 2019). This type of 
adaptation has four characteristics: (1) it is deliberate; (2) it 
refers to individuals and small groups of individuals; (3) it 
is specific to the locality – specific environmental, social 
and cultural conditions that prevail in specific places where 
people live and act and (4) it occurs within a local system, 
which is affected by multi-scalar drivers and feedbacks, thus 
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it is affected by many external influences, including planned 
adaptation (P. L. Howard & Pecl, 2019). 

When human adaptation becomes a response

Adaptation is relevant in cases where invasive alien species 
are established and, for environmental, management, or 
socio-economic reasons, there may currently be no other 
option (Kleinschroth et al., 2021). It is also relevant when 
invasive species impact human well-being and people 
attempt to manage them or adapt to their impacts (König et 
al., 2020). Adaptation may be the only option in cases where, 
due to the type of invasive and invasion scale, resources are 
unavailable to effectively mitigate or control invasive alien 
species, such as in forests, rangelands, savannahs, and 
large water bodies, including oceans (Godfree et al., 2017). It 
may also be necessary in cases where there are currently no 
known effective control methods, or effective methods cannot 
currently be deployed due to non-target effects or strong 
political, ethical, or social objections to available controls 
methods. For example, recreational fishing lobbies can stand 
in the way of formulating invasive alien species regulations 
(Zengeya et al., 2017; Box 6.16). Adaptation may be the 
only option when invasive alien species generate substantial 
social, economic or ecological benefit and have been 
incorporated into socioecological systems to such a degree 
that control or eradication would generate serious negative 
socioecological impacts (Bhattacharyya & Larson, 2014; P. 
L. Howard, 2019; Roder, 2001). When invasive alien species 
have negative impacts on good quality of life (Chapter 4, 
section 4.5), people attempt to change these impacts and, if 
possible, turn harm to benefit. A review of 70 case studies on 
adaptation to invasive alien species across the globe found 
that this is done in many ways – such as managing invasive 
alien species, using invasive alien species, changing their 
cropping and livelihood systems to accommodate harmful 
changes, or using the resources that invasive alien species 
can in some cases provide (P. L. Howard, 2019). When the 
impacts are too severe, people may be forced to abandon 
their homelands altogether or to migrate to find resources 
such as forage grass in new regions (Chapter 4, sections 
4.5.1 and 4.6.3.2). Adapting to invasive species, then, often 
means mobilizing and reorganizing relationships and assets 
within communities, which has knock-on effects not only for 
individual members but as well for entire communities and 
socioecological systems (P. L. Howard, 2019).

Governance implications of human adaptation 
to invasive alien species

The practical and policy implications of such local-level 
adaptation to invasive alien species are significant. No matter 
how wide the reach of planned interventions, such adaptation 
may still be necessary. Governments often have limited 
resources and rely on local actors and their cooperation to 
implement invasive management actions (P. L. Howard & 
Pecl, 2019; Pecl et al., 2019). Adaptations to invasive alien 
species occur in different spheres of individual, household, 
or collective activity related to production systems and the 
enactment of daily life (P. L. Howard, 2019). Local-scale 
adaptation is an important means to mitigate the impacts 
of invasive alien species, restore socioecological resilience 
(Glossary) and, where necessary and possible, transform 
socioecological systems to more desirable and sustainable 
states. In cases where adaptation includes use of the invasive 
alien species as a resource, a balance needs to be achieved 
between local benefits arising from such use and the potential 
of such use exacerbating negative outcomes from further 
invasive alien species spread (P. L. Howard & Pecl, 2019).

Understanding and considering human adaptation to 
invasive alien species can lead to the formulation of policies 
and practices (related to sectors such as land management 
and pesticide use) that seek to influence local adaptation 
in ways that increase adaptive capacity, resilience and 
sustainability. It is therefore an important, although to date 
little considered, phenomenon and can be considered as a 
viable response option in inclusive, integrated governance 
for biological invasions (section 6.2.3.5). 

6.2.4	 Integrated governance for 
biological invasions 

Drawing on the approaches above and recognizing the 
relevance of multiple scales, sectors and levels of governance, 
“Integrated Environmental Governance” provides an option for 
improving the effectiveness of invasive alien species prevention 
and control because it focusses attention on the relationships 
between the necessary components of governance systems 
for biological invasions (Box 6.5). In this way, context-specific 
application of integrated governance potentially simultaneously 
helps to address the challenges of fragmentation, complexity 
and information flow that are currently pervasive in governance 

Box 6  5  	 Integrated governance for biological invasions.

Integrated governance for biological invasions consists of 
establishing the relationships between the roles of actors, 
institutions and instruments, and involving as appropriate all 
those elements of the socioecological system that characterize 

biological invasion and its management, for the purpose 
of identifying the strategic interventions needed to improve 
invasive alien species prevention and control outcomes.
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for biological invasions (section 6.2.2). Coherent and better 
integrated policy regimes (Glossary) have been called for that 
aim to enable more effective and efficient policy outcomes, 
reduce policy conflicts, implementation delays, confusion 
and lack of clarity for stakeholders, wastage of resources 
and unanticipated outcomes in the complex contexts that 
characterize the governance and management of biological 
invasions (Riley, 2012; Vaas et al., 2017). The definition of 
integrated governance for biological invasions below (Box 6.5) 
is in line with and built upon the concept of integrated 
environmental governance (Visseren-Hamakers, 2015; 
Visseren-Hamakers et al., 2021) 

Integrated governance, including for biological invasions, 
includes not only integration across sectors (so-called “nexus” 
in sustainable transitions literature; S. Díaz et al., 2019; 
Glossary; Chapter 1, Box 1.14), but also a range of strategic 
actions and governance system properties characterize good 
governance for biological invasions (Weitz et al., 2017). In other 
words, policy integration is only one part of the integration 
needed, and attention may also be given to the properties of 
the broader system that delivers invasive alien species policy 
(Leventon et al., 2021). 

A key part of the recognition of the need for integrated 
governance for biological invasions concerns the need for 
integration across the sectors that in some way intersect 
with the problem of invasive alien species – as either causal, 
affected or managing actors (Figure 6.7), as discussed 
above. These sectors include environmental, human, animal 
and plant health (Hulme, 2020). This approach is referred to 
more broadly in governance literature as the “nexus approach” 
(S. Díaz et al., 2019; Weitz et al., 2017), and it “focuses on 
the relationships between different policies and sectors (e.g., 
agriculture, transport, environment) with the aim of coordinating 
across sectors without preferring one over the other in order 
to promote coherence” (Visseren-Hamakers, 2015). The 
intention of such integration is to improve policy coherence 
by “identifying synergies and trade-offs, optimizing policy 
options, and adapting governance arrangements” (Weitz et 
al., 2017). This approach aims therefore to reduce undesirable 
outcomes for invasive alien species management that result 

from conflicting policy and interests across sectors. An 
example is the “One Biosecurity” approach: “an interdisciplinary 
approach to biosecurity policy and research that builds on 
the interconnections between human, animal, plant and 
environmental health to effectively prevent and mitigate the 
impacts of invasive alien species” (Hulme, 2020; Glossary). 

While considering what needs to be integrated (e.g., research, 
sectors, policy) and how (e.g., stakeholder and Indigenous 
Peoples and local communities’ inclusion, analysis, collective 
action) holds significant promise to achieve better outcomes 
for invasive alien species prevention and control, there are 
also limits to this approach that are important to recognize. 
The status of biological invasions and the most effective 
management approaches are to a large degree context-
dependent, therefore, comprehensive and strongly centralized 
policy integration may be neither possible nor desirable 
(Herrick, 2019; Hoff et al., 2019). New approaches or decision-
making structures are not developed from a clean slate and 
can be strategically designed to strengthen or fill gaps in 
existing governance systems (Visseren-Hamakers, 2015). 

Nonetheless, there is substantial evidence to suggest that 
a greater degree of policy integration would be beneficial in 
many instances (Lansink et al., 2018; Smolarz et al., 2016), 
and the benefits to building on existing policy settings have 
been highlighted (Trump et al., 2018). To this end options for 
more effective invasive alien species policy, including integration 
where it is needed, include a number of desirable features, 
such as policy coherence and political legitimacy (Daviter, 
2017; Herrick, 2019). Several tactics that enable this reform 
can be incorporated into invasive alien species strategies at 
national and other levels and sectors (Table 6.7). Other key 
considerations include external influence and dealing with 
the factors that influence integration beyond cross-sector 
relationships and policy (section 6.2). Finally, negotiation 
and building trust can improve the governance of biological 
invasions; addressing trade-offs and improving policy 
integration is a political process built on negotiation across 
stakeholders with different interests, values, and perspectives, 
which requires trust, ownership of the process, and learning 
(section 6.4). 

Table 6  7  	 Tactics to enable policy reform for invasive alien species policy.

Tactic Expected benefit Key references

1 Multidisciplinary to transdisciplinary research on 
invasive alien species policy regimes

Building robust and long-term resilience and the 
adaptive capacity of the governance systems for 
invasive alien species

(Daviter, 2017; 
Herrick, 2019)

2 Policy narratives to deal with the full continuous 
spectrum of service delivery or regulation, from 
prevention, eradication, control and restoration 
rather than treating each in isolation 

Better integrated and effective policy regimes (Daviter, 2017; 
Herrick, 2019)
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6.3	 LEGAL AND 
REGULATORY OPTIONS

A broad array of international and national legal and 
regulatory instruments that directly or indirectly reference 
invasive alien species exist (Table 6.8). These instruments 
aim to manage invasive alien species by preventing their 
introduction and spread and mitigating their impacts. 
They provide the formal rules upon which other policy 
instruments (e.g., economic, social; Table 6.1) can be 
framed and operated, and are also associated with 
multiple global, regional and national organizations. These 
instruments regulate or propose voluntary standards 

for the activities of different sectors (e.g., environment, 
production, extraction, health, trade and transport), 
often at different stages of the invasion process. This 
division of sectors, organizations, geopolitical scales 
and management by invasion stages highlights some of 
the main governance challenges of managing biological 
invasions discussed in section 6.2.

This section presents a suite of possible policy 
instruments to address the drivers and impacts of 
invasive alien species from a sectorial (section 6.3.1), 
geopolitical (section 6.3.2) and national (section 6.3.3) 
perspective. The options presented are brought together 
in section 6.7, where the need for alignment and 

Tactic Expected benefit Key references

3 Drawing on the full suite of adaptive and control-
focused instruments as relevant (Figure 6.8), 
including a combination of voluntary measures with 
regulatory and legislative frameworks

More comprehensive, effective and efficient 
governance for biological invasions

(Herrick, 2019; 
Primmer et al., 2015; 
Shine et al., 2000; 
Termeer et al., 2010)

4 Inter-agency coordination to co-ordinate across 
policies and agencies and to monitor (stakeholder 
and Indigenous Peoples and local communities-
wide or) government-wide activity 

Increased efficiency and effectiveness of resource 
allocation and knowledge sharing

(Daviter, 2017; 
Herrick, 2019)

5 High autonomy for decision makers combined with 
strong, coherent, overarching policy

More efficient and targeted local solutions (Vaas et al., 2017)

6 Strategic and programmatic coordination that 
has adequate resourcing and authority to enable 
coordination 

Improved effectiveness of implementation 
measures

(Daviter, 2017; 
Herrick, 2019)

7 Work towards intergenerational sustainability for 
invasive alien species by linking the consideration 
of ecosystem functions and process with 
management actions

Achieving environmental sustainability and political, 
stakeholder and Indigenous Peoples and local 
communities support 

(Smolarz et al., 2016)

8 Knowledge systems that enable sharing of 
information, concepts and arrangements across all 
stakeholders and scales 

Improving learning to empower all stakeholders 
and Indigenous Peoples and local communities to 
manage invasive alien species

(Smolarz et al., 2016; 
Staples & Hermes, 
2012)

9 Creating space for multiple knowledge systems 
and experiences to encourage the recognition of 
different values 

Building trust and social capital for effective 
collaboration and cooperation (collective action)

(Leventon et al., 2021; 
McKiernan, 2018)

10 Implementing mechanisms for reviewing and 
monitoring policy effectiveness, including gathering 
data for “Response” indicators (following the Theory 
of Change, section 6.2.1) so that the success of 
management interventions can be assessed and 
fed into adaptive planning

Overcoming slow and inadequate implementation 
of policy

(McGeoch et al., 2010; 
McGeoch & Jetz, 
2019; OECD, 2019) 

11 Integrating invasive alien species considerations 
into policies related to other environmental threats, 
including climate change 

Policy that recognizes the inherent inter-
dependencies of multiple forms of environmental 
change

(Smolarz et al., 2016)

12 A focus and research on the relationships between 
policy instruments within and between sectors to 
determine what invasive alien species -relevant 
policy gaps exist, where policy conflicts occur, 
and how new policy can best complement existing 
policy – as the basis for a transition to integrated 
governance for biological invasions 

Policy coherence, filling policy gaps and avoiding 
perverse incentives

(Visseren-Hamakers, 
2015)

Table 6  7  	
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coordination between legal and regulatory instruments 
across sectors, geopolitical scales and invasion stages 
is described. Meeting these needs would solve the 
current significant gaps in coverage of regulations and/
or standards targeting invasive alien species and help 
to implement integrated governance based on sharing 
efforts and commitment and understanding the specific 
role of all actors (related to the principle of shared but 
differentiated responsibility). A key finding of the present 
assessment is that there is a need for coordination 
between policy initiatives to promote free trade, protect 
animal, plant and human health, or address other drivers 
of biodiversity loss, such as climate change and land-use 
and sea-use change. The section also shows options to 
improve the efficiency and effectiveness of invasive alien 
species intervention efforts at the national level and their 
integration at a regional scale.

6.3.1	 Legal and regulatory options 
at and across sectors

Legal and regulatory instruments from many interacting sectors 
deal with management of biological invasions, either directly 
or indirectly. This section presents and discusses the legal 
and regulatory instruments aimed at solving some of the main 
challenges in the five key sectors described in Table 6.8. 
Rather than describing specific sector-by-sector solutions, legal 
and regulatory instruments that apply, in many cases, to more 
than one sector are presented. The options described here 
focus on addressing four main governance challenges:

	 fragmentation across sectors,
	 externalities, 
	 conflicting interests and trade-offs, and
	 hurdles to policy implementation.

Table 6  8  	 Some of the international legal, regulatory and organization-based instruments 
relevant to invasive alien species by sector.

Adapted from Burgiel (2015).

Sector Activities Examples of relevant legal and regulatory instrument Type of 
instrument*

Biodiversity 
and 
environment 

Conservation and 
natural resource 
management 

CBD Binding

Ramsar Convention Voluntary

Bern Convention Binding

United Nations Framework Convention on Climate Change (UNFCCC) Voluntary

Protocol on Environmental Protection to the Antarctic Treaty (the Madrid 
Protocol)

Binding

Transport and 
trade

Movement of 
goods, sanitary 
and phytosanitary 
measures and border 
security

WTO Binding

IMO Binding

International Civil Aviation Organization (ICAO) Voluntary

IPPC Binding

WOAH Binding

World Customs Organization (WCO) Voluntary

Production 
systems

Agriculture 
(silviculture, 
horticulture, 
livestock husbandry), 
aquaculture, and 
Living Modified 
Organisms6

IPPC Binding

WOAH Binding

FAO Voluntary

Cartagena Protocol on Biosafety Binding

Extraction 
systems

Forestry and fisheries FAO Voluntary

Public health Protection against 
public health threats

WHO Voluntary

One Health Joint Plan of Action Voluntary

* Binding instrument refers to those where signatories have a legal obligation to implement and/or achieve their commitments

6.	 Living modified organisms are any living organism that possesses a novel combination of genetic material obtained through the use of modern biotechnology 
as defined by the Cartagena Protocol (Bail et al., 2014).
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6.3.1.1	 Addressing fragmentation 
challenges

Building on the interconnections between different sectors 
(e.g., transport, human health, trade, agriculture and 
aquaculture, forestry and biodiversity) to overcome policy 
fragmentation would provide a pathway for the effective 
prevention of invasive alien species (Figure 6.10). Such 
a pathway would benefit from a coordinated view of 
biosecurity across relevant agencies, and a clear definition 
of the roles and responsibilities of relevant national offices.

(1) Develop a coordinated approach to 
biosecurity across relevant agencies

A coordinated approach to biosecurity may help facilitate 
the export of products that otherwise would be subject to 
import restrictions in other countries. At the same time, it 
could protect agriculture, forestry, horticulture, fisheries, 
native biodiversity and human health. A coordinated view of 
biosecurity would mean blurring the lines between strong 
sectorial identities associated with specific international 
standards, individual economic sectors such as health, 

agriculture and the environment, specific research 
communities, and unique stakeholder and Indigenous 
Peoples and local communities involvement. Biosecurity can 
benefit from close collaboration between the various national 
agencies that oversee human health, trade policy, agriculture 
and aquaculture, forestry and biodiversity (CBD, 2012, 2018). 

Efforts in the direction of cross-agency coordination 
have been proposed in reviews of existing biosecurity 
arrangements; for example, Australia’s quarantine and 
biosecurity arrangements (CSIRO, 2022; Durant & Faunce, 
2018) are at the core of the Great Britain Non-Native 
Species Strategy and its Secretariat (Box 6.6). A broader 
coordinated biosecurity approach can be achieved through 
close dialogue between health, agriculture and environment 
sectors; global, national and local authorities; and natural and 
social sciences. For example, the One Biosecurity approach 
(Hulme, 2020) provides a framework to tackle multiple social 
and environmental challenges: climate change, increasing 
urbanization, agricultural intensification, human global mobility, 
loss of technical capability as well as public resistance to 
pesticides and vaccines. This framework can benefit policy 
development regardless of the type of invasive alien species 

ECOSYSTEM 
HEALTH

PLANT 
& ANIMAL
HEALTH

HUMAN 
HEALTH

Animal diseases 
and predators

Poisonous, venomous 
organisms

Contaminants transfer 

Seafood pathogens
and contaminants

Biofoulers
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and diseases

Human 
diseases  and 
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Food pathogens 
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POLICY 
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Figure 6  10  	 A conceptual diagram of the links between different types of invasive alien 
species, human, animal, plant and environmental health that arise from the 
impacts of invasive alien plants, animals and pathogens, as described by the 
One Biosecurity approach (Hulme, 2020). 

Different types of invasive alien species will have different drivers, pathways and impacts, but their management and policy 
development aimed at prevention can all benefit from explicit recognition of the inseparability of human, ecosystem and plant and 
animal health and coordinated engagement by sectorial agents operating within each of those spheres.
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presenting threats to nature, nature’s contributions to people 
and good quality of life (Figure 6.10).

A coordinated approach to biosecurity can be improved 
by additional capacity, including personnel, expertise and 
equipment. National agencies concerned with biological 
invasions may be able to build on efforts by agricultural 
and trade ministries to incrementally improve their sanitary 
and phytosanitary measures and border control systems. 
There may also be opportunities to fast-track development 
of these systems and address any knowledge and policy 
gaps by making relevant information available when and 
where it is needed across different offices. In many cases, 
knowledge sharing and adapting the practices and methods 
of countries with more advanced biosecurity systems could 
be an effective strategy in countries lacking biosecurity 
protocols (Hulme, 2021) and section 6.6. Finally, there 
may be creative opportunities to tailor capacity-building 
resources and materials currently offered by groups such 
as the World Bank, the IPPC, the WOAH (Table 6.8), the 
WCO, regional development banks and national or regional 
research and development organizations.

(2) Clearly define roles and responsibilities 
across existing national offices within legal 
and regulatory instruments

Risk assessments are the most common approach 
to prevent the introduction of potentially harmful alien 

species from imports (Chapter 5, section 5.2.2.1.e), and 
are an essential component of any legislation enforcing 
regulations of trade. In fact, as explicitly stated by the 
WTO SPS Agreement, countries have the legal right to 
take proportional measures affecting trade based on 
the application of scientific principles. Deciding which 
governmental authority is responsible for assessing 
the risks of specific imports is important for preventing 
unwanted introductions. A clear definition of the roles and 
responsibilities of all agencies involved in the prevention 
of alien species introductions can help to devise effective 
management strategies (Hewitt et al., 2006). Moreover, 
these roles and responsibilities can be supported by 
legal and regulatory frameworks that allow governments 
to execute the assigned tasks (Hewitt et al., 2006). The 
questions in Box 6.6 can help to guide governments to 
identify the most appropriate authority, and to strengthen 
the tools and methods for decision-making (as discussed 
in Chapter 5, section 5.2.2). These decisions could 
focus on defining the appropriate level of protection, 
and trade-offs between good quality of life benefits of 
the import and potential impacts on biodiversity. It is 
important to highlight that although one authority might 
be considered responsible for assessing the potential 
impact of an import, continuous communication and 
coordination between government agencies could 
ensure that all possible risk dimensions are taken 
into consideration.

Box 6  6  	 Governance and management questions to guide decisions on import 
proposals for aquaculture, horticulture, or silviculture species.

Adapted from Hewitt et al. (2006).

1.	 Does the government permit the importation of 
alien species?

2.	 Will any new species imports be allowed for 
production purposes?

3.	 Has an adequate risk assessment been conducted to 
support the decision to import the new species and 
provisions for managing potential harm?

4.	 Under what national regulation(s) will the import of a new 
species occur?

5.	 Which government agencies are responsible for 
management of these regulations?

6.	 Will these new species be allowed for uncontrolled release, 
within controlled or quarantine facilities?

7.	 Will the responsibility for managed species (e.g., in 
aquaculture/horticultural) be different from wild (e.g., wild, 
feral, or released species) populations?

8.	 Who will be responsible for the importation (e.g., 
private individual, research agency/university, industry, 
or government)?

9.	 Under what legislative arrangements will release into either 
a managed facility or the natural environment occur?

10.	 Who will be responsible for managing the release (e.g., 
private individual, research agency/university, industry, 
or government)?

11.	 Are there appropriate monitoring systems in place 
to detect and manage accidental releases in 
the environment?

12.	 Could neighbouring jurisdictions potentially be affected, 
and if so, are communication pathways in place to manage 
the risk?

13.	 Will neighbouring countries be involved in the decision-
making process?

14.	 Do emergency response measures exist, including 
identification of the responsible authorities, in case of 
unforeseen negative impacts?
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6.3.1.2	 Addressing the indirect costs of 
biological invasions to uninvolved third 
parties: externalities

The overarching goal of the policy options presented 
in this section is to incorporate the negative impacts of 
invasive alien species into the social or economic context 
responsible for their introduction and spread. Such an 
approach would align the private, environmental and social 
costs of invasive alien species, so that trade-focused 
decisions take into consideration the environmental needs 
of society. It would ensure that all responsible government 
agencies are involved in attributing associated costs and 
that prices carry all the relevant information. This option 
would benefit from clear delineation of the environmental 
jurisdiction of non-environmental multilateral agreements 
and defining liability and redress from the negative impacts 
of invasive alien species on nature, nature’s contributions to 
people and good quality of life.

(1) Delineate the environmental jurisdiction 
of trade agreements, so that the mandates 
of multilateral environmental agreements are 
enforceable

The tug-of-war between the philosophical underpinnings 
of biodiversity centred (grounded on the precautionary 
approach) and trade-related multilateral agreements 
(grounded on the evidence of adverse effects of an 
introduction) creates a conflict between trade and the 
environment (Stilwell & Turk, 1999). One way to avoid 
such conflict in the context of biological invasions is 
for governments to proactively define the relationship 
between trade and environmental centred agreements 
when negotiating multilateral environmental agreements. 
As discussed in Stilwell & Turk (1999), defining this 
relationship should not rely on exemptions (“saving 
clauses”) in multilateral environmental agreements. Rather, 
agreements would better aim to establish a mutually 
supportive relationship between trade and the environment. 
Determining when the provisions in one of these two sets 
of agreements should supersede the other would help 
to internalize the externality of alien species impacts. It 
would also enhance policy coherence between multilateral 
agreements on trade and the environment, making these 
mutually supportive in favour of sustainable development 
(OECD, 2020). Specifically, this could bring about balanced 
and effective multilateral agreements for this transboundary 
and global environmental problem without the fear of trade 
barriers being invoked (Stilwell & Turk, 1999). This clarity 
would also help preserve the integrity of the multilateral 
trading system, which is increasingly criticized for its 
tendency to override social and environmental policies 
(European Commission, 2021). Likewise, it would address 
the view of social and environmental agreements as 
attempting to override multilateral trading rules (European 

Commission, 2021). Overall, such policy integration would 
also reduce the tendency and need to resort to unilateral 
trade measures, which would result in a lack of coordination 
and collaboration across jurisdictions.

(2) Defining liability and redress from the 
negative impacts to biodiversity of invasive 
alien species in multilateral and national legal 
and regulatory instruments

Invasive alien species can be viewed as a form of “self-
regenerating pollution” (De Klemm, 1996). A “legal 
personality” (Glossary) or entity could therefore be regarded 
as liable for the damages caused from their involvement in 
the introduction of an invasive alien species. Preamble 33 of 
European Union Regulation 1143/2014 affirms that Member 
States should impose effective, proportionate and dissuasive 
sanctions for infringements, considering the nature and 
gravity of the infringement, the principle of recovery of the 
costs and the polluter pays principle. The same legislation, 
at art. 21 on cost recovery, says that “in accordance with 
the polluter pays principle … Member States shall aim 
to recover the costs of the measures needed to prevent, 
minimize or mitigate the adverse impact of invasive alien 
species, including environmental and resources costs as 
well as the restoration cost.” However, the idea of liability 
and reparation for the impacts of an invasive alien species is 
missing from many multilateral environmental agreements. 
One notable exception is the Bern Convention which makes 
a formal recommendation about liability. Another example is 
the Convention on Civil Liability for Damage Resulting from 
Activities Dangerous to the Environment in Europe (Council 
of Europe, 1993) that specifies liability for genetically modified 
organisms or micro-organisms that present a significant risk 
for humans, the environment, or property. 

Different objectives and guiding principles across legal 
and regulatory instruments raise complex questions about 
how liability for biological invasions can be assigned; and 
how liability can be enforced under the current state of 
international law. The use of environmental liability directives 
such as the Principle of Polluter-pays (for example, EU 
Directive 2004/35/CE) or nuisance laws (Pidot, 2005) 
provides one pathway to incorporate liability and redress 
provisions into the current multilateral environmental 
agreements. In these cases, damages are recognized as 
any unwanted change in protected species and natural 
habitats, water resources and/or soils (Chapter 5, 
section 5.3.2): namely, negligence or intentional actions 
of legal persons or entities involved in activities resulting in 
“environmental damage”. In the context of transnational 
impacts, the best approach is that national legal and 
regulatory frameworks reflect obligations under international 
law and emphasize transboundary cooperation and 
collaboration concerning management of biological 
invasions, including liability for harm.
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Given the nature of biological invasions, enforcing 
environmental liability would require shifting the burden of 
proof from the prosecution to the defendant(s) (Kramer, 
2005; Pidot, 2005). Under such a regime, the prosecution 
would only have to demonstrate objective facts about the 
presence of an invasive alien species associated with a 
given activity of a legal person(s) or entity(ies); then the 
defendant(s) would need to prove the resulting invasion 
was not the product of negligence (Secretariat of the CBD, 
2001). These proofs would be provided by all parties that 
received some form of financial benefit from the transport, 
sale and/or introduction of the species liable for some part 
of the harm (Secretariat of the CBD, 2001). Reframing 
who should be the target of punitive proceedings has 
the potential to develop a culture of accountability and 
responsibility, focused on encouraging voluntary compliance 
and implementations of best practices, though it is 
important that punitive actions are maintained as a potential 
last resort (Kramer, 2005; Pidot, 2005).

6.3.1.3	 Addressing conflicting interests 
and trade-offs

Balancing the interests of multiple sectors and activities can 
be achieved through the development of legal and regulatory 
instruments, and reduce inconsistencies and misalignment 
in the objectives of legal and regulatory instruments. This 
approach could remove perverse incentives and, for example, 
encourage the transition to native species (Glossary) in 
production systems, stop the promotion of alien species 
as a tool to reduce poverty and increase food security, and 
increase the awareness of invasive alien species problems in 
disaster relief and assistance programmes.

(1) Removal of perverse incentives in sector-
specific legal and regulatory instruments

Legal and regulatory instruments that promote trade, 
agriculture and aquaculture, infrastructure management 
and tourism can also facilitate invasive alien species 
introductions (Chapter 3, section 3.2.5) and exacerbate 
their impacts on biodiversity (Chapter 4, section 4.3). The 
removal, phase out, or reform of these incentives harmful 
to biodiversity is one of the Kunming-Montreal Global 
Biodiversity Framework targets (Target 18). As discussed by 
Herrick (2019) and Lodge et al., (2006) aligning economic, 
social and environmental goals is the first step towards 
resolving perverse incentives (CBD, 2011). Such alignment 
can be achieved through careful evaluation of the trade-
offs between policies with well-intentioned objectives, 
for example those aiming to improve good quality of life 
and nature’s contributions to people but that promote 
the use of invasive alien species to do so. Figure 6.11 
showcases some examples of such perverse incentives. 
There are existing policy guidelines relevant to this topic 
(such as the European Union Green Paper on the Reform 

of the Common Fisheries; Commission of the European 
Communities, 2009), and new ones could be developed 
that focus on addressing specific perverse incentives. 
The analytical and policy guidance tools developed by the 
Organisation for Economic Co-operation and Development 
(OECD; OECD et al., 2007; Sovacool, 2017) and the United 
Nations Environment Programme (UNEP; Morgan, 2008; 
Sovacool, 2017) are also valuable tools to start evaluating 
and addressing the possible biodiversity impacts of current 
and future legal and regulatory instruments.

Two factors could be considered to remove perverse 
incentives associated with activities that contribute to 
biological invasions. First is the resistance to substantive 
reform. In many cases, removing or modifying a policy 
can raise legitimate concerns about the economic 
consequences and the political capital cost of such 
changes. This is exemplified by the criticism of several 
countries of CBD COP decision VI/23 (CBD, 2002). In their 
view, Guiding Principle 7 (which advises member states to 
“implement border controls and quarantine measures, for 
alien species… based on a risk analysis of the threats posed 
by alien species and their potential pathways of entry”) could 
be used as a tool to implement disguised trade barriers, 
thereby contravening the WTO SPS Agreement. A second 
factor to consider is the scale (spatial and temporal) at 
which proposed changes could potentially have an impact. 
In many cases, policy changes that can prevent invasive 
alien species introductions or reduce possible invasion 
drivers will have a direct, short-term economic and social 
cost for local communities, although communities would 
benefit from such changes in the long term. Identifying, 
understanding and adequately responding to the possible 
short-term social impacts of activities that promote the 
use of invasive alien species is one of the most challenging 
aspects of reforming policy instruments.

In addition to the examples shown in Figure 6.11, the 
development of a carbon sequestration economy could 
facilitate introductions of alien species (Chapter 3, section 
3.2.5). This could take place via tree plantations through 
initiatives like Reducing Emissions from Deforestation and 
forest Degradation (REDD; Harvey et al., 2010), national 
and multilateral initiatives on the use of biomass for energy 
production (i.e., EU, 2018; Jonsson et al., 2021), and other 
restoration strategies (Brundu et al., 2020) involving invasive, 
or potentially invasive, alien species. Tree planting is at the 
core of many national and regional climate strategies (i.e., 
carbon neutrality commitment by the European Union, 
China, United States, South Africa, Japan, South Korea 
and Canada; Climate Action Tracker, 2020). However, 
the most frequently used species in forestry plantations 
are trees from the genera Pinus, Eucalyptus and Acacia 
species. Though these species have traits that make them 
suitable for relatively rapid afforestation, they are also 
potentially highly invasive (Doughty, 2000; Eldridge et al., 
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(A) Agriculture
Chemical control of alien 
agricultural pests has generated 
great concern by virtue of its 
non-target impacts on species 
of conservation concern. Carson 
(1962) raised this issue in her 
book that helped launch the 
environmental movement, and 
use of other broad-spectrum 
insecticides has led to 
similar impacts.

(B) Aquaculture
There are several instances 
where unintentional 
introductions may be associated 
with cultured target species; one 
of these being introduction of 
Sargassum muticum (wire weed) 
with oyster imports.

(C) Public health
The use of broad-spectrum 
insecticides to control 
introduced mosquitoes that 
vector human diseases, 
such as DDT, affected many 
bird species, including 
those of conservation 
concern, through eggshell-
thinning. It also exacerbates 
pesticide resistance.

(D) Forestry
The forest-based industries and/
or the energy production sector 
can be impacted by biological 
invasions. An example is 
Eucalyptus globulus (Tasmanian 
blue gum), which has invaded 
many forestry adjacent sites in 
North-West Spain.

(E) Infrastructure 
management
Road construction and roadside 
maintenance have often fostered 
invasion by non-native plants. 
Increasing establishment of 
mobile and immobile artificial 
structures (e.g. ships, barges, 
coastal defences, artificial reefs, 
offshore platforms) and canals 
play major roles in transmission, 
establishment and spread of 
aquatic non-native species.

(F) Military facilities
Midway Atoll was the site of a 
U.S. Naval Air Station from 1940 
through 1996. The invasive plant 
Verbesina encelioides (golden 
crownbeard) was first observed 
in 1955 but was maintained at 
low abundance by intensive road 
and landscape maintenance. 
A shift in the 1990s to greatly 
reduced mowing and herbicide 
use triggered massive 
growth of this plant to the 
detriment of nesting seabirds, 
especially albatrosses.

(G) Tourism
National actions to promote local 
tourism (e.g., artificial reefs) in 
marine protected areas. Brazil’s 
Tourism Ministry launched a 
plan to sink 1200 scrapped 
ships, trains, and airplanes, 
most of them inside marine 
protected areas, supposing that 
they will promote diving tourism 
business. Artificial reefs, such as 
those that would be created by 
sinking those vehicles, are used 
by invasive alien species (e.g., 
Tubastraea spp. (sun corals)) as 
stepping-stones to natural reefs, 
causing ecological, social, and 
economic deterioration.

(H) Biomass
Prosopis spp. (mesquite) 
are a group of species 
native to Central and South 
America which have been 
introduced in Australia, Asia, 
and Dryland Africa for fuel 
wood, fodder, to improve 
soils and reduce erosion. 
After the demand for Prosopis 
crashed, many plantation 
were abandoned without 
management or eradication. As 
a result Prosopis has become 
a major problem, particularly in 
Africa. It has severely impacted 
traditional livelihoods of 
pastoral communities.

Figure 6  11  	 Examples of perverse incentives where actions aimed at promoting an activity 
fail to take into account the existence of environmental externalities. 

Examples present cases where (a) agriculture (Carson, 1962; Herms & McCullough, 2011), (b) aquaculture (Engelen et al., 2015), (c) 
public health (Carson, 1962; Walker et al., 2003), (d) forestry (Calviño-Cancela & Rubido-Bará, 2013), (e) infrastructure management (Galil 
et al., 2017; Mineur et al., 2012; Skultety & Matthews, 2017), (f) military facility management (Taylor et al., 2020), (g) tourism (Miranda et 
al., 2020) and (h) biofuels (Pasiecznik, 1999) can promote biological invasions. Photo credits: (a) James H. Miller, USDA Forest Service, 
Bugwood.org – under license CC BY 3.0 US / (b) Graça Gaspar, WM Commons – CC BY-SA 3.0 / (c) LSIS Helen Frank, WM Commons 
– Public domain / (d) Ignacio Amigo – CC BY 4.0 / (e) Rept0n1x – Walk to Lunt (102), WM Commons – CC BY-SA 2.0 / (f) Forest & Kim 
Starr, WM Commons – CC BY 3.0 US / (g) Paula Raposo – CC BY 4.0 / (h) Thamizhpparithi Maari, WM Commons – CC BY-SA 3.0.
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1994; D. M. Richardson & Rejmanek, 2004). While not 
invasive, Elaeis guineensis (African oil palm) plantations have 
been promoted as a climate mitigation strategy, yet they 
have limited biodiversity and conservation value (Harvey 
et al., 2010). Therefore, not considering fundamental 
environmental values, including safeguarding biodiversity in 
climate mitigation initiatives, can result in serious negative 
ecological consequences. Examples of impact include 
biotic homogenization (Glossary, Olden et al., 2004), 
genetic swamping (R. C. Barbour et al., 2010) and altered 
ecosystem processes (Simberloff et al., 2009). Moreover, 
the escape of these plantation species can become costly 
to manage and lead to significant biodiversity losses (D. M. 
Richardson & Rejmanek, 2004).

(2) Encourage the transition to native species 
in production systems

Reducing the dependence of the still growing aquaculture, 
horticultural and silvicultural sectors on alien species is one 
of the most pragmatic approaches to reduce translocations 
of problem species within and across national borders. 
There are options to replace some cultivated alien species 
with native species (e.g., Jones Jr & Foote, 1991; Pérez 
et al., 2003; van Heezik et al., 2012). Mainstreaming this 
perspective can be done through technical and policy 
developments that promote potential candidate native 
species that are preferred by their respective communities 
and local consumers. Nonetheless, it is important to 
highlight that alien species constitute as much as 75 per 
cent of the species used for consumption (Palacios, 
1997), and that these constitute the cornerstone for the 
economic activities of multiple communities. Therefore, such 
transition needs to consider the possibility of alien species 
replacement to fulfil food security and economic needs, with 
fisheries and forestry species more frequently invasive than 
terrestrial food crops (De Silva et al., 2009; FAO, 2019).

Some alien species used in many production systems are 
causing significant losses in performance, primarily from 
inbreeding (E. O. Wilson, 1999). Rather than replenishing 
the stocks of these alien species with fresh germplasm 
obtained from their natural range, policy and voluntary 
codes of practice could promote the development of viable 
and profitable culture techniques for suitably selected 
native species. The pangasid fish culture (Pangasianodon 
hypophthalmus (sutchi catfish)) in the Mekong Delta is a 
successful example of the viability of gradually reducing 
the dependence on alien species via the replacement 
by native species (De Silva et al., 2009; Nguyen, 2007). 
The aquaculture production of Piaractus mesopotamicus 
(small-scales pacu) in Argentina is another example of the 
successful use of native species to address decreases in 
capture fisheries (Quirós, 1990). Piaractus mesopotamicus 
production is now the second largest aquaculture species-
based production in Argentina (FAO, 2016). However, 

success is mixed across examples of shifts to native 
species in production systems, with shifts not being feasible 
in aquaculture in Indonesia, Malaysia and Thailand, but 
underway in some cases in India and Bangladesh (De Silva 
et al., 2006, 2009). Similar contrasting trends have been 
reported in aquaculture in Europe (Turchini & De Silva, 2008).

In the case of silviculture, options for the replacement of 
invasive alien with native species seem limited in commercial 
forestry with the most productive forestry species being 
alien (D. M. Richardson, 1998; D. M. Richardson & Higgins, 
1998). In the Galapagos, where other invasive alien species 
(Centrolobium paraense, Juglans neotropica (andean walnut), 
Swietenia macrophylla (big leaved mahogany) and Tectona 
grandis (teak)) are established, conservation authorities are 
encouraging the replacement of invasive alien timber species 
with non-invasive alien timber species (Cedrela odorata 
(Spanish cedar) and Cordia alliodora (Ecuador laurel)) and 
horticultural species (Psidium guajava (guava), Cinchona 
pubescens (quinine tree); Richardson, 1998). 

(3) Stop the promotion of alien species as 
a tool to reduce poverty and increase food 
security

Alien species are the cornerstone of many aquacultural 
practices aimed at improving food security. Examples 
are alien tilapia (Coptodon spp., Oreochromis spp. 
and Sarotherodon spp.), salmonids (Salmo trutta and 
Oncorhynchus mykiss) and oysters (Crassostrea spp., 
Ostrea spp. (flat oyster), Argopecten spp.; De Silva, 2012; 
Paini et al., 2016; McBeath & McBeath, 2010). This also been 
the case for silvi/agro-cultural initiatives aimed at reducing 
poverty, where species such as eucalypts and Leucaena 
leucocephala have been introduced in Southeast Asia. 
Grasses and legumes from Australia, South Africa and North 
America have been introduced in experimental farms near 
Santa Cruz (Bolivia) and Prosopis juliflora (mesquite) has 
been introduced in Africa (Figure 6.11) for fuel-wood for 
the rural poor (Murphy & Cheesman, 2006; Chapter 4, Box 
4.9). These species can escape production environments 
and have adverse impacts on biodiversity and ecosystems 
(Chapter 3, sections 3.2.5 and 3.3.1.1). A first step to 
avoid this problem could be a strategy shift by development 
assistance organizations to embed the preferred use of native 
species into their codes of practices. Exploring viable native 
alternatives as primary species for human consumption or as 
animal feed is an option for such organizations. This shift will 
benefit from being coupled with national policy that promotes 
a culture of native species cultivation valued by Indigenous 
Peoples and local communities.

However, the implementation of a “native species”-centred 
approach would require careful consideration in each case. 
For example, it is critical to consider if native species can 
provide viable alternatives to assure food security for ever 
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increasing human populations, especially in rural populations 
of developing countries (De Silva et al., 2009; Murphy & 
Cheesman, 2006; Shackleton, Richardson, et al., 2019). It 
would be important to consider socioeconomic conditions, 
as well as the views and needs of Indigenous Peoples 
and local communities, so that good quality of life is not 
adversely affected. This is clearly the case for alien tilapias 
(Coptodon spp., Oreochromis spp. and Sarotherodon spp.) 
in China, Indonesia, the Philippines and Sri Lanka, where 
they play a major role in subsistence aquaculture systems 
by providing a relatively cheap source of animal protein, 
as well as considerable export income (De Silva et al., 
2004, 2009); simply put, shifting to a less productive native 
species may not be feasible.

(4) Develop guidance documents and codes of 
practice to reduce pathway risks for disaster 
relief and assistance programmes

The lack of awareness of the possible problems caused 
by invasive alien species in international development 
programmes has made disaster relief and assistance an major 
invasion pathway (Murphy & Cheesman, 2006; Chapter 
3, section 3.2.2.2). Specifically, the invasive alien species 
problems created by international disaster relief and assistance 
programmes arise unintentionally from activities inspired by 
humanitarian motives. Many anecdotal reports (summarized 
by Murphy & Cheesman, 2006) link invasive alien species 
to these programmes (Chapter 3, section 3.2.2.2). As the 
negative effects of alien species (un)intentionally introduced 
via this pathway can be long lasting and outweigh positive 
impacts, increasing this awareness is important. 

The most efficient line of defence to identify possible 
invasive alien species in aid packages might be developing 
biosecurity protocols, voluntary codes of practice and 
risk assessment protocols focused on preventing (un)
intentional introduction in these programmes. Addressing 
the problems that have resulted from invasive alien species 
(un)intentionally introduced by past international assistance 
and aid /relief activities could be a priority for all associated 
stakeholders. However, conflicts of interest may arise where 
an environmentally damaging species is contributing to 
local livelihoods (as reviewed in Shackleton, Shackleton, et 
al., 2019; Chapter 5, section 5.6.1.2). Therefore, careful 
consideration is necessary of the trade-offs between 
reductions in nature and good quality of life benefits due to 
invasive alien species impacts and the immediate needs of 
vulnerable populations. 

6.3.1.4	 Addressing implementation 
challenges in key areas

Effective management of biological invasions can be 
promoted in multilateral and national legal and regulatory 
instruments by including early warning systems (Chapter 5, 

section 5.5.2) in all environmental legal and regulatory 
instruments; considering all alien species as possible 
environmentally hazardous living organisms; developing 
strategies to regulate cross-border e-commerce (Glossary); 
increasing awareness of and improved compliance with 
(voluntary) codes of practices; and incorporating prevention 
and control of invasive alien species into protected areas 
and island management plans.

(1) Include early warning systems for invasive 
alien species into multilateral environmental 
agreements and national legal and regulatory 
instruments

Although biodiversity-related policy instruments dealing with 
invasive alien species have generic surveillance provisions 
(e.g., the Nagoya Protocol on Access to Genetic Resources 
and the Fair and Equitable Sharing of Benefits Arising from 
their Utilization to the CBD, Article 29 and subsequent 
decisions; Cartagena Protocol, Article 17; International 
Treaty on Plant Genetic Resources for Food and Agriculture 
Article 17.2, or the Ramsar Convention on Wetlands, 
Articles 3(2), 4(1), 4(3), 6(2) (InforMEA, 2021)), no instrument 
has a direct requirement for monitoring or the development 
of early warning systems. The need to develop effective 
global early warning and rapid response systems has been 
stated as a priority action by the CBD COP (decision IX/4 
“In-depth review of ongoing work on alien species that 
threaten ecosystems, habitats, or species” and by the 
“Charter of Syracuse” on biodiversity, adopted at the G8 
Environment Ministers Meeting (22–24 April 2009, Syracuse, 
Italy). Early warning and rapid response systems for invasive 
alien species can detect the occurrence of new invasive 
alien species, supported by activities to identify new species 
correctly and acquire all related information (European 
Environment Agency, 2010b).

The lack of clear provisions on early warning systems is 
due to the need for cross-national integration of effort 
and standards for effective surveillance, which has proven 
difficult for biodiversity policy instruments (Hulme, 2021). A 
notable exception that incorporates monitoring provisions 
is the Bern Convention. Monitoring and early warning 
system provisions is also part of many management 
recommendation documents, such as guidelines by the 
IUCN (IUCN, 2000; Tye, 2018) and the Council of Europe 
(Genovesi & Monaco, 2013). Monitoring and early warning 
system provisions could be incorporated into multilateral 
environmental agreements and national policy instruments. 
For these provisions to be effective, they could encourage 
participation across government and non-government 
agencies, the scientific community and the general public. 
Such engagement could, for example, be via a complaint 
system to a dedicated national authority, which has proven 
to be a successful monitoring tool for the Bern Convention 
(C. L. Díaz, 2010). Also, similarly to the reporting mechanism 
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under the UNFCCC, periodic reporting on the numbers 
and identity of invasive alien species by member states 
could be part of the provisions of multilateral environmental 
agreements. An international biosecurity convention 
organization (similar to the secretariat of the Convention 
on the Conservation of Migratory Species of Wild Animals 
(CMS)), if established, could implement a global surveillance 
and monitoring network to provide early warning of new 
threats (Hulme, 2021). Creating an international warning 
system is a large task, but there is already ongoing research 
in this direction (Latombe et al., 2017; Pagad et al., 2018; 
Essl, Lenzner, et al., 2020).

(2) Inclusion of all invasive alien species as 
environmentally hazardous living organisms

Three areas central to biosecurity are: the management of 
risks associated with the accidental introduction of pests 
and diseases with food and agriculture, the introduction 
and release of genetically modified organisms and their 
products, and the deliberate introduction and management 
of invasive alien species and genotypes (FAO, 2003; 
Chapter 3, sections 3.3.1 and 3.3.5.2). Many biosecurity 
protocols do not cover “hitchhikers” or contaminants 
(e.g., spiders in produce, ants in taro plants), making the 
case for a broader definition of hazardous organisms, one 
that includes possible alien species that may affect the 
environment, the economy and/or human health (such as 
the New Zealand Import Health Standards that include 
provisions for hitchhikers and contaminants).

In addition to a broad definition of “hazardous organisms” 
in trade-related biosecurity protocols, clear and accurate 
labelling for consignments of all living organisms being 
transported is needed to prevent invasion. Labelling can be 
supported by regulated species lists with prohibited (strict 
approach) or permitted (lenient approach) species listed 
by jurisdiction and supported by import risk analyses. This 
protocol could be accompanied by handling protocols that 
promote environmental safety during transport. Adequate 
labelling needs to be developed and implemented through 
an efficient exchange of information between vendors and 
national authorities. The WCO has developed cross-border 
e-commerce frameworks (WCO, 2018) and technical 
standards (WCO, 2019) for this purpose, focusing on the 
need for electronic data to manage the risks of cross border 
movements of goods, and has been asked at COP15 of 
the CBD to look specifically at the question of e-commerce 
and invasive alien species (CBD, 2022c). Through the 
exchange of advanced electronic data, and considering all 
traded species as hazardous organisms, national authorities 
can ensure compliance with regulatory requirements. 
Furthermore, the use of detailed and accurate labelling of 
consignments would make exporters active participants 
in biosecurity and responsible for clean trade (Glossary, 
Hulme, 2021).

The UN Economic and Social Council’s Sub-Committee 
of Experts on the Transport of Dangerous Goods will 
consider including environmentally hazardous living 
organisms in chapter 2.9, class 9, of the United Nations 
Recommendations on the Transport of Dangerous Goods 
– Model Regulations,7 at its upcoming session in 2023, 
taking into account the risk of unintentional introduction 
of invasive alien species, including pathogens. This could 
be a significant step forward if governments are willing to 
accept it.

(3) Develop and raise awareness of codes 
of practices and standards and other 
mechanisms to regulate cross-border 
e-commerce

The rise of e-commerce contributes to invasive alien species 
spread (Chapter 3, section 3.2.3.1), and is becoming an 
increasingly critical biosecurity concern (Ricciardi et al., 
2017; Chapter 5, section 5.3.1.1). However, the online 
trade of living organisms is poorly regulated (Lenda et al., 
2014; Mazza et al., 2015). Also, the high level of anonymity 
in online trade can circumvent accountability and taxes. 
Individuals and small companies that sell through the 
internet may not be legally registered and often do not 
disclose their specific location of operation. As a result, 
consignments of regulated articles can be imported into 
a country without any effort to meet the phytosanitary 
requirements of the receiving country (Derraik & Phillips, 
2010; Keller & Lodge, 2007; Morrisey et al., 2011). Buyers 
and sellers in the plant and animal trade may be ignorant 
or misinformed on potential dangers and biosecurity 
regulations, or may incorrectly identify their products 
(Giltrap et al., 2009; Walters et al., 2006). As such, national 
lists of regulated species are more important than ever. 
For example, the European Union, through the European 
Union Regulation 1143/2014, has adopted a List of 
species of Union Concern that are banned from import 
into the Union, and for which there is a general obligation 
to eradicate or control when recorded in the territory of a 
member state. The list is regularly updated. In 2004, Japan 
adopted an Invasive Alien Species Act that includes a list of 
regulated species.

Based on these lists, voluntary codes of conduct for 
e-commerce platforms could be developed as cost-effective 
approaches to address the trade-off between the economic 
benefits of e-commerce and the risk of environmental harm 
from the scope of these species (Monaco & IUCN Invasive 
Species Specialist Group, 2021; Shackleton, Adriaens, et 
al., 2019). Specifically, the adoption of voluntary codes of 
conduct could prevent sales and auctions of species into 
countries where they are regulated and improve correct 
labelling of traded species. These conduct codes could 

7.	 United Nations publication, Sales No. E.19.VIII.1.
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stimulate e-commerce platforms to self-regulate by screening 
their own listings for species of concern and proactively 
complying with countries’ invasive alien species laws, 
requiring sellers on online platforms to provide information on 
the species they sell. At a minimum, this information would 
include taxonomy, a record of potential invasiveness of these 
species, and appropriate measures that a buyer could use 
to prevent a species escape or release. Clear labelling of 
consignments, combined with lists of prohibited or permitted 
organisms, is perhaps the best way to prevent environmental 
harm without imposing major constraints on e-trade.

Such voluntary guidelines are in the process of being 
implemented for endangered and threatened species trade 
by the world’s leading technology companies, including 
e-commerce and social media companies (e.g., Alibaba, 
eBay, Facebook, Google, Instagram, Microsoft, Pinterest, 
etc.). One example of a related effort is the work by the 
Coalition to End Wildlife Trafficking Online.8 It is a partnership 
between environmental organizations such as Trade Records 
Analysis of Flora and Fauna in Commerce (TRAFFIC), World 
Wildlife Fund for Nature (WWF) and the International Fund 
for Animal Welfare (IFAW) with companies from across the 
globe to reduce wildlife trafficking online. Expanding these 
standards to include invasive alien species would help reduce 
introductions of invasive alien species through e-commerce.

The effectiveness of voluntary guidelines, codes of conduct 
and standards can be improved through the development 
of an efficient information exchange system accessible 
to all parties involved in trade and transport. At COP15, 
CBD parties considered measures on e-commerce and 
associated risks of invasive alien species (CBD, 2022c). 
One of these measures is considering the implementation 
of a single-entry system that facilitates the sharing of 
standardized information and documents with a single-entry 
point (i.e., a “Single Window approach”) to fulfil all import, 
export and transit-related regulatory requirements. 

(4) Increase awareness, participation and 
compliance with (voluntary) codes of practice 
for the translocation and exploitation of 
invasive alien species

Increasing governmental support for deregulation combined 
with industry opposition to restrictive legislation has led 
to a progressive emphasis on corporate responsibility 
and voluntary codes of practices worldwide (Sethi, 2011). 
Several activity-specific voluntary codes of practices have 
been developed to address the management of invasive 
plant species by the ornamental nursery industry (Baskin, 
2002; Heywood & Brunel, 2009 and Box 6.7), aquaculture 
and forestry. Similar codes of conduct have been developed 
in Europe for several relevant activities, including boating, 

8.	 https://www.endwildlifetraffickingOnline.org/

botanic gardens, hunting, international travel, pets, 
recreational fishing, zoological gardens and aquaria (such 
as the European code of conduct on hunting and invasive 
alien species, and other available at EASIN (2021)). These 
codes of practice provide practical and concise guidance 
in establishing common standards of good practice and 
responsible attitudes and behaviours for use of alien 
species in production activities. Their recommendations 
are intended to be complementary, not replace, the binding 
obligations embedded into national legislation and action 
plans that regulate any activity that transports, sells, or uses 
alien species.

The effectiveness of voluntary codes of conduct has limits 
but can be a valuable part of integrated systems to reduce 
the risk of invasive alien species. In fact, several codes of 
practice on invasive alien plants are in use throughout the 
world. Codes of practices on invasive alien species have 
two main goals: (1) to reduce deliberate introductions of 
invasive plants and (2) to increase the level of awareness-
raising (Halford et al., 2014). For example, the European 
and Mediterranean Plant Protection Organization 
(EPPO) standard PM 3/74(1) provides guidelines on the 
development of a Code of practice on horticulture and 
invasive alien plants (EPPO, 2009).

(5) Policy to support incorporation of 
management of biological invasions into 
protected area management plans

The designation of parcels of land- or seascapes as 
protected areas does not confer immunity from the effects 
of invasive alien species, and the invasion of protected 
areas erodes the maintenance of species diversity and 
natures contributions to people (e.g., terrestrial plants, 
Foxcroft et al., 2013; Liu et al., 2020; and marine systems, 
Gallardo et al., 2017; Giakoumi et al., 2019). This has 
become a concern at an international level, with many 
global conventions, policies or strategies focused on 
the threat of invasive alien species in protected areas in 
development (Foxcroft et al., 2017; Shine et al., 2000). The 
designation of protected areas will likely increase as a result 
of the Kunming-Montreal Global Biodiversity Framework 
adopted at COP15 of the CBD in late 2022, which clearly 
encouraged governments to increase protected areas on 
land and in water by restoring (Target 2) or protecting (Target 
3) at least 30 per cent of terrestrial, inland water and of 
coastal and marine areas.

Due to the importance of protected areas, policy 
instruments could be developed to elevate protected areas 
to priority invasive alien species management sites, using 
a site-based management strategy (Glossary; Chapter 5, 
section 5.3.1.3). The development of such instruments may 
lead to the formalization of alien species management plans 
into the protected area management planning process. 

https://www.endwildlifetraffickingOnline.org/
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Box 6  7  	 The way forward for ornamental horticulture and invasive alien plants: How to 
reduce risks and achieve sustainability?

Ongoing innovation, cultivation and introduction of new plants 
has been considered critical to the survival and profitability 
of the horticultural sector, and can result in the ongoing 
introduction of alien species (Seaton et al., 2014). Ornamental 
horticulture fosters plant invasions in a number of ways (Culley 
et al., 2011). First, it often involves multiple introductions which 
include both the initial introduction as well as the subsequent 
sale and distribution of cultivated individuals through supply 
chain, retail centres, mail order catalogues, and over the 
internet (Culley et al., 2011). Second, selective breeding 
may unintentionally favour traits, such as rapid growth, rapid 
seed germination, drought tolerance and disease resistance, 
that can enhance spread and invasive potential. Third, 
ornamental horticulture may promote invasiveness through 
commercialization of cultigens (plants known only in cultivation; 
Spencer & Cross, 2007). Although some may be self-sterile, 
different cultigens planted together may cross-pollinate and 
form viable fruit that is dispersed into natural areas. This has 
already been documented, for example, in Pyrus calleryana 
(callery pear) and Lythrum salicaria (purple loosestrife; Figure 
6.12; Culley et al., 2011; Culley & Hardiman, 2007, 2009).

To prevent further plant invasions resulting from ornamental 
horticulture, countries could commit to promote the inclusion 
of specific guidelines for the ornamental horticulture sector 
and supply chain, within the framework of national strategies 
on biological invasions and within related national policy (for 
example those relevant to biodiversity, SDGs, sustainable 
agriculture and forestry). As discussed by Hulme et al. (2018), 
closing this plant invasion pathway can be achieved by 
government-industry agreements to fund effective pre-and 
post-border weed risk assessments. This can be supported 
by widely adopted industry codes of practices. One example 
is the Code of Conduct for Invasive Alien Trees (Brundu & 
Richardson, 2016), which complements other European 
existing codes of practice dealing with horticulture and botanic 
gardens (Heywood & Sharrock, 2013). Codes of practice help 
producers and consumers make informed choices and help 
to target public education needed about horticultural invasion 
risks. For example, Green Lists of non-native ornamental 
species that have been assessed as having a low risk of 
escaping cultivation can contribute to the prevention of plant 
invasions (Dehnen-Schmutz, 2011)

For example, the European Union Natura 2000 network 
aims to ensure the long-term survival of valuable and 
threatened species and habitats. Therefore, management 
plans are needed to prevent the deterioration of habitats and 
significant disturbance to species (Underwood et al., 2020). 
The European Union invasive alien species regulations also 
provide legal support to prevent the introduction and spread 
of invasive alien species of Union concern, as Member 

States are obliged to undertake action to prevent and/or 
limit the impact of invasive alien species of Union concern 
(Underwood et al., 2020). In Argentina, the national invasive 
alien species strategy requires management plans for the 
control of invasive alien species to be incorporated into 
protected area management and annual operational plans 
in national, provincial and municipal protected areas and 
private reserves (Paola & Kravetz, 2004). Protected areas in 

Figure 6  12  	 Left: Pyrus calleryana (callery pear). Right: Lythrum salicaria (purple loosestrife). 

Some cultigens planted together may cross-pollinate and form viable fruit that is dispersed into natural areas. Photo credits: 
Bruce Marlin, WM Commons – under license CC BY 3.0 (left) / GartenAkademie, WM Commons – under license CC BY 
3.0 (right).
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marine and connected systems are, however, less likely to 
achieve successful management following establishment of 
an invasive alien species (Chapter 5, Figure 5.1; Simberloff, 
2021; Box 6.8). Therefore, high-level policy instruments are 
needed to focus on preventative measures, for example, 
ballast water management systems and biofouling protocols 
(Table 6.4; Chapter 5, section 5.4.4.1).

The application of high-level indicators downscaled from 
global to local levels may provide a framework for protected 
areas to assess progress in managing biological invasions. 
For example, in protected areas, it is possible to monitor 

the number of alien taxa, the species negatively impacting 
biodiversity, and the trends therein (section 6.6.3). This 
indicator can be read in conjunction with indicators such as 
trends in species at risk of localized extinction in a protected 
area. Response indicators provide protected areas and 
conservation agencies with feedback on the extent to which 
essential policy and management approaches have been 
adopted (McGeoch et al., 2010; section 6.6.3). Collated 
at a national level these responses can be used to inform 
global indicators such as those for measuring progress 
in achieving the targets of the Kunming-Montreal Global 
Biodiversity Framework.

Box 6  8  	 Marine protected areas as hotspots of invasive alien species.

Marine protected areas are created to conserve the diversity 
of native species and associated habitat, and protect this 
biodiversity from threats such as invasive alien species 
(Francour et al., 2010). Yet, evidence is emerging that 
suggests marine protected areas do not provide effective, or 
even adequate, resistance to the introduction, establishment 
and spread of invasive alien species (Usher et al., 1988). For 
example, a survey of the venomous Pterois spp. (lionfishes) 
in 71 Caribbean reefs shows that they have established in 
high densities on reefs with depauperate native predator 
assemblages, and on reefs with both a high diversity and high 
biomass of native predators (Hackerott et al., 2013; Figure 
6.13). A census of lionfish in the Florida Keys National Marine 

Sanctuary, long considered a safe refuge for biodiversity 
(Hickerson et al., 2012), revealed a rapid increase in their 
spread, abundance and biomass (Ruttenberg et al., 2012). On 
the island of Martinique, despite intensive population control 
efforts (e.g., public awareness, authorize and equip dive centres 
for Lion-fish removal; Trégarot et al., 2015) inspired by the 
Regional Caribbean Lionfish Strategy (Gómez Lozano et al., 
2013), lionfish colonized the west coast of Martinique, most 
of it designated as marine protected areas 9. The lionfish also 
colonized the isolated Parque Nacional Arrecife Alacranes and 
the offshore coral reefs of the Flower Garden Banks National 
Marine Sanctuary in the Gulf of Mexico (Johnston et al., 2017; 
López-Gómez et al., 2014).

Figure 6  13  	 Lionfish are now invading the western Atlantic Ocean, from North Carolina to 
Brazil.

Photo credit: Oren Klein – under license CC BY 4.0
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6.3.2	 Legal and regulatory options 
across geopolitical scales

This section presents and discusses strengthening legal and 
regulatory instruments at multilateral scales (Table 6.4). The 
goal is to present the main strategies by which agreements, 
laws and regulatory instruments and voluntary codes 
relevant at broad geopolitical scales can be strengthened. 
The options presented focus on the need for clear national 
strategies, embedded in a regional context and framed by 
coordinated multilateral environmental agreements.

6.3.2.1	 Link national invasive alien 
species strategies into regional plans 
to align efforts and complement 
national strategies

The drivers facilitating invasive alien species are 
transboundary in nature (Chapter 3, sections 3.1.1 and 
3.1.3), and their impacts are rarely restricted within political 

9.	 http://campam.gcfi.org/CaribbeanMPA/mapview.php

boundaries (Chapter 4, sections 4.3, 4.4, 4.5, 4.6). 
Actions by individual countries are therefore not enough 
to mitigate the drivers and address the impacts of invasive 
alien species. Therefore, effective responses are based on 
shared objectives, means and approaches across legal 
and regulatory instruments, while also being supported by 
cross national collaborative actions. The need for countries 
to work together to identify, share information on, and 
coordinate around common priorities on invasive alien 
species could be a priority in any future or renegotiation of 
regional agreements. Efforts in this direction are in place in 
multiple trading blocs like the Southern Common Market 
(MERCOSUR) and the European Union (Box 6.9). Ensuring 
this coordination may be the most effective means of 
reducing the risk of new invasive alien species and further 
spread of invasive alien species. Moreover, the gains 
achieved by placing national policy priorities within the 
context of regional and international instruments outweigh 
the investment required for any country deciding to go 
“solo”. This is clearly evidenced by the existing web of policy 
ties across geographic scales that transcend the invasive 
alien species issue.

Box 6  8  	

In a global hotspot (Glossary) of marine invasive alien species, 
the Mediterranean Sea, a survey of rocky reef fish assemblages 
in 30 marine protected areas did not find evidence for any effect 
of marine protected areas on invasive alien species (Guidetti et 

al., 2014). There is evidence of up to two times higher biomass of 
invasive alien fish in some marine protected areas than in adjacent 
unprotected areas (Giakoumi et al., 2012), with up to 50 per cent 
of fish biomass in protected areas being invasive alien species 
(Giakoumi, Pey, et al., 2019). An assessment of the vulnerability 

of 142 Mediterranean Sea marine protected areas to invasive 
fishes and algae found that Levantine marine protected areas are 
dominated by invasive alien species (D’Amen & Azzurro, 2020). 
Effective invasive alien species policy for marine protected areas 
should therefore include a strong focus on prevention, along 
with context-specific environmental management to minimize 
the suitability of local habitats to invasion as currently proposed 
in the Action Plan Concerning Species Introduction and Invasive 
Species in the Mediterranean Sea (UNEP, 2014).

Box 6  9  	 From Regional policy to national priorities: MERCOSUR and European Union 
cases.

MERCOSUR is a regional trade agreement whose members 
are Argentina, Brazil, Paraguay, Uruguay and Venezuela. 
These countries have agreed on several regional commitments 
promoting action on invasive alien species: MERCOSUR 
Biodiversity Declaration (2006); Article 7 of the MERCOSUR 
Environment Framework and the Work Plan of the MERCOSUR 
Working Group, which acknowledges the need for managing 
priority invasive alien species. Also, the MERCOSUR working 
subgroup on the environment (SGT6) acknowledged the need 
to define a joint work plan on invasive alien species, including 
prevention, control and eradication priority actions, as part of 
multilateral environmental agreements and the MERCOSUR 
Framework Agreement on the Environment (LXIV Ordinary 
Meeting, 2017). The adoption of risk assessment protocols 

for introduction of species and MERCOSUR Resolution GMC 
38/2019 on Guidelines for the Prevention, Control and Mitigation 
of Invasive Alien Species to reduce impacts on biodiversity, 
environment, health, production, economy and culture, is one of 
the recent regional agreements (MERCOSUR, 2019).

These agreements have not been reflected in Actions plans 
or in practical measures to deal with invasive alien species in 
different MERCOSUR countries. Two exceptions are Argentina 
and Brazil, both of which developed a national strategy on 
invasive alien species (GEF, 2016; Ministério do Meio Ambiente/
Secretaria de Biodiversidade, 2018). Uruguay recently included 
the promotion of the control of invasive alien species as a 
general goal in their National Strategy of Biodiversity (Uruguay: 

http://campam.gcfi.org/CaribbeanMPA/mapview.php
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6.3.2.2	 Increase coordination across 
multilateral environmental agreements

Over the past decade, there has been widespread 
adoption of multilateral environmental agreements 
(section 6.1.3). However, this pool of multilateral legal 
and regulatory instruments is piecemeal in the way the 
pathways and impacts of invasive alien species are 
addressed. One way to overcome this is to consider a more 
comprehensive international approach that focuses on 
sustainable development via the protection of biodiversity 
and maintaining good quality of life. The Inter-agency 
Liaison Group on Invasive Alien Species established by 
the Executive Secretary of the CBD was central to this 
process, but has been inactive for several years. However, 
at COP15, Parties invited “the Secretariat of the United 
Nations Economic and Social Council, the World Customs 
Organization [WCO], the International Plant Protection 
Convention [IPPC], the World Organisation for Animal 
Health [WOAH], the World Health Organization [WHO], 
the Food and Agriculture Organization of the United 
Nations [FAO] and its Codex Alimentarius, the Secretariat 
of the Convention on International Trade in Endangered 
Species of Wild Fauna and Flora [CITES] and the Invasive 
Species Specialist Group [ISSG] of the International 
Union for Conservation of Nature [IUCN], within the scope 
of their respective mandates, to support the national 
implementation of the Kunming-Montreal Global Biodiversity 
Framework with regard to targets and actions related 
to invasive alien species, including their monitoring and 
reporting”(CBD, 2022c).

10.	https://easin.jrc.ec.europa.eu/easin/

While discussions leading to an increase in coordination 
across multilateral instruments is more likely to take place 
for global scale instruments due to their global scale 
implications, coordination of regional multilateral instruments 
faces many difficulties and obstacles, particularly in 
developing countries. Linguistic, cultural and political 
differences within regions also pose major obstacles for 
coordination. As discussed by Burgiel (2015), the Caribbean 
region is an example of the difficulties of integrating 
regional policy instruments due to multitude of languages 
and historical affiliations, the status of overseas territories 
and political issues. That said, the efforts of regional 
intergovernmental or nongovernmental entities provide a 
primer for building synergies and increasing coordination 
across legal and regulatory instruments (Burgiel, 2015).

6.3.2.3	 Embed in multilateral 
agreements mechanisms to enhance 
coordination and information exchange 
between policy instruments

The inherent complexity in managing biological invasions 
could be countered by communication and information 
exchange among a wide range of stakeholders including 
across national borders and across government agencies, 
the private sector, the scientific and research community 
and the general public. A system for communication and 
information exchange would be supported by a well-
functioning infrastructure. Effective decision-making for alien 
species is only possible with timely access to scientific and 
technical information. Embedding the need of institutions 
that facilitate/mandate information generation and exchange 
into multilateral agreements can provide a mechanism 

Box 6  9  	

MVOTMA-DINAMA, 2016) and, in Paraguay, the national 
policies of invasive alien species are related to Wild Life Law and 
Resolutions 1184-85 (SEAM, 2006), which deal with control of 
introduction of exotic fauna and flora species.

The European Union as a party to the CBD took actions to 
ensure its policies comply with Article 8h of the Convention, on 
invasive alien species. In 2014 the European Union agreed to 
a legislative text related to invasive alien species, adopted by 
the European Parliament and the European Council: Prevention 
and Management of Invasive Alien Species, European Union 
Regulation 1143/2014 (Council of the European Communities, 
2014), fulfilling Action 16 of Target 5 of the European Union 2020 
Biodiversity Strategy, as well as Aichi Target 9 of the Strategic 
Plan for Biodiversity 2011–2020 under the CBD (Baquero et 

al., 2021). This adoption resulted in the immediate existence of 
an enforceable law for all Member States (January 2015). This 
Regulation also emphasizes prevention, early warning systems 

and rapid response, while also recognizing that when prevention 
fails, eradication is the best management alternative, alongside 
long-term control measures. In summary, Regulation 1143/2014 
allowed overcoming the limited coordination of national strategies 
on invasive alien species assisted by an information system, 
the European Alien Species Information Network (EASIN)10 
including an early warning system supporting early detection of 
invasive alien species of Union concern in Europe. It stimulates 
strengthening of ecosystem resilience through restoration linking 
with other policies, e.g., the Marine Strategy Framework Directive 
and the Water Framework Directive to improve the control of 
aquatic invasive alien species in European Union countries (Boon 
et al., 2020; Council of the European Communities, 2008). 
An interesting component of the European legislation is that it 
includes an obligation for Member States, at Art. 13, to enforce 
an action plan addressing relevant pathways of introduction of 
invasive alien species, thus focusing on prevention rather than on 
reaction to new invasive alien species.

https://easin.jrc.ec.europa.eu/easin/
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to achieve the goals of existing agreements and provide 
information for the application of guidance documents. At 
a minimum, identification and monitoring of alien species 
would be part of the mandate of the proposed knowledge-
generating institutions. Most of the international legal 
instruments, agreements and texts relevant to invasive alien 
species highlight the importance of risk analysis principles, 
notification procedures and information exchange. Examples 
of information exchange infrastructures include the CBD 
Access and Benefit-sharing Clearing-House and the FAO 
Forest invasive species home. However, information is usually 
sectorized in instrument focused clearing houses. There is 
also a problem with limited exchange of information across 
government agencies, and from the scientific and research 
community to policymakers and the public (section 6.6).

The need for an organizing (multi)national authority is clear 
due to the fragmented nature of existing policy instruments, 
which limits the capacity of a coordinated and unified 
response to the invasive alien species problem (Shine et 
al., 2000; Stoett, 2007). The benefits of creating such an 
organizing (multi)national authority are the capacity to:

	 Coordinate policy across national agencies and 
countries within a trading block;

	 Unify risk analysis of invasive alien species introduction 
pathways, and how these risk analyses are implemented 
by relevant authorities;

	 Develop effective early detection and rapid-response  
activities;

	 Promote the exchange of information among all 
the stakeholders and Indigenous Peoples and local 
communities involved in the prevention, control and 
eradication of invasive alien species;

	 Enhance the capacity to be cost effective in preventing 
and mitigating strategies given the interdependence 
of management;

	 Enhance the capacity to synthesize and integrate 
information from international agreements, 
regional/national agencies, sectorial initiatives and 
university research.

An example of such a multilateral coordinating body is the 
Committee for Environmental Protection (CEP) which has, 
for example, developed a Non-Native Species Manual for 
activities of the nations active in the Antarctic (Box 6.10).

Box 6  10  	 The Committee for Environmental Protection as a coordinating body for 
Antarctic alien species problems.

Policy context: Policies that are relevant to biodiversity and 
to ecosystem services in the Antarctic region are developed, 
usually independently, by the Antarctic Treaty Consultative 
Parties (ATCPs), the Commission for the Conservation of 
Antarctic Living Resources (CCAMLR) and by the States 
responsible for the islands in the Southern Ocean (north 
of 60°S). The ATCPs are advised by the Committee for 
Environmental Protection (CEP), established by the Protocol on 
Environmental Protection to the Antarctic Treaty of 1991 and 
by the Scientific Committee on Antarctic Research (SCAR), a 
committee of the International Science Council (Protocol Article 
10.2; Supplementary material 6.1).

Invasive alien species: Based on the advice of the CEP, the 
ATCPs have placed significant focus on preventing invasive 
alien species introductions to and impacts on the area south 
of 60°S. Current guidance for doing so is encapsulated in 
the Non-Native Species Manual of the CEP (ATCM, 2019), 
hereafter the Manual). The Manual covers the unintended 
introduction of species to the Antarctic region and the 
movement of species within Antarctica, and is an example 
of the effective translation of recent research to policy 
through the CEP (e.g., Hughes & Convey, 2010, 2012; Lee 
& Chown, 2011). Although the pace of such translation and 
uptake has been criticized and there is a lack of evidence to 
quantify the implementation of different biosecurity measures 

across more than a handful of national programmes, the 
rate of development of responses within the Antarctic Treaty 
System (ATS) has been relatively rapid, with these responses 
exceeding those typically expected elsewhere, as measured 
through a comparison with international responses to the 
relevant Aichi Targets of the Strategic Plan for Biodiversity 
2011-2020 (Chown et al., 2017). 

Practical guidelines: The Manual has also been 
supplemented by other practical guidance for those operating 
in the region. Perhaps the best example is the COMNAP/
SCAR Invasive alien Species Voluntary Checklists for Supply 
Chain Managers (SCAR & COMNAP, 2019), which provides 
practical guidance (and the evidence underlying it) to prevent 
the introduction of non-indigenous species to Antarctica. Other 
organizations, such as the Antarctic tourism industry body, the 
International Association of Antarctica Tour Operators (IAATO), 
have similar guidance for its members (IAATO, 2020). In the 
2019/2020 season, more than 74,000 tourists visited the 
Antarctic and numbers are expected to rise.

Although the Manual makes reference to marine invasions, 
including the Practical Guidelines on Ballast Water Exchange 
in the Antarctic Treaty Area (ATCM, 2006), it also identifies 
the need for further guidelines for preventing and responding 
to marine invasive alien species (McCarthy et al., 2019). The 
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6.3.3	 Legal and regulatory options 
at national scales 

National investment in invasive alien species prevention 
and control generally requires governments to take the 
lead, especially if outcomes are intended to fulfil the 
public interest (Early et al., 2016). As discussed above, 
a coordinated approach can indeed be challenging for 
several reasons, including administrative fragmentation 
and the need to take into account free trade agreements. 
To take the lead, each level of government needs the legal 
mandate to develop its relevant invasive alien species 
strategy (e.g., Genovesi & Shine, 2004) and collectively 
agreed implementation plan (e.g., National Invasive Species 
Council, 2008). In addition to these plans, countries could 
adopt legal and regulatory options to address invasive 
alien species, such as regulation of import; regulation 
of possession, trade, transport and reproduction in 
captivity; regulation of introduction into the wild; mandatory 
management of pathways of introduction; or mandatory 
eradication or control actions. 

As with all significant government-led investments, legislative 
authority is necessary to engage budgetary expenditure 
(V. M. Adams et al., 2018). Quarantine, biosecurity, 
environmental protection or marine protection acts of 
government can form the legislative basis for spending 
(Genovesi et al., 2015; Pyšek et al., 2020). Once legislative 
authority is in place then national invasive alien species 
strategies and management plans can be developed and 
implemented through collective decision-making and a 
co-investment process following (as far as possible) best 
practices (e.g., Victorian Government, 2010). National scale 
benefits from management of biological invasions cannot 

happen without this legislative authority empowering a 
government led response.

6.3.3.1	 National invasive alien species 
strategies that identify the full suite 
of policy and management needs and 
priorities

Except for some provisions under the Sanitary and 
Phytosanitary Agreement, most governments have done 
relatively little to establish policies and programmes intended 
to limit the movement of invasive alien species (section 
6.1.3; Early et al., 2016; Pagad et al., 2020; Turbelin et al., 
2017). Specifically, relatively few countries have invested 
in a comprehensive “biosecurity” approach or coordinated 
policies and programmes across relevant sectors for the 
management of biological invasions (section 6.3.1). One 
of the most effective and comprehensive approaches 
that governments can implement to minimize the spread 
and impact of invasive alien species is the development 
of national strategies and associated action plans, such 
as National Invasive Species Strategies and Action Plans 
(NISSAPs). Strategies for preventing and controlling invasive 
alien species can also be incorporated into NBSAPs to 
ensure policy connections and coherence. NBSAPs could 
also be used to enhance the coordination between other 
sectors, as suggested in section 6.3.1.1, via a national 
office as has been the case for the Great Britain Invasive 
Non-Native Species Strategy (Box 6.11). 

Following the recommendations and considerations 
included in multiple CBD decisions, strategy and action 
plans could:

Box 6  10  	

Manual contains a great deal of advice for terrestrial systems, 
including flow charts on how to respond to introductions. 
Notwithstanding all of the advice and agreements, Antarctic 
Treaty policy implementation proceeds through implementation 
in national law, which is highly variable between the nations 
that are party to the Antarctic Treaty and Protocol (Hughes 
& Pertierra, 2016). These include all nations that are active 
in Antarctica.

Progress and prospects: What should be done to limit the 
impacts of invasive alien species and the reasons for doing 
so, are uniformly articulated to the ATCPs via the Manual 
(ATCM), 2019). As a result, considerable progress has therefore 
been made in addressing the requirements for reducing the 
introduction and spread of invasive alien species, in monitoring 
the situation, and in responding to new incursions and 
developing eradication approaches (Hughes & Convey, 2012; 
McGeoch et al., 2015). 

The broader Antarctic region is changing rapidly as a 
consequence of global climate change (Le Roux & McGeoch, 
2008; Lebouvier et al., 2011; Rintoul et al., 2018; Swart et al., 
2018), with most analyses indicating that risks of establishment, 
spread and impact of alien species will increase (Frenot et al., 
2005; Aronson et al., 2015; Duffy et al., 2017; McClelland et al., 
2018; McCarthy et al., 2019; Pertierra et al., 2020). Human activity 
in the region is also growing due to growth in scientific stations 
and numbers of science and support personnel, and in numbers 
of tourists (Chown & Brooks, 2019). Thus, invasive alien species 
policy requirements for the future will have to focus especially 
on what these changes mean for introductions from elsewhere 
into the Antarctic region. In the face of these challenges, a focus 
on better and coordinated biosecurity measures, for prevention, 
and the development of clear surveillance policy and practices 
to identify and characterize new establishments as they occur 
is essential, especially for marine systems (Aronson et al., 2015; 
Hughes et al., 2015; Hughes & Pertierra, 2016). 
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	 Define clear and measurable national targets (CBD 
decision X/2 paragraphs 3(b) and (c)).

	 Mainstream biodiversity, communication, monitoring and 
reporting (CBD decisions X/2 paragraphs 3(d) and (f); 
XI/8 paragraph 4) into broader environmental, economic 
and social national and local plans (CBD decisions X/2 
paragraph 3(d), X/33 paragraph 8(k)).

	 Define funding needs (CBD decisions X/31 paragraph 
11 and XI/ paragraph 17).

	 Have a clear mechanism for providing financial 
resources (CBD decisions X/26 paragraph 3 and XI/ 
paragraph 17, 25) and ensuring resource mobilization 
(CBD decision X/3 paragraph 2).

	 Promote cooperation with other multilateral environmental 
agreements (CBD decisions X/5 paragraph 3 and XI/6 
paragraphs 10 and 11), particularly those focused on 
addressing climate change (X/33 paragraph 8(k) and 
XI/19 paragraph 7(a)).

	 Have specific considerations for protected areas 
(CBD decisions X/31 paragraphs 1(c), 11, 26 and XI/2 
paragraph 1(a)).

	 Have specific considerations for different ecosystems 
such as marine/coastal (CBD decision X/29 paragraphs 
7, 18, 67), islands (CBD decision X/15 paragraph 
4(b)), mountains (CBD decision X/30 paragraphs 4, 
8) and dry and sub-humid lands (CBD decision X/35 
paragraph 2(g)).

	 Broadly consider the value of nature by engaging 
multiple sectors (CBD decisions X/32 paragraph 2(g) 
and X/44 paragraph 6).

	 Provide positive incentives (direct or indirect) that 
encourage achievement of biodiversity-friendly outcomes 
or support activities that promote the conservation and 
sustainable use of biodiversity (CBD decisions X/44 
paragraph 6 and XI/30 paragraphs 3, 6, 7, 9).

	 Consider gender dimensions (CBD decisions X/19 
paragraph 5 and XI/9 paragraph 7), Children and youth 
(CBD decision XI/8 B paragraph 1).

	 Involve civil society (CBD decisions XI/8 C paragraph 1) 
and Indigenous and local communities (CBD decisions 
XI/14 B paragraph 17).

Box 6  11  	 Coordinating action against invasive alien species in Great Britain: Great Britain 
Invasive Species Strategy and integration with plant and animal health.

The Great Britain Invasive Non-native Species Strategy 
(Secretariat, Great Britain Non-native Species, 2015) is an 
example of a National Invasive Alien Species Action Plan. It sets 
the strategic vision and national objectives for invasive alien 
species management in Britain and identifies 59 key actions to 
achieve their delivery. It is a partnership document developed 
by a combination of government bodies, environmental non-
governmental organizations and organizations representing 
trade and industry.

The implementation of the Great Britain Strategy is overseen 
by a Programme Board comprising eleven government 
departments and delivery bodies. This reflects the wide 
range of threats posed by invasive alien species. The work 
of this Board is facilitated by a small secretariat (3.6 staff), 
which acts as a point of contact for stakeholders, establishes 
working groups on behalf of the Board to deliver specific 
actions, coordinates communications activity and runs a risk 
analysis mechanism.

The strategy has been broadly successful and has led, 
among other things, to the development of an invasive 
alien species risk analysis mechanism to support the ban 
on sale of invasive alien species; action plans to tackle key 
pathways of introduction; two awareness raising campaigns 

to reduce spread of aquatic organisms and ornamental plants; 
contingency plans and rapid responses; and a network of local 
action groups established to help tackle more widespread 
species (Glossary) in their local area. Examples of success 
include the eradication of five species from Britain (Vespa 

mandarinia (northern giant hornet), Xenopus laevis (African 
clawed frog), Pimephales promelas (fathead minnow), Ameiurus 

melas (black bullhead), Lithobates catesbeianus (American 
bullfrog)) and the ongoing eradication campaigns for three 
others (Ludwigia grandiflora (water primrose), Myiopsitta 

monachus (monk parakeet) and Pseudorasbora parva 
(topmouth gudgeon)). Britain has pioneered one of the largest 
invasive alien bird eradications in the world. In order to protect 
the indigenous Oxyura leucocephala (white-headed duck), 
the alien Oxyura jamaicensis (ruddy duck) has been reduced 
from a peak of over 6,000 individuals in 2001 to a handful of 
individuals in 2015 (Handerson, 2009; Secretariat, Great Britain 
Non-native Species, 2015).

However, despite these notable successes, overall indicators 
show the strategy is having little impact on the total numbers 
of invasive alien species establishing and spreading in 
Britain. There are about 2,000 alien species established in 
the United Kingdom, 10-15 per cent of which are invasive. 
Despite the Great Britain Strategy this number is increasing by 
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Strong and implementable NBSAPs, aligned with 
international regulatory frameworks, can help to spur the 
strategic actions and establish the properties required for 
the successful prevention and control of biological invasions, 
in alignment with the Kunming-Montreal Global Biodiversity 
Framework (CBD, 2022a) invasive alien species target 
(Target 6). Furthermore, coordinated efforts to strengthen 
national regulatory instruments can help address for online 
trading (aligned with Target 5), the creation of appropriate 
policies for the development and use of responsible 
environmentally sound technologies (aligned with Target 17), 
as well as making available data and information accessible 
(aligned with Target 21).

It is important to highlight that national action plans should 
implement existing international standards as a minimum 
standard but could also take full advantage of the rights 
under international agreements that allow for stricter 
protection measures. Also, a key instrument of national 
action plans is the possibility of creating departments 
or agencies specifically dedicated to the governance 
and implementation of invasive alien species legislation. 
By taking these steps, national strategies can define 
instruments and processes to ensure the need for shared 
efforts and commitments, and the understanding of the 
specific roles across sectors and Indigenous Peoples 
and local communities and multi-scale coordination of 
response programmes.

6.3.3.2	 Careful delineation of legal 
authorities that would enable the 
implementation of risk assessment and 
surveillance protocols

The nature of the risks of invasive alien species depends 
on the stage of the biological invasion (Epanchin-Niell, 
2017; Springborn et al., 2011). In the introduction 
stage, preventing or minimizing alien species arrivals is 
achieved through actions that address both intentional 
and unintentional introductions. Prevention is also best 
achieved when clearly defining “who” has the authority 
for the detection of potential invasive alien species and 
understanding which responsible bodies of the legal and 
regulatory framework, such as Phytosanitary (defined 
under the IPPC) and animal health (defined under WOAH) 
mandates, allow actions. Actions designed to prevent 
establishment of potential invasive alien species are termed 
“early detection and rapid response” (EDRR), with the 
desired response eradication of the incipient invasive alien 
species (Meyerson & Simberloff, 2020).

Policies aimed at preventing or minimizing the possible 
effects of intentional introductions need to consider 
who is the responsible body for providing transport 
and introduction permits. The actions of these offices 
should focus on providing permits for proposed planned 
introductions and should be based on information coming 
from risk assessment procedures such as the Australian 
Weed Risk Assessment (Pheloung et al., 1999), the Plant 
Protection and Quarantine weed risk assessment (PPQ 
WRA; Koop et al., 2012) and the Non-native Species 

Box 6  11  	

approximately 10-12 new species per annum. An independent 
parliamentary enquiry (UK Parliament, 2019) attributed this 
increase to the dearth of resources available to tackle invasive 
alien species, including the lack of an inspectorate to prevent 
and intercept incursions. Only 0.4 per cent of Great Britain’s 
total biosecurity budget is spent on invasive alien species 
despite their being similar, in terms of numbers of harmful 
organisms, to animal and plant health regimes. Unsurprisingly, 
other biosecurity regimes with much greater funds and 
dedicated inspectorates have been largely successful in their 
objectives by comparison. Indeed, animal and plant health 
regimes in Britain have prevented the introduction of 98 per 
cent of listed species in the past 20 years. By comparison, 
with no invasive alien species inspectorate, attempts to stem 
the flow of invasive alien species into Britain have been largely 
unsuccessful, with approximately 25 new invasive alien species 
establishing in the last 20 years.

Since 2013 the Department for Environment, Food and Rural 
Affairs in the United Kingdom has been working to develop 

a more integrated approach to biosecurity, incorporating 
animal health, plant health and invasive alien species. This has 
included establishing monthly meetings to review new and 
developing biosecurity threats across these regimes. Meetings 
are chaired by the Minister for Biosecurity, Marine and Rural 
Affairs, and attended by the Chief Vet, Chief Plant Health 
Officer and Chief Non-native (Alien) Species Officer. To support 
these meetings, emerging threats from invasive alien species, 
pests and diseases are reviewed within the same risk matrix. 
The matrix uses information from existing risk assessments 
to place organisms according to likelihood of an outbreak 
and potential impact. Impact is assessed using standardized 
criteria for economic, environmental and human health, which 
are then monetized to produce a single metric. This approach 
provides a straightforward overview of changing biosecurity 
threats and allows the minister and officials to compare and 
prioritize threats for action. It has resulted in greater integration 
across biosecurity regimes and the opportunity to utilize the 
greater experience of plant and animal health teams to support 
response to invasive alien species.
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Secretariat (NNSS) Risk Assessment Scheme for Great 
Britain (NAPRA Network, 2010). In the context of transport 
and introduction, a policy of inspection and/or treatment at 
the port of departure can duplicate the effect of other policy 
of inspection and/or treatment at a port of entry. However, 
if a departure and arrival policy is established, policy 
integration would require an international agreement. A key 
part of such agreement is aligning the authorities with the 
mandate of inspection and/or treatment.

6.3.3.3	 Embed both surveillance and 
monitoring into policy instruments 
focused on invasion management

Invasive alien species can cross borders and, therefore, 
preventing their introduction can only be achieved 
with pre-border, border and post-border surveillance 
systems (Anderson et al., 2017; Poland & Rassati, 2019). 
Successfully controlling invasive alien species or preventing 
biological reinvasions relies on long-term monitoring for 
early detection and rapid response (Amorim et al., 2014; 
European Environment Agency, 2010b; Franklin et al., 2011; 
Oswalt et al., 2021; Roy & Roy, 2008). These activities 
are essential to minimizing their impacts, developing 
economically efficient and ecologically relevant management 
programmes and promoting citizen engagement and 
educational outreach (McGeoch & Squires, 2015; Oswalt 
et al., 2021). Furthermore, these activities are at the core 
of CBD Guiding Principle 5: Research and monitoring 
(CBD, 2002) and are considered a fundamental tool to 
address the problem of invasive alien species. Continuous 
monitoring systems that use essential biodiversity variables 
(EBVs; Glossary; section 6.6) can also help evaluate the 
effectiveness of policy and management strategies and fill a 
fundamental knowledge gap in environmental policy.

For example, the European Union Regulation 1143/2014 
on invasive alien species (Council of the European 
Communities, 2014) has specific provisions for member 
states regarding the implementation of surveillance systems 
to detect the presence of alien species of Union concern 
as early as possible and take rapid eradication measures 
to prevent their establishment. However, as noted by 
Latombe et al. (2017), in 2010, only 26 per cent of countries 
reported the establishment of national surveillance systems 
and monitoring activity. Additionally, the capacity to detect 
and react promptly to new invasions or re-invasions is 
often limited (see, for example, Genovesi, 2005) and is 
usually not comparable across countries (Latombe et 
al., 2017). Furthermore, when monitoring takes place, it 
occurs at multiple unconnected scales – from national 
programmes to local citizen science (Glossary) initiatives 
(McGeoch & Squires, 2015; Oswalt et al., 2021), which 
further complicates their interoperability. As a result, which 
agency oversees surveillance and monitoring activities, 

and where/when/how such activities occur, varies widely 
between countries.

Technical scientific bodies must be tasked with continuous 
monitoring activities, diagnosis, risk assessment, storage 
and circulation of information, reporting, identification and 
enforcement of appropriate responses. At a higher level, a 
global monitoring system is a critical tool to be included in 
multilateral environmental agreements to manage biological 
invasions effectively. This goal is within reach, as pointed out 
by Latombe et al. (2017). 

6.3.3.4	 Develop policy and regulatory 
instruments to underpin innovative 
management programmes

New technologies can be developed or translated from other 
contexts to improve any aspect of innovative management 
programmes for biological invasions (van Rees et al., 
2022). Innovation is the translation of invention through 
proof-of-concept to readiness to be deployed, leading to 
desirable outcomes (Baregheh et al., 2009). Frameworks 
can drive innovation in management of biological invasions, 
particularly in the context of public good outcomes (van 
Rees et al., 2022). Indeed, government support is also 
needed to find better solutions to management challenges 
from idea and blueprint to a full technology readiness level. 
Not all the technologies needed are available, nor is it clear 
what future valuable technologies might be. Only through 
policy development will governments invest in technology 
development and deployment (Burke et al., 2005).

Innovation can be achieved with cultural change through 
community acceptance of the value of the technology 
interacting with institutional change, aligning to regulate 
technology deployment (Stilgoe et al., 2020). Achieving 
cultural acceptance of technology is not guaranteed and 
often hinges on obtaining social license and acceptability 
and demonstrating that the benefits of the technology 
outweigh any risks, including ethical considerations. 
Cultural acceptance is never a fixed position (Crowley et al., 
2017b). Institutional change includes the necessary policy 
or regulatory environment that will regulate use (Burke et 
al., 2005). An example was the invention and adoption of 
chemical pesticides for pests, weeds and diseases from 
the 1940’s. Starting with dichlorodiphenyltrichloroethane 
(DDT), the consequences of its initial use led to completely 
national risk-based legislation and regulation on how 
when and where it could be used. This eventually resulted 
in DDT being banned as evidence of negative impacts 
became available (Mansouri et al., 2017). This nonetheless 
opened the door for development and application of future 
generations of less toxic chemicals to which the initial 
regulations needed to be adapted (Handford et al., 2015). 
Even the most benign chemical pesticides have now 
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increasingly lost public favours based on long-term evidence 
mediated through changing cultural acceptance (Kudsk & 
Mathiassen, 2020). The same processes are necessary in 
the adoption of any new technology however beneficial, so 
it is the role of government to manage and respond to this 
culturally driven policy and regulatory process, without which 
any benefits from new technologies towards management of 
biological invasions will not be obtained.

6.4	 ENGAGEMENT AND 
COLLABORATION WITH 
STAKEHOLDERS AND 
INDIGENOUS PEOPLES AND 
LOCAL COMMUNITIES 
The engagement of stakeholders (Chapter 1, section 1.5.1 
for the definitions of stakeholder groups) and Indigenous 
Peoples and local communities can help construct coherent 
policy and management plans that are appropriate to 
local environmental and cultural realities (e.g., Adriaens et 
al., 2015; Bravo-Vargas et al., 2019; Bryce et al., 2011; 
Dehnen-Schmutz et al., 2010; Fischer et al., 2014; Gaertner 
et al., 2017; García-Llorente et al., 2008; S. Liu et al., 2010; 
Marchante et al., 2017; Novoa et al., 2016; M. S. Reed, 
2008; M. S. Reed et al., 2009; M. S. Reed & Curzon, 2015; 
Shackleton, Adriaens, et al., 2019; Stokes et al., 2006; 
Touza et al., 2014). As outlined earlier (Chapter 5, section 
5.6.2.1), there are many examples where effective regulatory, 
social responsibility and incentive-based systems have 
and continue to support effective industry and landowner 
engagement in the prevention and control of invasive alien 
species. This section outlines the context and summarizes 
the purposes of engaging stakeholders and Indigenous 
Peoples and local communities (section 6.4.1). It assesses 
the general enabling factors for successful engagement 
(section 6.4.2), as well as factors contributing to successful 
collaboration with Indigenous Peoples and local communities 
on biological invasions more specifically (section 6.4.3). 
Finally, the section explores the different governance network 
options for collaborative action (section 6.4.4).

6.4.1	 Reasons for inclusive 
engagement 

New approaches to governance for biological invasions 
reflect broader shifts in environmental governance (Chaffin 
et al., 2014), emphasizing the interconnectivity of ecological 
and social systems and the uncertainty associated with 
complexity and rapid environmental change (section 6.7). 
These approaches recognize the need for more integrated 
multi-level or “polycentric” governance (Anderies et al., 2013; 

Bodin, 2017; Lubell, 2013; Ostrom, 2010) and democratic 
legitimacy (Stoett et al., 2019), as well as the imperative to 
achieve societal consensus, engagement and fairness (CBD, 
2020a). The general shift is toward greater consideration 
of the adaptive-collaborative governance model (section 
6.2.4.1), where a collective decision-making process is one 
“that allows diverse sets of actors who share an interest 
or stake in a policy or management issue to work together 
toward mutually beneficial outcomes” (Lynch, 2020).

As an early example, Box 6.12 describes how New 
Zealand’s biosecurity legislation underpins new collaborative 
forms of governance of invasion pathways in marine areas. 

There has been no comprehensive review of the on-
the-ground experiences of stakeholders and Indigenous 
Peoples and local communities or their engagement in 
management and governance of biological invasions (but 
see Shackleton et al., 2019 for a review of stakeholder 
involvement in invasive alien species research). The following 
reasons for engagement are taken from a limited selection 
of the literature based on experiences with governance and 
management of biological invasions:

Knowledge-related

Engaging with stakeholders and Indigenous Peoples and 
local communities facilitates knowledge and information 
sharing, creating information flows across scales (Lansink 
et al., 2018). This contributes to the development of 
sufficient shared awareness of biological invasions, 
including understandings of drivers, processes, impacts and 
possible responses (Carter et al., 2021). Bridging different 
knowledge systems associated with different disciplines 
and perspectives (Barney et al., 2019) provides greater 
legitimacy of knowledge underpinning actions and leads 
to higher quality and more context-relevant decisions (J. 
M. Evans et al., 2008; M. S. Reed & Curzon, 2015). This 
also permits social learning for adaptive management that 
can assess and reduce uncertainty, build adaptive capacity 
(S. Liu & Cook, 2016; Maclean et al., 2018; Novoa et al., 
2016; Söderström et al., 2016), make monitoring more cost 
effective (Novoa et al., 2016) and facilitate collaborative 
research (Shackleton, Adriaens, et al., 2019).

Risk assessment

Engaging with stakeholders and Indigenous Peoples and 
local communities facilitates decision-making about risk 
prioritization by addressing people’s concerns so that: 
(1) associated uncertainty can be discussed (S. Liu et al., 
2011), (2) diverse values and perceptions can be brought 
into the risk assessment/decision process to negotiate 
consensus, (3) risk can be contextualized in broader 
contexts, (4) measures targeted to the local context can be 
formulated, (4) decision-making becomes transparent and 
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(5) complex trade-offs between different options can be 
assessed (Carter et al., 2021; S. Liu & Cook, 2016; Moon 
et al., 2015). For example, the Mohawks of Kahnawá:ke 
(Quebec, Canada) oppose spraying chemicals on the land 
as they feel it would contradict their spiritual connection 
with nature (IPBES, 2022). There can also be concerns 
over animal welfare and rights when considering possible 
management and eradication interventions (Box 6.13). 
A particular trade-off to consider is the need for rapid 
response to maximize the likelihood of eradication early in 
the invasion curve (Glossary), versus the time and cost of 
broad stakeholder inclusion in decision-making. This trade-
off can however be managed by ensuring as far as possible 

that collaborative and inclusive decision-making structures 
are in place before new invasive alien species arrive.

Consensus building

By increasing their involvement, developing shared aims, 
overcoming barriers to coordination and collaboration, 
and building trust (Carter et al., 2021; Graham, 2019; 
Lynch, 2020), engagement with stakeholders and 
Indigenous Peoples and local communities can reduce 
and help manage conflict (Moon et al., 2015; Shackleton, 
Adriaens, et al., 2019), including around “conflict species” 
(Woodford et al., 2016; Chapter 5, section 5.6.1.2). It 

Box 6  12  	 New Zealand’s shift towards adaptive collaborative governance for biological 
invasions.

In part due to the recognition that reactive species-specific 
management designed for terrestrial invasions is not suited 
to the marine environment, New Zealand made a major shift 
towards adaptive collaborative governance. Legislatively 
enacted in a 2012 amendment to the Biosecurity Act 1993, 
governance for biological invasions was moved away from 
species-specific management to a proactive focus on vectors 
(Glossary) and invasion pathways that could better serve to 
prevent establishment rather than undertake costly remedial 
action. The first Marine Regional Pathway Management Plan, 
developed in Fiordland, a World Heritage Site of the United 
Nations Educational, Scientific and Cultural Organization 
(UNESCO; Figure 6.14), was “driven by a community-

based, multi-stakeholder and Indigenous Peoples and local 
communities and government agency partnership” initiated 
by the Fiordland Marine Guardians, a stakeholder and 
Indigenous Peoples and local communities group composed 
of “representatives of Ōraka Aparima Rūnaka Inc of Ngāi Tahu 
iwi, commercial fishers, recreational fishers and charter boat 
operators”. The “Guardians” are responsible for the integrated 
management of the Fiordland Marine Area and were officially 
empowered by national legislation to advise and recommend 
government and management agencies on all aspects of 
management, facilitate and promote integrated management, 
prepare and disseminate information and monitor and advise on 
threats, among others (Cunningham et al., 2019).

Figure 6  14  	 Fiordland National Park. 

The Marine Regional Pathway Management Plan developed in Fiordland is an example of adaptive-collaborative governance. 
Photo credit: Bernard Spragg. NZ from Christchurch, New Zealand – Milford Sound New Zealand., WM Commons – 
Public domain.
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increases public support, acceptance, ownership and 
buy-in (Lansink et al., 2018), which minimizes the risk of 
unintended consequences and avoids the costs of failed 
measures (S. Liu & Cook, 2016; M. S. Reed & Curzon, 
2015). Engagement can help to better manage the unequal 
distribution of costs and benefits (Novoa et al., 2016) by 
appropriately sharing and differentiating responsibilities for 
management and increasing enforcement capacity (S. Liu & 
Cook, 2016; section 6.7).

Economic effectiveness and efficiency

Engaging with stakeholders and Indigenous Peoples and 
local communities ensures that interventions are efficient, 
equitable, and provide the correct incentives (e.g., that are 
not perverse for some or over-reward other stakeholders). 
This also increases the participation of economic 
stakeholders such as land owners, small businesses 
and corporations, and can help avoid the “tragedy of the 
commons” (Glossary; McAllister et al., 2015).

Decision-making under uncertainty and 
complexity

Engaging with stakeholders and Indigenous Peoples and 
local communities enables adequate characterization and 
management of complex problems. It can also help to find 
solutions when conflicting perspectives, objectives and 
management goals make invasion problems difficult to 
characterize or resolve (J. M. Evans et al., 2008; Woodford 
et al., 2016). It allows a balancing of social, economic 
and ecological sustainability objectives and values across 
multiple interrelated interests (Carter et al., 2021), leading to 
better decision-making under a diversity of local contexts. 
Action can then be adapted to local ecological, social and 
political contexts (McAllister et al., 2015). 

Coordination

Engaging with stakeholders and Indigenous Peoples and 
local communities facilitates coordination in complex 
situations between many apparently independent groups 
that have a wide range of interests, motivations and 
resources and who are directly or indirectly engaged in 
some aspect of invasions at multiple spatial scales (Barney 
et al., 2019; Dandy et al., 2017). It may help to create 
“institutional fit” within scales, bridge scales and develop 
cross-scale interactions to match the multiple scales of the 
problem (McAllister et al., 2015). It can also help to meet 
multiple goals of different stakeholders with different needs 
for nature’s contributions to people arising from the same 
ecosystem (Failing et al., 2013; D. M. Martin et al., 2018; Nel 
et al., 2016). Responses to biological invasions may indeed 
need or benefit from the combination of public and private 
assets and joint actions by public and private sectors. 
Better coordination avoids competition and free-riders and 
contributes to reducing overall costs (Failing et al., 2013; D. 
M. Martin et al., 2018; Nel et al., 2016), or shifting costs of 
management or impacts from one community, stakeholder 
to another.

Respect for rights, fairness

Engaging with stakeholders and Indigenous Peoples and 
local communities promotes democratic governance, 
where stakeholders have a direct voice in decisions that 
affect their environments and lives. It also encourages 
public engagement in publicly-funded efforts, influences 
decisions that affect people’s good quality of life, and ensures 
accountability and fairness (Carter et al., 2021; J. M. Evans et 
al., 2008; S. Liu & Cook, 2016; M. S. Reed & Curzon, 2015). 
Finally, it ensures compliance with governance directives and 
stakeholder and Indigenous Peoples and local communities 
demands and rights for engagement (IPBES, 2022).

Box 6  13  	 Invasive alien species control and animal rights.

When invasive alien species are prioritized for control, ecological 
and economic aspects often take precedence, whereas 
species welfare can be underappreciated. In cases where the 
invasive species is associated with human values, and the 
control mechanism is lethal, unaddressed ethical issues in 
management actions can create conflict between stakeholders 
and Indigenous Peoples and local communities, including animal 
welfare groups and invasive alien species managers (Figure 
6.15; Chapter 5, Box 5.13). Such conflict has been observed 
during lethal control of invasive Erinaceus europaeus (European 
hedgehog) on the Scottish island of South Uist (Warwick, 
2012), of Equus caballus (horse) in parts of Northern America 
(Bhattacharyya & Larson, 2014), of Trichosurus vulpecula 

(brushtail possum) in New Zealand (Beausoleil et al., 2016), and 
of the introduced Epiphyas postvittana (light brown apple moth) 

in parts of the United States of America (Zalom et al., 2013). 
Such conflict delays invasive alien species control programmes, 
thereby potentially escalating the impact on native biodiversity, a 
point which is often not acknowledged by the parties in conflict 
(Russell et al., 2016). 

Consensus amongst invasive alien species managers, 
stakeholders and Indigenous Peoples and local communities, 
including animal welfare groups, has often been achieved 
through informed conversations. For example, in parts of the 
United States managers involved animal welfare groups early 
in the process of management to gain support for lethal control 
of invasive alien Sus scrofa (feral pig; Perry & Perry, 2008). 
Furthermore, involving local people while planning invasive 
alien species control measures can not only spread awareness 
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Box 6  13  	

6.4.2	 Options for improving 
engagement with invasive alien 
species-related activities 

6.4.2.1	 How Indigenous Peoples and 
local communities participation can be 
better integrated with national policies 
and global efforts

Collaboration between Indigenous Peoples and local 
communities and other stakeholders is an underlying 
theme in calls for their participation in invasive alien species 
management efforts (S. M. Alexander et al., 2017; Peltzer 
et al., 2019; Reo et al., 2017). This collaboration could 
take the form of “a strong and sustainable institution that 
can raise awareness, mobilize communities and design 
appropriate management plans” (section 6.7; Tilahun et al., 
2017), including:

	 Use of community-led institutions that can bring 
together community members and make rapid decisions 
to respond to change, manage or pool communal 
resources, build leadership, facilitate interaction and 
demonstrate practices (Guneratne, 2002);

	 Collaboration between Indigenous Peoples and local 
communities, researchers and government officials to 
prevent, detect and respond to invasive alien species, 
and 

	 Efforts to ensure the conservation of habitats on 
indigenous lands and leadership in biodiversity 
conservation and facilitate voluntary partnerships 
(Schuster et al., 2019). For example, an agreement 
was signed between Sami people and the Norwegian 
government, grounded in the International Labour 
Organization Convention on Indigenous and Tribal 
Peoples in independent countries. This provides Sami 

Figure 6  15  	 Public display to support animal rights. 

Public display of a message by People for the Ethical Treatment of Animals (PETA) in Australia about responsible ownership of 
pet cats to stop them turning feral and getting killed in a lethal control programme. Photo credit: PETA Australia – under license 
CC BY 4.0.

about the severe impacts of such species, but also result in 
socially acceptable mechanisms for controlling invasive alien 
species. For example, government and indigenous community 
co-management of Kakadu National Park in Australia resulted 
in acceptable control of invasive feral pigs (Robinson et al., 
2005). These examples suggest that management of biological 
invasions can be achieved with horizontal integration of different 

sectors and vertical integration of different governance scales 
(section 6.3). Latent development of public awareness on 
invasive alien species control and use of popular media to 
communicate evidence (or curb misinformation) during a 
conflict-like scenario remains central to inclusive and successful 
invasive alien species management programmes (Crowley et 

al., 2017a).
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people with the right to be consulted on all matters of 
importance for the Sami (Broderstad & Eythórsson, 
2014), using integrated approaches in which potential 
methods of control are implemented on a case-by-case 
basis (Broderstad & Eythórsson, 2014).

6.4.2.2	 Factors contributing to failure 
and success of engagement with 
stakeholders and Indigenous Peoples 
and local communities 

There are now many documented examples of stakeholders 
and Indigenous Peoples and local communities engagement 
processes that have failed to deliver intended outcomes 
for the environment, or even led to negative unintended 
consequences (Coglianese, 1997; Cooke & Kothari, 
2001; Gerrits & Edelenbos, 2004; Lane & Corbett, 2005; 
Staddon et al., 2015), for example, by inflaming latent 
conflicts (Emery et al., 2015; Redpath et al., 2013). As a 
result, criticisms of engagement practice have ranged from 
tokenism, where participants are manipulated to legitimize 
decisions, to broader critiques that key groups may not 
have the information, skills or equality needed to participate 
in effective governance, knowledge sharing, or learning 
processes (section 6.4.4). 

There is no reliable “one-size-fits-all” blueprint for 
collaborative governance (section 6.2.3.1), but in response 
to these criticisms, Reed et al. (2018) distinguished 

different levels of engagement, and factors that might in 
theory explain why engagement does or does not deliver 
intended outcomes. Levels of engagement can be adapted 
to the purpose and context of the process, rather than 
necessarily aiming for the highest levels of engagement, 
such as co-production (Figure 6.16). A conceptual model 
of participation that is inclusive and empowering can be 
used to build stronger participation and engagement (Bell & 
Reed, 2022):

	 Before: Consider the role of factors that precede an 
effective participatory process (e.g., the creation of safe 
spaces and overcoming barriers to engagement to 
ensure the process is inclusive, including women and 
other marginalized groups).

	 During: Take into account the factors that affect 
empowerment during the engagement process (e.g., 
equality between participants that respects and 
values different knowledge systems – including local 
knowledge and experience of invasive alien species) 
and agency, including freedom (from fear) and access 
to the resources and other means necessary to 
actively participate.

	 After: Foresee factors that may continue to build 
empowerment or disempower participants after the 
process has concluded (e.g., accountability, ensuring 
decisions are implemented and reflect outcomes from 
the process and feedback loops that inform people how 

Communication

Top down

Influencing
stakeholders

Affected 
stakeholders

Contributing
stakeholders

Bottom up

Co-production

Deliberation

Consulation

Communication

Accountability

FeedbackInclusiveness

Agency, deliberation, 
process

Safe space,
culture, equality

Transparency,
 agency, valuing

Options for successful stakeholders engagement

Figure 6  16  	 Options for successful engagement of stakeholders and Indigenous Peoples 
and local communities. 

This figure shows the different options available to engage with stakeholders and Indigenous Peoples and local communities (left), and 
a focus on empowerment (right). Adapted from Reed et al. (2018), https://doi.org/10.1111/rec.12541, under copyright 2017 Society for 
Ecological Restoration and Bell and Reed (2022), https://doi.org/10.1093/cdj/bsab018, under license CC BY 4.0.

https://doi.org/10.1111/rec.12541
https://doi.org/10.1093/cdj/bsab018
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their knowledge has been used to manage invasive alien 
species in their area or sector; Figure 6.16).

An understanding of stakeholders and Indigenous Peoples 
and local communities’ influences and interests, how each 
are likely to be involved in different invasion stages, and their 
participation as equal partners, can therefore contribute 
to the success of any attempt to represent, empower 
people and co-design biological invasion management and 
governance. If communicative and consultative approaches 
can deliver significant benefits (Shackleton, Adriaens, et al., 
2019), co-productive approaches may be more appropriate 
than hierarchical governance approaches, especially in 
contexts where there is significant conflict of interest or 
mistrust between stakeholders.

6.4.3	 Coordination, collaboration 
and Indigenous Peoples and local 
communities11

Indigenous Peoples and local communities often have 
detailed knowledge of invasive alien species (Chapter 1, 
section 1.6.7.1), including their dynamics (Chapter 
2, Box 2.6), drivers (Chapter 3, Box 3.14), impacts 
(Chapter 4, section 4.6), and the ability to manage or 
adapt to their presence (Chapter 5). Many Indigenous 
Peoples and local communities also have their own 
customary governance systems and institutions that may 
already be working to support management of biological 
invasions. There have indeed been many cases where 
management plans or techniques have negatively impacted 
the food security, culture and values of Indigenous Peoples 
and local communities (IPBES, 2022). This section will 
discuss efforts to avoid this scenario.

6.4.3.1	 Rights of Indigenous Peoples 
and local communities

In some contexts, there are legal obligations to recognize 
the rights of Indigenous Peoples and local communities to 
manage their own lands and waters. The adoption of the 
United Nations Declaration on the Rights of Indigenous 
Peoples (UNDRIP) in 2007 has provided a specific 
framework for engaging with Indigenous Peoples. Free, 
prior and informed consent (FPIC) is a specific right that 
pertains to Indigenous Peoples, which allows them to give 
or withhold consent for a project that may affect them or 
their territories, which could include efforts to manage or 
eradicate invasive alien species. Furthermore, free prior and 
informed consent enables them to negotiate the conditions 
under which a project will be designed, implemented, 
monitored and evaluated. The framework is less clear for 

11.	 Data management report available at: https://doi.org/10.5281/
zenodo.5760266

“local communities”, but some countries have specific legal 
frameworks for working with specific groups. 

Many Indigenous Peoples and local communities have 
requested that their own customary governance systems 
and institutions be recognized within efforts to manage 
biological invasions, recognizing that these systems can be 
strengthened and, in some cases, revitalized by support 
from outside institutions (IPBES, 2022). Recognition and 
clarification of land tenure, including access and ownership 
of land, waters and biological resources can support 
Indigenous Peoples and local communities to manage 
biological invasions (IPBES, 2022; Kamelamela et al., 2022). 

These specific knowledge and governance systems and 
normative frameworks often mean that Indigenous Peoples 
and local communities do not wish to be considered or 
approached in the same ways as other “stakeholders” 
discussed above, as such broad multi-stakeholder processes 
can often serve to diminish their participation and obscure 
their rights and goals. A deeper engagement with their 
knowledge and customary governance systems within rights-
based frameworks and in accordance with national legislation 
can therefore benefit both communities’ good quality of life 
and biological invasions management strategies.

6.4.3.2	 Co-production of Indigenous 
Peoples and local communities 
planning and Biocultural community 
protocols

Despite the reasons for engaging with Indigenous Peoples 
and local communities and their knowledge and governance 
systems discussed above, many discussions of Indigenous 
Peoples and local communities rely on a “vulnerability 
narrative” which considers them as passive victims of 
damage from environmental change. This can lead to policies 
and management actions that interfere with community 
wellbeing and do not support capacity-building and cultural 
continuity (Reo et al., 2017; Chapter 4, Box 4.14).

Many cases (70 per cent of reviewed cases)11 suggest 
that, even where collaborations between outsiders and 
Indigenous Peoples and local communities are reported to 
be successful, they do not necessarily consider Indigenous 
and local knowledge and governance. Some cases report 
that outsiders tend to focus instead on teaching Indigenous 
Peoples and local communities about management 
of invasive alien species using scientific methods. This 
can cause the loss of knowledge and important cultural 
practices of Indigenous Peoples (Sillitoe, 1998), as well 
as undermine long-term management success. There are 
however positive examples of the inclusion of Indigenous 
and local knowledge, community governance and 
institutions in the management of biological invasions.11  

https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266
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For example, forest scientists partnered with Indigenous 
Peoples and local communities in Michigan, United States 
to co-design invasive alien species control experiments 
using traditional ecological knowledge (Poland et al., 2017). 
Indigenous Peoples and local communities were involved 
in decision-making processes for weed control in Western 
Australia. Rangers consulted Indigenous Peoples and local 
communities’ elders about their work eradicating weeds and 
used “place centred” methods (Bach et al., 2019).

Overall, key aspects that Indigenous Peoples and local 
communities have highlighted in relation to successful 
co-production and co-management include respect for 
community knowledge, institutions and protocols, allowing 
enough time to build trusting relationships, and broad 
distribution of benefits from biological invasion management, 
which do not need to be financial and can include capacity-
building in research and management.11

Some Indigenous and local communities have developed 
biocultural community protocols (Glossary), documents 
that consider their values, procedures and priorities to frame 
how they wish to be engaged in projects that impact them. 
They set out rights and responsibilities under customary, 
state and international law as the basis for engaging with 
other stakeholders (Natural Justice, 2022). Biocultural 
community protocols could be a foundation for discussions 
with communities on policies related to managing invasive 
alien species and restoring ecosystems. For instance, 
in Hawaii, a biocultural community protocol has been 
developed to support the successful ecosystem restoration 
of the Pu‘uwa‘awa‘a Community-Based Subsistence Forest 
Area (Kamelamela et al., 2022). Co-production of planning 
and decision-making, or support of existing Indigenous 
Peoples and local communities’ invasive alien species 
management systems could indeed benefit communities 
beyond biological invasions management. It provides 
recognition of their knowledge systems and incentives to 
continue or revitalize traditional monitoring, management 
and knowledge transmission and simultaneously enhances 
the efficacy of biological invasions management (IPBES, 
2021, 2022)

6.4.4	 Governance networks for 
collective action

Engaging with stakeholders and Indigenous Peoples and 
local communities, and considering diverse actors involved 
in governance for biological invasions (section 6.2.3.3) can 
be achieved by establishing informal or formal mechanisms 
for collective action (Glossary). Simply recognizing this 
need does not mean that collective action will happen, nor 
that collective initiatives and arrangements will be effective 
at solving the problems at hand (Koontz & Thomas, 2006; 
Lubell, 2004). Collective action outcomes often emerge 

through self-organization (where overall organization arises 
spontaneously from local interactions) – as when numerous 
individual managers acting independently apply cultural 
controls that together change the invasibility of landscapes 
(P. L. Howard, 2019). As demonstrated in an Australian 
rural landscape through a Landcare program, successful 
collective action emerged through the key role of a leader, 
building trust and social norms in the community, along with 
contracts that strengthened commitment and steered action 
towards the control of high priority invasive alien species 
(McKiernan, 2018). 

Collective action is also often jointly planned and executed, 
based on place-based or culturally-based rules and norms 
where community members jointly assume responsibility 
for invasive species management (e.g., Graham et al., 
2019; Lien et al., 2021; Lubeck et al., 2019; Sullivan et 
al., 2017; Yung et al., 2015). However, the conditions 
required to engage in collective action are often absent; for 
example, an awareness of cross-boundary relationships, 
beliefs and expectations that other people will carry out 
appropriate actions, an absence of effective leadership or 
low confidence that collective efforts will be effective (Bodin 
et al., 2019; Lubeck et al., 2019; Figure 6.24 in section 
6.7.3). Even in cases where collective action mechanisms 
are in place and function well, there is often a need to 
support or coordinate such actions at higher levels of 
governance. Research has shown that a number of micro-
interventions during community engagement can change 
opinions, beliefs and commitment leading to improved 
management outcomes (Niemiec et al., 2019). 

6.4.4.1	 Coordination versus cooperation: 
challenges and options

It is important to differentiate biological invasion problems 
that are more related with coordination from those 
requiring cooperation (Bodin et al., 2020). Effective 
coordination depends on finding ways for stakeholders 
who generally share the same viewpoints and interests 
to agree on how best to address a problem. This mainly 
involves mechanisms “to accomplish a generally agreed 
upon objective through, for example, efficient resource 
allocation, synchronization of different activities and a 
suitable division of labour for common tasks” (Bodin et 
al., 2020). This is the case, for example, with Fusarium 
dieback (an invasive alien pathogen vectored by beetles 
that causes disease that damages avocado and more 
than 39 other tree species) in California, United States, 
which quickly prompted numerous government and non-
government stakeholders who cooperate at different scales 
with very similar objectives to coordinate and confront 
the issue and develop a cohesive state-wide strategy 
(Lynch, 2020). Box 6.14 presents another example of 
a governance network solution to achieve coordination 
between stakeholders who held similar interests in invasive 
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alien vertebrate eradication, and where adaptive responses 
were needed to overcome uncertainties.

However, in many cases, invasive alien species present a 
cooperation problem rather than a coordination problem, 
as they involve stakeholders “with opposing interests 
seeking and finding agreeable ways to solve collective 
problems and dilemmas where their different interests are at 

stake, and where a solution often requires actors to make 
some sacrifices” (Bodin et al., 2020). Thus, cooperation is 
associated with conflicts of interest, inherent trade-offs and 
subsequent tensions among actors. This was the case, 
for example, with the Panama Tropical Race 4 incursion in 
banana plantations in north Queensland, Australia. Many 
banana growers argued that their value- and cost-losses 
were not sufficiently compensated when implementing 

Box 6  14  	 Coordinating American mink eradication in North East Scotland through 
community partnerships and adaptive management.

In Northeast Scotland, when small-scale American mink removal 
projects failed due to mink recolonization from surrounding 
uncontrolled areas, adaptive-coordination strategies (Table 6.1; 
section 6.2.3.1(4)) were devised and implemented to eradicate 
mink over a large area. Due to uncertainties about the size of 
the mink population, mink’s dispersal capacity, and the volunteer 

resources that would be needed and available to effectuate mink 
eradication, an adaptive management approach was developed 
involving formal coordination between diverse stakeholders. 
The project was initiated by scientists and supported by a 
government agency, a national park authority and local fisheries 
boards, all of whom shared an interest in mink eradication. 
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Figure 6  17  	 Cumulative mink captures over the entire project area showing an increasing 
number of captures by volunteers, with the total number of active volunteers. 

Throughout the project shown by category. Source: Bryce et al. (2011), https://doi.org/10.1016/j.biocon.2010.10.013, under 
license CC BY 4.0. 

Together, a coordinated coalition of trained volunteers was 
created to detect and trap mink (Figure 6.17). These groups 
created a formal partnership that funded the project and 
provided in-kind contributions. The project achieved “multi-
scale mink removal over 10570 km2 with 10000 appearing to 
¬be free of breeding mink 3 years after inception.” Over time, 
the number of the local volunteers detecting and trapping mink 
grew – especially among local residents, land managers and 
wildlife professionals (Lambin et al., 2012). “The defining factors 
underpinning the success of the project are strong volunteer 

involvement, efficient and systematic methods of monitoring 
and control, an adaptive approach to suit local conditions, the 
strategic use of topography to minimize recolonization and an 
ambitious vision; elements that are applicable to other invasive 
alien species and areas. It is a strong testament to what can be 
achieved when empowering local communities to take a stake 
in their local biodiversity and thus reason for optimism that the 
tide of invasion can be rolled back on a large scale where the 
convergent interest of local communities can be harnessed” 
(Bryce et al., 2011). 

https://doi.org/10.1016/j.biocon.2010.10.013


THE THEMATIC ASSESSMENT REPORT ON INVASIVE ALIEN SPECIES AND THEIR CONTROL

780

state-mandated biosecurity measures, leading ultimately to 
negotiations between the growers’ industry body and the 
government on new standards and guidelines for production 
post-infection (Maclean et al., 2018). Very often, there are 
multiple groups of “outcome winners” and “cost, value 
and collateral” losers whose interests and perceptions of 
invasive species are in conflict. Compared with coordination, 
cooperation is thus associated with higher risk for all 
of the actors involved (Berardo & Scholz, 2010). Thus, 
there is much greater need for processes of engagement 
that involve consensus-building, negotiation, knowledge 
integration and development of trust. 

6.4.4.2	 Tailoring collaborative 
governance networks 

Collaborative governance networks consist of individuals 
and organizations that have come together to solve 
common problems that would be difficult or even impossible 
for a single organization to address alone (section 6.2.3.3). 
Governance itself can be characterized as a “polycentric 
network” of relations between government and non-
governmental stakeholders whose knowledge, behaviour or 
interests are involved in different aspects of environmental 
policy-making (Berardo & Lubell, 2019; Bodin, 2017; 
Bodin et al., 2017; Kluger et al., 2020; Lubell, 2013). 
Such networks span a range of types, from “completely 
decentralized with all participants connected, to completely 
centralized with all collaboration brokered by a single 
organization” (Lubell et al., 2017). Multiple types of networks 
across this span are likely to be needed for progress 
towards and implementation of integrated governance for 
biological invasions in each context (section 6.2.3.1).

The distinction between coordination and cooperation has 
strong implications for the type of governance network and 
collective action arrangements that are, more or less, suited 
to the tasks at hand. Such networks typically take three 
different forms, each with its own advantages and limitations 
(Provan & Kenis, 2008; section 6.2.3.3):

1.	 In participant-governed networks, there is no obvious 
central leading actor – all actors contribute fairly and 
equally to the collective effort. These networks tend 
to be dense (there are many social ties between the 
participants) and can work very effectively, but typically 
suffer when the number of members is high, since 
the lack of a hierarchical structure makes it difficult to 
coordinate numerous actors. 

2.	 The second form is where one or a few of the 
participating actors take on a leading role, and the 
network subsequently takes a centralized “hub-
and-spoke” structure where the leaders are directly 
connected to all or most other actors, thus becoming 
the hubs in a wheel-shaped network. 

3.	 In the third form of network, a dedicated coordinating 
actor (a “Networker” stakeholder and a representative 
of Indigenous Peoples and local communities) 
is appointed as the central leader – a network 
administrative organization (NAO), also referred to as 
a bridging organization (Crona & Parker, 2012) or a 
collaborative institution (Lubell et al., 2010). The network 
administrative organization can be created by the 
network members or provided or imposed externally. 
An external actor that wants to build a governance 
network to address invasive alien species could create 
a network administrative organization either to enhance 
and strengthen (and/or possibly control) existing 
governance networks, or to build a governance network 
from scratch.

An example of a successful network administrative 
organization (NAO)-led network management is found in the 
management of a hybrid between introduced Sporobolus 
alterniflorus (smooth cordgrass) and native Sporobolus 
foliosus (California cordgrass) in San Francisco Bay, a multi-
tenure area where government agencies, private landowners 
and others are involved in efforts to eradicate this ecosystem 
engineer that will reinfest if it is not eliminated in all areas of 
the Bay. The management of Sporobolus is governed by 
a collaborative partnership between private landowners, 
government agencies and other stakeholders called the 
Invasive Spartina Project. The California State Coastal 
Conservancy, an agency whose mission is to protect the 
coast, and an environmental consultant founded the project 
with state funding. Together they serve as “central brokers” 
that coordinate the activities of stakeholders as a NAO. 
The project has “successfully removed 95% of invasive 
Spartina [Sporobolus], and is now engaged in suppressing 
re-invasion and ecological restoration…the [project] 
has been very effective in comparison with other local 
collaborative partnerships” (Lubell et al., 2017). However, 
such arrangements may not be effective for invasive alien 
species that have very different ecological dynamics, such 
as with very fast spreading marine species, where a myriad 
of organizations and individuals would be involved at 
short notice.

Hybrid networks may consist, for example, of bottom-up, 
participant-led initiatives that are provided with support 
and coordinated by a “networker” stakeholder. This is 
the case with the award-winning Victoria Rabbit Action 
Network (VRAN), which was developed in Victoria, 
Australia, in response to the failure of a largely top-down 
regulation and enforcement regime (L. B. Adams, 2014; 
L. B. Adams et al., 2019; Box 6.15). In Central Burnett, 
Queensland, Australia, when the state reduced support 
for management of Bactrocera tryoni (Queensland fruit fly) 
and encouraged greater grower self-reliance, growers and 
their industry body formed an Area-Wide Management 
Committee, which acted as a network administrative 
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Box 6  15  	 Case study illustrating a successful expansion and temporal shift in governance 
from top-down regulation to community-led action.

A case that demonstrates the shift from top-down, regulation 
and enforcement based governance toward a government-
supported, community based approach is found in a United 
Nations Award-winning initiative developed to manage one 
of Australia’s most costly invasive vertebrates, the European 
rabbit (L. B. Adams, 2014). Prior to the development of the 
programme, information and power asymmetries limited the 
effectiveness of rabbit management, as those responsible 
for on-the-ground control – landowners and community 
organizations – were “kept at arm’s length,” at the same time 
that conflicting perspectives on the need to control rabbits, 
animal welfare concerns and changes in land use presented 
barriers to top-down regulation and targeted programmes (Reid 
et al., 2019). The Victorian Rabbit Action Network (VRAN) was 
developed by the National Rabbit Facilitator collaborating with 
groups involved in rabbit management, and adopted “systems-
thinking…to understand how rabbit management works from 
a range of perspectives, test assumptions, and…develop and 
test strategy ideas” (L. B. Adams, 2014). The initiative focused 
on building networks and improving information flows and 
knowledge sharing through knowledge brokers. Communities 
were seen as sources of “socio-political and technological 
innovation, as opposed to consumers” and innovation was 
stimulated through competitive grants (Reid et al., 2019). A 
democratic, participatory approach not only allowed a diversity 
of perspectives and experiences to be shared – conflicts 
inherent in the process “served as a driver of innovation, in 
that differing perspectives were discussed in respectful and 
authentic ways, allowing the emergence of innovative ideas and 
new ways of working together.” The evaluation by Allen (2017) 
of VRAN’s activities found that communities were exercising 
their agency and acting collectively, with decreased reliance 
on government (Allen, 2017). In four years, over 5,300 people 
were surveyed and 84 per cent of respondents were using an 
integrated rabbit management approach. In part due to this 
success, an additional programme was introduced in 2017 to 
support coordinated community-led action around the use of 
a new strain of calcivirus (rabbit haemorrhagic disease virus, 
RHDV K5) for biocontrol (Reid et al., 2019). Unfortunately, 
overall outcomes on rabbit numbers and impact were 
not monitored.

Checklist of principles and requirements for successful community- 
led action on rabbits (L. B. Adams, 2014):

1.	 Leadership with empowered community groups

2.	 A community owned vision, philosophy, purpose 
and narrative

3.	 A partnership approach among the institutions and groups 
involved in rabbit management, with joint decision-making, 
responsibility, action and resourcing

4.	 Coordinated planning and action guided by a strategy, with 
understanding of:
a.	 Community concerns and motivations that are 

generating interest in rabbit management
b.	 What the community seeks to achieve and can 

realistically achieve – short and longer-term
c.	 Current management practices: adaptive natural 

resource management, integrated pest management 
(Glossary), consideration of longer-term options to 
reduce rabbit impacts which goes beyond a focus on 
reducing rabbit populations, consideration of regulation 
and compliance requirements, consideration of options 
to assess and monitor a rabbit problem and rabbit 
impacts, consideration of the short and longer-term 
benefits and costs of different control options

d.	 The available resources and tools that can assist 
community planning, action, learning, awareness, 
education, leadership development and innovation

e.	 How best to navigate institutional arrangements that 
affect community capacity and action on rabbits

f.	 How best to focus resources and effort

5.	 Demonstration and celebration of results and success 
linked to the community’s vision and purpose

6.	 Government support for compliance

7.	 Recognition that community-led action and collaborative 
strategies involving all groups with rabbit management 
responsibilities are critical for success

organization (NAO), together with government staff, local 
growers, the industry body and other local stakeholders. 
Among other activities, it carried out management 
trials, fine-tuned management to suit individual grower 
operations, provided resources for treatments in towns 
funded by voluntary grower contributions, transferred 
expert knowledge and engaged in awareness raising. 
Reported results were “spectacular” – peak trap catches 
prior to the new governance arrangements were 240 flies 
per trap each day, reducing to one fly within a few years 
(Kruger, 2016).

With respect to the relation between governance networks 
and cooperation or collaboration problems, it is argued 
that denser, overlapping networks reduce monitoring 
and sanctioning costs involved in resolving collective 
action problems, for example, if some members freeride 
(e.g., allowing other participants to do the bulk of the 
work) or do not cooperate. Coordination problems, on 
the other hand, favour more “open” network structures. 
However, “the advantage of central coordination 
declines with the complexity and need for consultation 
involved in crafting solutions” (Berardo & Scholz, 2010). 
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Participant-governed networks are more effective at 
addressing cooperation problems (albeit only for smaller 
networks), while centralized networks (with or without a 
network administrative organization) are better suited for 
coordination problems (Bodin, 2017). Recent research 
has nuanced the proposed relationship between network 
structures and coordination/cooperation problems 
by explicitly accounting for trust, costs and risks as 
intermediate factors (Bodin et al., 2020). More research 
in varied biogeographic and socio-economic contexts will 
contribute to improve governance networks.

6.4.4.3	 Collective action

Governance for biological invasions is in part a collective 
action problem with coordination or collaboration solutions 
(Hershdorfer et al., 2007; Epanchin-Niell et al., 2010; 
McLeod & Saunders, 2011; Bagavathiannan et al., 2019) 
including, for example, public-private partnerships (Mato-
Amboage et al., 2019). As outlined earlier, the mobility 
of invasive alien species means that prevention of their 
movement and management of established populations 

can benefit from collaboration and coordination across 
property and jurisdictional boundaries (Graham, 2014; 
Yung et al., 2015; T. M. Howard et al., 2018). Achieving 
such cooperation is challenging because diverse actors 
have varying levels of interest, skills, resources, capacity 
and time to commit to management of biological invasions 
(Donaldson & Mudd, 2010; Graham, 2013; Ma et al., 2018; 
Kropf et al., 2020). Successful collective action can be 
achieved through stakeholder and Indigenous Peoples and 
local communities networks. Social norms and trust can 
be established to develop a common understanding of 
the problem, agree on a common goal, identify measures 
of success and encourage participation in individual and 
group activities (Stallman & James, 2015; Niemiec et al., 
2016; Graham & Rogers, 2017; T. M. Howard et al., 2018; 
Bagavathiannan et al., 2019). There are sets of useful 
questions that are consistent across these cooperative 
invasive alien species management initiatives (Table 6.9). 
While consideration of these factors listed in Table 6.9 does 
not guarantee success, the questions do provide practical 
insights into what collective action offers for improving the 
governance for biological invasions into the future.

Table 6  9  	 Collective action questions towards improved governance for biological invasions.

Leadership Who will lead the collective action initiative?

Working relationships Who to include?

Are there existing relationships among participants?

How can trust be built among group members?

Shared goal What is the shared goal?

What are the ecological, economic and social dimensions of the goal? (What motivates one person may not 
motivate another)

Does the goal focus on a single species or a whole ecological community? 

What area does the goal cover?

What does success look like?

Pooling resources What are the asymmetries in the programme?

Who needs support?

How can such support be provided?

Where will resources come from over the short and long term?

Coordination How can disparate efforts be connected?

Who will make the connections?

What support can be provided across initiatives?

How will gaps be filled?
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6.4.4.4	 Applications of network analysis 
to support adaptive-collaborative 
governance 

Network analysis of governance structures and stakeholders 
is useful for understanding and improving cooperation, 
coordination and information flows across a large number 
of actors and organizations engaged in biosecurity. As 
an example, in Australia, there is a “recognition that 
government players are neither resourced sufficiently to 
fill all required roles and responsibilities, nor necessarily 
the most capable of filling all roles…biosecurity now turns 
to multiple purpose networks that seek to mesh diverse 
tasks such as surveillance, policy development, response 
to incursion, awareness building, and research and 
development” (McAllister et al., 2020). An independent 
marine pest network was formed to provide continuous 
communication for surveillance and rapid response (i.e., 
a “suite of organizational interactions that emerge around 
the Government’s Marine Pest Sectoral Committee”), 
and includes scientists, industry and members of the 
public. The network is focused on communication, 
surveillance and engagement but does not manage 
incursions. Social network analysis showed that the 
“network is well-structured for information dissemination 
and there is evidence that nongovernment actors already 
play some role in integrating and brokering information”, 
however, improvement is required, as it was found that, 
while information is provided to the community, there is 
a “near absence of ties for receiving information from the 
community” (McAllister et al., 2020).

Adaptive-collaborative governance thus involves multi-level 
and multi-actor coordination and collaboration based on 

knowledge and disciplinary integration, experimentation, 
monitoring, the use of the best available technology and 
social learning (Kirkfeldt, 2019; section 6.2.3.1(4)). Many 
frameworks have been developed that explicitly consider 
the interactions between social and ecological systems. Not 
all frameworks, however, give equal emphasis to humans 
and ecosystems or their dynamic interactions (Binder et al., 
2013). Those that do, insist that involving stakeholders in 
collaborative environmental governance of such systems 
is imperative. Some of these approaches focus on 
networks of human-ecological interdependencies either 
within bounded geographical areas or, more often, across 
geographical barriers or boundaries and governance realms. 
This includes, for example, marine protected networks 
that usually involve large geographic areas, ecological 
connectivity, and many different government agencies and 
stakeholder and Indigenous Peoples and local communities 
groups (S. M. Alexander et al., 2017). 

Network analysis may be used to examine both the “fit” 
between governance and ecological scales and processes 
and the need to achieve coordination and collaboration 
among a large number of government agencies and 
stakeholders. Multilevel horizontal and vertical governance 
ties bring actors together to form multilevel (local to 
national) networks to coordinate, collaborate and share 
knowledge that is needed, e.g., to address a lionfish 
invasion in Jamaica’s marine protected areas (Box 
6.16). Another example of how collaborative governance 
networks can be established to achieve greater ecological 
and governance fit is presented by network administrative 
organization-led coordination of Phragmites australis 
(common reed) management in the Great Lakes, United 
States (Box 6.16).

Box 6  16  	 Two examples of network analysis and adaptive-collaborative governance to 
strengthen the prevention and control of invasive alien species.

(1) Horizontal and vertical governance ties to 
achieve social–ecological fit in response to a 
lionfish invasion an emerging marine reserve 
network in Jamaica.

Invasive alien species context: Pterois volitans (red 
lionfish) and Pterois miles (lionfish) favour near-shore reef 
habitat and are now prevalent across the Caribbean, Gulf 
of Mexico and Western Atlantic. First sited in the Bahamas 
in 2004, populations and distributions expanded rapidly 
(Côté et al., 2013). By 2009, their range had expanded to 
Jamaica, with populations becoming established around the 
entire island within a year (Schofield, 2009). With no natural 
predators, lionfish consume a significant amount of especially 
juvenile native fish, depleting near-shore fisheries and coastal 
biodiversity in Jamaica. A study in the Bahamas found that, 

over a 2-year period, an increase in lionfish biomass coincided 
with a 65 per cent decrease in the biomass of 42 native species 
(Green et al., 2012). 

Governance context: The Jamaican Government has 
established, to date, 17 “special fishery conservation areas” 
(i.e., marine no-take areas that range from about 1 km2 to 
18.73 km2). The majority of these conservation areas are close 
to small coastal communities with active small-scale and 
artisanal fisheries that use mixed gear (e.g., fish traps, spear 
guns) and target multiple species (e.g., conch, lobster, reef fish). 
It also established co-management arrangements with local 
non-governmental organizations and/or fisher cooperatives that 
devolve roles and responsibilities (e.g., monitoring) associated 
with the day-to-day management of these marine reserves (S. 
M. Alexander et al., 2015).
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Box 6  16  	

A multi-actor network: Social network analysis revealed that 
the governance structure of the Special Fishery Conservation 
Areas is constituted of ties between actors, including 
government and non-governmental organizations (S. M. 
Alexander et al., 2016). Many of the ties emerged through one 
of the following three processes: (i) formal partnerships (e.g., 
co-management arrangements, capacity-building); (ii) personal 
connections and relationships; and (iii) joint membership on 
committees, boards and projects. For example, the Lionfish 
Project – funded by the Global Environment Facility (GEF) 
– fostered network ties between government agencies, non-
governmental organizations, community-based organizations 
and private resorts. Collectively, the resulting governance 
network provided a critical foundation for an island-wide 
lionfish monitoring and culling programme. Multi-actor network 
ties connect actors horizontally across local sites of action 
and management that are geographically distributed, which 
is essential when effective responses to a biological invasion 
occurs simultaneously across sites. However, research revealed 
a lack of strong ties and information sharing between those 
local level management organizations with a mandate to 
manage one or more special fishery conservation areas. Multi-
actor governance networks that span sectors, departments 
and agencies can contribute to increased coordination, which 
is central for effectively responding to and governing biological 
invasions and the multiple dimensions of socioecological fit 
associated with marine protected areas. Multi-level network ties 
can be central to linking action at multiple scales and tightening 
feedback, which are critical processes for effectively responding 
to and managing biological invasions. Multilevel linkages 
played the greatest role in enhancing fit in the marine reserve 
network. However, the long-term propensity of the multi-actor 
and multilevel networks to enhance social–ecological fit is 
uncertain given the prevalence of weak social ties, lack of a 
culture of information sharing and collaboration and limited 
financial resources.

(2) An adaptive collaborative governance approach 
to Phragmites australis (common reed) management 
in the Great Lakes, United States. 

An example of adaptive collaborative governance is presented 
by the Great Lakes Restoration Initiative,12 which supports 

a basin-wide initiative called the Great Lakes Phragmites 
Collaborative (Braun et al., 2016). Phragmites australis is 
an invasive alien wetland species that affects ecosystem 
functions, biodiversity and social and economic values, and 
threatens restoration, generating large financial burdens 
for land management. A total of $16 million was invested 
in the Great Lakes Restoration Initiative from 2010-2015 to 
support the Great Lakes Phragmites Collaborative, which 
was developed to address numerous barriers to Phragmites 

australis management, including a lack of organized 
communication among managers and between managers 
and researchers; a failure to address Phragmites australis 
at a landscape scale (multi-state and bi-regional), and a 
lack of a common agenda or strategic plan in a context 
where stakeholders working independently were producing 
isolated impacts or duplicating efforts, leaving gaps that 
undermined management.

As a “neutral facilitating” entity, the Great Lakes Phragmites 

Collaborative serves as a regional representative for impacted 
stakeholders, providing support to develop common agendas, 
mutually reinforce activities and share measurements for 
assessing progress. An advisory committee represents a 
diversity of disciplines and expertise across different state 
and non-state organizations and geographical areas. The 
committee articulated a vision statement and common agenda 
that will be elaborated on, as much as possible, by consensus, 
which also includes support for individual initiatives. An 
adaptive collaborative process “involves stakeholders 
progressing toward a goal through a structure that facilitates 
mutually reinforcing activities and regular feedback…
aligned efforts, support for discovery of new practices, and 
widespread adaptation of successful practices…an adaptive 
management technique because it promotes learning and 
adaptation.” A shared measurement system is considered to 
be essential for adaptive management – to assess progress, 
align individual strategies with landscape-level goals, and 
provide empirical information for adaptation. It showcases best 
management practices and lessons learned, and responds to 
needs identified in a stakeholder and Indigenous Peoples and 
local communities survey by providing access to information 
resources, information sharing and technology transfer (Braun 
et al., 2016).

Network analysis can also be applied to both the 
biophysical and social processes entailed in pathways 
of introduction or spread of invasive pathogens, plants, 
or mammals, which includes international and domestic 
transport and other types of movements involving 
stakeholders, agents (e.g., ships), events and species or 
hosts that interact in space and time (D. C. Cook et al., 
2010; Hulme et al., 2018; Lansink et al., 2018). Within-

12.	 https://www.greatlakesphragmites.net/

sector (e.g., livestock, forestry) network analysis is related 
to the movement of invasive vectors and hosts through 
chains that link vector stakeholders and Indigenous 
Peoples and local communities with contributors in supply 
or value chains (Glossary). The FAO promotes such 
analysis to provide an evidence-base for animal diseases 
epidemiology to inform risk analysis and develop strategic 
plans for disease control and surveillance (FAO, 2011). 
Contact networks (i.e., networks and linkages in value 
chains that connect production systems, markets and 

	https://www.greatlakesphragmites.net/
https://www.greatlakesphragmites.net/
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consumers) can favour the transmission of contagious 
diseases within and between sectors, and need to be 
taken into account in the development of risk management 
strategies for the control and prevention of animal diseases 
(FAO, 2011). The input of a wide range of stakeholders is 
essential for this network analysis to be effective.

6.4.4.5	 Challenges of collaborative 
governance approaches and success 
factors
Governance approaches themselves can be a significant 
source of conflict in invasive species management, 
particularly when various groups of influencers or 
interested stakeholders and Indigenous Peoples and 
local communities are not consulted, their knowledge 
is not taken into account, or they are not involved in 
implementation actions that affect them (Crowley et al., 
2017a; Estévez et al., 2015; Lynch, 2020). Adaptive-
collaborative management benefits from good governance, 
and vice versa. Plummer et al. (2013) examined the 
literature on adaptive collaborative management for 
governance content and found multiple relationships: 
among others, good governance is necessary to facilitate 
adaptive collaborative management, which helps facilitate 
a shift to good governance and can operationalize 
governance, while stressing multi-level, multi-sector and 
multi-stakeholder and Indigenous Peoples and local 
communities engagement (section 6.7). Common themes 
that emerge include the need for: accountability and 
legitimacy, the involvement of diverse stakeholder groups 
and Indigenous Peoples and local communities and 
bridging organizations, the need to achieve organizational 
fit, interplay and scale; for adaptiveness, flexibility and 
learning, as well as social learning and knowledge sharing13 
(drawn together in section 6.7).

In addition to giving citizens and stakeholders a voice in 
decisions that affect them, it is claimed that collaborative 
approaches to environmental governance can reduce 
conflict, build trust and facilitate learning among citizens 
and stakeholders, increasing the likelihood that decisions 
are implemented on the ground and over the long-term 
(e.g., Beierle, 2002; De Vente et al., 2016; Derak et 
al., 2018; M. S. Reed, 2008; M. S. Reed et al., 2018). 
However, stakeholders and Indigenous Peoples and local 
communities involvement can only be successful when 
tailored to the problem and context (section 6.4.1). 
In some cases, stakeholders and Indigenous Peoples 
and local communities need to be involved in “deeper, 
two-way, co-productive engagement (possibly over long 
time-scales)” (Shackleton, Adriaens, et al., 2019). This 
may be the case, for example, when coordination of 

13.	 Data management report available at: https://zenodo.org/doi/10.5281/
zenodo.5762739

the management of biological invasions occurs across 
multiple land tenures or land-use settings (Bryce et al., 
2011; Shackleton et al., 2015), or where cooperation 
problems are evident and thus the potential for conflict 
or lack of cooperation is high. These conditions may 
call for stakeholder and Indigenous Peoples and local 
communities’ involvement in the co-design or co-
development of risk assessments, strategies and 
management approaches, co-creation of knowledge and 
co-implementation. 

Several factors seem to be key to the success of adaptive-
collaborative governance for biological invasions. One of 
them is the breadth of involvement of stakeholders and 
Indigenous Peoples and local communities, ensuring 
that all stakeholders with influence and interests are 
included lends governance the legitimacy it needs for 
policy implementation. Another factor is the deliberative 
and transparent nature of the collaborative process, 
as well as its ability to account for and manage power 
imbalances and conflicts (Newig et al., 2018). Finally, high 
levels of social interaction among the participating actors 
favour positive outcomes and help to build commitments, 
knowledge and trust (S. M. Alexander et al., 2018; Bodin, 
2017; Newig et al., 2018). These in turn are instrumental 
for collectively addressing coordination and collaboration 
problems. In other words, one key factor that is needed to 
achieve successful collective action is to build appropriate 
governance networks where relevant actors, individuals 
and/or organizations are included and engaged with each 
other (DeFries & Nagendra, 2017). Other critical factors 
that affect the effectiveness of networks include consensus 
around goals and the need for “network competencies,” or 
specializations, among the network’s participants, such as 
research competence (Lubell et al., 2017). 

Engagement with stakeholders and Indigenous Peoples 
and local communities is therefore an essential element 
of integrated governance of biological invasions (section 
6.7). While it may not be possible, due to time or resource 
constraints, to develop effective adaptive-collaborate 
governance networks, deep stakeholder and Indigenous 
Peoples and local communities engagement can be built 
into any governance and policy development approach.

 

https://zenodo.org/doi/10.5281/zenodo.5762739
https://zenodo.org/doi/10.5281/zenodo.5762739
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6.5	 ECONOMIC AND 
FINANCIAL OPTIONS

Although the costs associated with invasive alien species 
have been estimated to be in the trillions of dollars globally 
(Diagne et al., 2021; Chapter 4, Box 4.13), the economic, 
political and financial systems have not yet sufficiently 
internalized these estimates. Therefore, biological invasions 
remains largely unaddressed at the national and international 
level (Pimentel et al., 2005). Many impacts are unrecorded 
due to serious data gaps in several regions and there are 
ongoing methodological challenges about how to estimate 
social costs. It is clear, however, that the costs of impacts 
far outweigh the costs of management (Chapter 5, section 
5.5.7; Diagne et al., 2021).

Of particular concern are the indirect impacts of invasive 
alien species, as they are both inherently difficult to quantify 
and, in some cases, magnified under the prism of climate 
change (Mainka & Howard, 2010). Invasive alien species 
pose an enormous risk to good quality of life through their 
effects on social, economic and environmental systems 
(Chapter 4, sections 4.5 and 4.6.3). In some cases, 
such as invasive alien species-related agricultural losses, 
these effects can potentially destabilize socioeconomic and 
democratic structures by causing famine and social unrest 
(Goss et al., 2014; Singh & Kaur, 2002). 

These indirect impacts are yet to be incorporated into 
national accounting measurements of economic growth 
(e.g., gross domestic product (GDP) and gross national 
product (GNP)). For example, economic growth measures 
include exports as a benefit but ignore possible damage 
from potential unintentional species introductions. 
Several researchers and governments have recognized 
the importance of accounting for economic activity’s 
environmental impact, called green national accounting 
(Fenichel & Abbott, 2014; Kubiszewski et al., 2013). 
Progress in green national accounting has been seen in the 
Genuine Progress Indicator (Kubiszewski et al., 2013), the 
Index of Sustainable Economic Welfare (Beça & Santos, 
2010; Stockhammer et al., 1997) and the Gross National 
Happiness measure (Ura et al., 2012). Nonetheless, most of 
these green national accounting measures (aside from Beça 
& Santos, 2010) continue to ignore invasive alien species, 
which is a significant oversight. According to a recent report 
from the CBD on the resources needed to implement the 
Kunming-Montreal Global Biodiversity Framework, the cost 
of the continuous management of alien invasive species is 
estimated at $36 billion to $84 billion per year, depending on 
the assumptions used in the calculations (CBD, 2021b). To 
halt and reverse the trends of biodiversity loss and impacts 
on good quality of life, it is urgent to make the case for the 
importance of invasive alien species in the larger context of 
global biodiversity change (Mooney & Hobbs, 2000); cross-

sector policy, coordination and collaboration have been 
identified as essential to invasive alien species prevention 
and control (sections 6.2 and 6.3).

Identifying financial and economic mechanisms to address 
invasive alien species is challenging for three principal 
reasons: 

1.	 they affect public goods, which complicates the 
important task of defining responsibilities (Perrings et al., 
2002; section 6.3.1.1); 

2.	 many of the costs and benefits of investment in invasive 
alien species management are non-market values 
(Perrings et al., 2010), in some cases affecting values that 
cannot be monetized thereby limiting their consideration 
in economic flows and return on investment analyses 
(Auerbach et al., 2014), and their use as arguments for 
generating resources and investment;

3.	 the ambiguous property rights of some goods and 
services that are affected by invasive alien species 
make it extremely difficult to implement public policy, 
legislation and regulatory mechanisms to protect these 
goods and services (Reichard et al., 2005). 

These three characteristics, compounded by the probabilistic 
nature of a successful invasion event (Fournier et al., 2019) 
and the lag time that often separates an introduction from 
a successful invasion (Essl et al., 2011), make it difficult to 
internalize the effects of invasive alien species, and therefore 
argue successfully for investing the resources necessary to 
adequately confront this global issue in a given region.

This IPBES assessment of invasive alien species cannot 
offer a comprehensive global review of existing financial and 
economic mechanisms, nor can it define a road map for 
success in the management of biological invasions (section 
6.2). Rather, it presents some of the economic instruments 
available to finance different aspects of the invasion process, 
including prevention, eradication, containment, mitigation 
and restoration. The IPBES assessment of invasive alien 
species also examines some of the challenges, benefits, 
appropriateness and implications of adopting these 
instruments in different contexts and at various scales. 
It provides some insights for generating the economic 
incentives and deterrents that support a sustainable global 
effort to address the problem of invasive alien species in 
a more coordinated and better-financed manner. Some of 
the options presented are likely to resonate better in some 
regions than in others, and work best at some scales rather 
than others; the instruments outlined here are scale and 
context dependent. This simply reflects the diversity of the 
planet, its human societies and political systems, as well as 
the tremendous complexity of biological invasion process 
and its relationship with global biodiversity change.
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Finally, there is no doubt that the power to advance the 
global invasive alien species agenda lies primarily in the 
hands of governments that lead legal and regulatory 
initiatives, supported by economic command-and-control 
instruments, tariffs and penalty systems. Government 
agencies are, and will likely continue to be, the organizations 
with the greatest capacity to respond to invasive alien 
species (Leadley et al., 2014). However, in many cases, 
especially in countries with developing economies, 
multilateral and bilateral development aid will play a 
significant role. The magnitude and intrinsic characteristics 
of the problem call for an urgent and coordinated 
diversification of financing options and mechanisms. 

6.5.1	 Government financing

Government financing continues to play a leading role in 
invasive management efforts. However, this varies greatly 
between regions and countries (Figures 6.4 and 6.5), 
partly because of specific national fiscal and regulatory 
policies and public sector development strategies. In many 
countries there is considerable government investment in 
management of biological invasions through sub-national 
and national support programmes. However, these rarely 
translate to a multilateral coordinated effort required to 
adequately address the problem (Tollington et al., 2017). 
Surveillance and monitoring are also aspects that receive 
government funding through the efforts of different agencies, 
but most of these activities have short time horizons, are 
limited to a few species and lack coordination, which 
all work to diminish their impact over time (Liebhold et 
al., 2021).

To achieve adequate management of public funds to 
respond to invasive species, it is useful to coordinate robust 
policies at all levels of government in which diverse areas 
of administration are involved, including but not limited to 
financial, economic and environmental regulatory bodies, as 
well as those in charge of international trade and commerce 
and foreign policy (Tollington et al., 2017, sections 6.2 and 
6.3). Likewise, it is important to finance educational and 
outreach strategies to gain public support for the investment 
of resources into prevention, control and eradication 
projects (Bertolino & Genovesi, 2003).

Dividing the main sources of tax revenue into four broad 
categories allows us to understand how each could provide 
opportunities to respond to invasive alien species at different 
stages of the biological invasion process: 

Direct taxes

The first group is direct taxes paid by households and 
businesses, which include income taxes, payroll taxes and 
corporate income taxes, among other taxes (i.e., capital 

gains and other investment incomes). A portion of direct 
taxes, which in theory are a reliable source of tax revenue, 
could be redirected to invasive alien species projects. 
Specifically, direct taxes are best used to address pre-
invasion stages. In pre-invasion stages, biological invasions 
can be prevented with constant vigilance, including 
surveillance and monitoring, and therefore sustained 
funding. Also, investments made in preventing invasions 
pay dividends, as they eliminate invasions and all the 
associated costs.

Indirect taxes

The second category comprises indirect taxes, or taxes 
paid to the government or other public body through a third 
party, such as a retailer or suppliers. This category includes 
value added taxes, sales taxes, special taxes on products 
such as alcohol or tobacco and import duties. Indirect taxes 
are slightly less dependable than direct taxes because they 
vary with both household and commercial consumption 
patterns, as well as the specific tax policies of a given 
jurisdiction within a nation. Additionally, some subcategories 
of indirect taxes such as excise taxes can place an unequal 
burden on taxpayers at different income levels, as the tax 
per unit of a given good or service will constitute a higher 
portion of a lower-income taxpayer’s income. However, 
the mandatory nature of this category of tax revenue 
means that they still are by-and-large a dependable source 
of tax revenue. Thus, they are appropriate sources of 
revenue for regular post-invasion control, mitigation and 
management programmes.

Non-tax revenues

In the third category are non-tax revenues from state-owned 
enterprises, including revenues from natural resources such 
as oil and gas. This category could help in research stages, 
as revenues from such sources already subsidize research 
in public universities and other institutions in some regions of 
the globe. Funding for research could be directed towards 
creating partnerships between public research institutions 
and natural resource management programmes to increase 
communication between academia and those responsible 
for implementing management programmes for biological 
invasions. This idea is particularly attractive as surveys of 
invasive alien species programme managers commonly cite 
a lack of communication with invasive alien species experts 
as a major barrier to implementing holistic invasive alien 
species management programmes (Beaury et al., 2020).

External sources

Finally, there is funding from external sources, such as 
from bilateral or multilateral funding agencies (i.e., World 
Bank Group: International Bank for Reconstruction and 
Development (IBRD), International Development Association 
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(IDA), International Finance Corporation (IFC), Multilateral 
Investment Guarantee Agency (MIGA), International Centre 
for Settlement of Investment Disputes (ICSID), Asian 
Development Bank (ADB), International Monetary Fund 
(IMF) and International Fund for Agricultural Development 
(IFAD)), that are also considered public funding when the 
funds are disseminated through the recipient governments. 
Governments that depend heavily on funding from these 
sources are likely to not have other robust sources of 
tax revenue meant for controlling invasive alien species, 
and such funds therefore could be used to address 
the most pertinent areas of management of biological 
invasions in that region. In regions where there is significant 
government capacity for managing biological invasions, 
these funds could be directed specifically towards 
increasing international coordination of management 
efforts such as prevention and monitoring. External 
funding sources could support any action considered as 
a priority by the government, that requires special support 
and/or is very costly, such as eradication, or action that 
depend on international coordination, such as prevention 
and monitoring.

In summary, the coordinating role and much of the 
economic drive to address and reduce the risk of invasive 
alien species currently involves state actors. However, 
biological invasions are a complex problem with many 
facets and actors involved (section 6.2), so it cannot be 
thought of as the sole responsibility of governments. While 
fiscal policies and regulations at the national level have the 
potential to establish central guidance and coordination 
mechanisms, it is also important to manage multilateral and 
bilateral mechanisms, philanthropic support and, above 
all, to involve the private sector to reinforce government 
initiatives and address neglected aspects of the problem 
(Epanchin-Niell, 2017).

6.5.2	 Laws, regulations and 
incentives for the private sector

Three examples of tools available to governments that 
incentivize the private sector to address invasive alien 
species prevention and control efforts include: ambient 
taxes, Pigouvian taxes and compensation, subsidies and 
fiscal incentives, and promoting the private sector to engage 
with prevention and control of invasive alien species.

6.5.2.1	 Ambient taxes and subsidies

Beyond the more standard sources of tax revenue 
mentioned above are ambient taxes. Ambient taxes’ 
purpose is to levy taxes on industries responsible for 
generating non-point sources of pollution, such as carbon 
emissions or invasive alien species. This type of taxation 
in the context of invasions, as introduced by Segerson 

(1988), would incentivize risk reduction by encouraging 
a shift towards more eco-friendly choices and ensure 
socially optimal behaviour in both the short and the long 
run (K. R. Jones & Corona, 2008). Furthermore, these 
taxes could serve as a cost recuperation strategy (to help 
pay for invasion impacts) and provide both the financial 
resources for prevention (including subsidies, surveillance 
and monitoring) and control strategies. Research has 
suggested that ambient taxes can be applied to users 
of ports to incentivize vessels to use proper, resource-
appropriate, biosecurity measures (K. R. Jones & Corona, 
2008). Effective ambient taxes are tailored to the nature and 
impacts of invasive alien species from specific ports of entry, 
which is achieved through greater levels of communication 
between regulators, researchers and industry stakeholders 
to reach appropriate tax rates. Furthermore, more 
research is needed to ensure that these taxes are levied 
without placing an undue and unequal burden on actors 
in international trade and into how to properly value the 
impacts of invasive alien species (Epanchin-Niell, 2017; K. 
R. Jones & Corona, 2008).

6.5.2.2	 Pigouvian taxes

Pigouvian taxes, also known as an “introducers pay” tax, 
are another market-based approach to addressing invasive 
alien species control and are a particularly important policy 
tool when the private control of invasive alien species 
introductions is insufficient because of negative externalities 
or impacts from introductions that extend outside the 
market. Pigouvian taxes aim to tax individuals or companies 
to interiorize external costs not included in the market price 
(Sandmo, 2008). The overall aim is to incentive invasion 
prevention by inducing a cost to the expected damages from 
an invasive alien species to a level that equals the marginal 
cost to producers of reducing the risk of invasions. By 
doing this, producers would interiorize the societal costs not 
usually included in the market price (i.e., externalities). These 
taxes are usually perceived as a socially efficient strategy for 
reducing invasion risk (Epanchin-Niell, 2017), as these taxes 
force producers to account for the costs accrued to all of 
society from the risks of possible invasions. However, it is 
essential to notice that for Pigouvian taxes to yield qualitatively 
socially desirable behaviours, revenues from these taxes need 
to be used to offset the impacts caused by the introduced 
species (Fenichel et al., 2014; Sandmo, 1975). Pigouvian 
taxes could be considered for imported goods or for dealing 
with neighbouring or spatial spillover effects (McDermott et 
al., 2013). In some instances, Pigouvian taxes may even 
be more efficient than other market-based approaches like 
ad valorem taxes or tradable permits (McDermott, 2015; 
Richards et al., 2010). However, like all biological invasions 
policies, a one-size fits all approach is not recommended and 
would require significant evaluation and consideration before 
implementation (Fenichel et al., 2014; Knowler & Barbier, 
2005; McAusland & Costello, 2004).
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6.5.2.3	 Leveraging compensation, 
subsidies and fiscal incentives and 
mechanisms

The widely used mitigation hierarchy framework (BBOP, 
2012; IFC, 2012) establishes compensation mechanisms in 
cases of unavoidable and irreparable damage to biodiversity 
(Arlidge et al., 2018). In instances involving damage by 
invasive alien species, these measures could be associated 
with robust and transparent mechanisms for monitoring, 
regulation and planning, as well as the creation of legislation 
that provides information on processes and responsibilities. 
In the case of subsidies, especially in the agricultural sector, 
these measures could likewise be well legislated and 
regulated as they can push producers to focus on improving 
production through reducing the use of unsustainable 
practices such as monocultures and excessive use of 
pesticides that can reduce the resilience of ecosystems to 
possible invasions (OECD, 2017; Robin et al., 2003). It is 
therefore important to promote interdisciplinary research to 
develop evaluation mechanisms and indicators that help to 
anticipate the unexpected effects that these mechanisms 
may have at different scales and in different agricultural 
production modalities. In relation to fiscal and economic 
incentives (Fernandez, 2011), these could not only be 
oriented to reduce risk, but also to increase the resilience of 
ecosystems and social groups at high risk of invasions, i.e., 
the creation of fiscal and economic incentives that promote 
activities that help prevent, control, manage and eradicate 
invasions; but also, fiscal and economic incentives that 
discourage activities that promote the transport, introduction 
and establishment of invasions; but also, fiscal and 
economic incentives that discourage activities that promote 
the transport, introduction and establishment of invasions 
such as exotic gardens (Dutta et al., 2021) and exotic pet 
trade (Gippet & Bertelsmeier, 2021).

6.5.3	 Multilateral and bilateral 
financing organizations

Multilateral and bilateral funding organizations already 
support development and infrastructure programmes 
around the globe, but their resources and capacity to foster 
long-term change vary widely with both their organizational 
priorities and the regions in which they operate (Ray, 2021; 
section 6.2). However, there are opportunities for these 
organizations to partially redirect their efforts to support 
the invasive alien species problem without significantly 
altering their organizational priorities. One potential 
mechanism would be to update aspects of environmental 
impact assessments in development and infrastructure 
projects to place greater emphasis on invasive alien 
species. Environmental Impact Assessments already gather 
information on biodiversity (GBIF Secretariat & IAIA, 2020) 
that, with some effort and coordination, could be oriented 

to become mandatory, funded mechanisms that provide 
data for invasive alien species monitoring and prevention 
systems. Furthermore, environmental auditing has becoming 
an integral part of infrastructure and other developmental 
projects (W. Cook et al., 2016). Inclusion of invasive alien 
species as an indicator in the environmental auditing of such 
developmental projects may indirectly fund the invasive 
alien species prevention and control activities. These same 
mechanisms could also assist in the selection of native 
species for restoration programmes.

While technical mechanisms are used by multilateral 
agency groups to incorporate environmental considerations 
into their investment portfolios, such as Performance 
Standard 6 (IFC, 2012), these standards do not directly 
address biological invasions. Though organizations such 
as the Equator Principles already work with development 
agencies to explicitly address biological invasions in their 
environmental considerations, it is also urgent to work with 
new multilateral and bilateral funding agencies that include 
large emerging economies countries such as Russia, China, 
India, Brazil and South Africa. Furthermore, while national 
governments could require multilateral funding organizations 
to carry out long-term monitoring of the impacts of 
development projects, this is often difficult in practice due 
to the limited capacity of some governments. Therefore, it 
is important that multilateral funding organizations include in 
their priorities and budgets adequate resources for sufficient 
invasive alien species monitoring and evaluation processes.

In order to help to ensure the necessary precautions 
are taken in the investment portfolios of multilateral 
organizations, insurance companies and financial institutions 
could be required to invest in modelling and managing 
the risks associated with invasive alien species within 
their various investment activities. Due to the sheer scale 
of global capital invested in transportation, infrastructure, 
energy, extractives and other development activities, 
modelling and management of invasion risk presents an 
opportunity to prevent negative impacts before they occur. 
However, for this to be effective it is necessary to develop 
instruments that interiorize the externalities of societal 
and environmental impacts of invasions (section 6.5.2.2). 
It is important that these agencies also create funding 
mechanisms to support research, monitoring and the 
creation of indicators by sectors such as non-governmental 
organizations and academia.

Finally, it is important to mention a recent movement 
to reduce funding for programmes that focus solely 
on increasing agricultural production and redirect that 
funding to develop the circular economy (Glossary) and 
incentivize bio-economic considerations and regenerative 
agriculture activities (Geng et al., 2019). This could become 
an opportunity to broaden the investment portfolio of 
multilateral organizations to support countries in their efforts 
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to establish taxes and fees that benefit invasion prevention 
and mitigation activities indirectly through strengthening 
ecosystem resilience to invasive alien species.

6.5.4	 Private sector 

Investment risk and firm reputation are two important 
factors driving the private sector (Kocovsky et al., 2018). 
The private sector could increase its capacity to assess how 
investment decisions that maximize short-term economic 
returns also have the potential to trigger biological invasions 
that can have a devastating effect on its own finances in the 
medium and long run. As with multi- and bilateral funding 
organizations, mechanisms could be promoted to help the 
private sector include the invasion risk component in its 
economic analysis of different investment options.

To this end, it is important that governments develop and 
implement policies and legislation at the national and 
regional level that encourage private firms to include and 
disclose invasion risk in their reporting frameworks. These 
analyses can be supported by scientists and contribute to 
wider research on the development of analytical frameworks 
and risk indicators. Furthermore, large private sector 
companies with significant influence and investments in 
supply chains can help their respective industries to take the 

necessary considerations to reduce risk through introducing 
mechanisms that certify products (i.e., green labels), track 
origin, and generate freely available information to assess, 
anticipate and monitor the risk of invasion (Kotchen, 2013; 
Padilla & Williams, 2004). This latter approach could have 
the extra benefit of raising public awareness of the private 
sector’s role in purposefully or inadvertently creating 
invasions, thereby making it more attractive for private firms 
and governments alike to invest in invasive alien species 
management to protect their public image (Hanley & 
Roberts, 2019). 

Voluntary and self-regulating models, such as corporate 
social responsibility (CSR) strategies, can also be valuable 
tools for preventing biological invasions. These strategies 
imply companies are conscious of the realized and potential 
impact their activities have on all aspects of society, 
including economic, social and environmental (Lindgreen 
& Swaen, 2010). CSR strategies can take multiple forms. 
These can be voluntary programmes and partnerships to 
mitigate the environmental impact of industrial plants and 
production methods (Lindgreen & Swaen, 2010; Rondinelli 
& Berry, 2000). Alternatively, strategies can include the 
development of sourcing and marketing initiatives that 
protect social welfare and commit to environmental benefits 
(Lindgreen & Swaen, 2010; Roberts, 2003). Wildlife 
trafficking can be used as an example as to how the private 

Box 6  17  	 Synergies with control mechanisms for illicit wildlife trafficking.

Illegal trafficking of biodiversity has been shown to be one of the 
main sources of invasive alien species in regions receiving illegally 
trafficked animals and plants (García-Díaz et al., 2017). Efforts 
are underway to create new funding mechanisms and strengthen 
existing ones to combat illegal wildlife trafficking (Wright et al., 
2016). One element that can help to deter this illegal activity 
is the speed of response in relation to species identification 
(e.g., Kretser et al., 2015). This can be achieved by supporting 
integration mechanisms of control systems at regional and global 
levels and increasing the response capabilities of regulatory 
institutions such as customs and migration agencies at ports of 
entry and exit (Fajardo del Castillo, 2016). 

Previous studies of government response to invasive alien 
species have identified increased collaboration amongst 
countries as essential to any future management efforts for 
biological invasions (Hardisty et al., 2019; Perrings et al., 
2010). One option is to develop software intended to foster 
communication networks (Wallace & Bargeron, 2014; Wise, 
2019) and disseminate technical training between and amongst 
regulatory organizations at the international level (sections 
6.3.1 and 6.6). However, the process of technification and 
delivery of capacity-building to regulatory entities and personnel 
is costly (e.g., Juffe-Bignoli et al., 2016). One way to avoid 
placing the burden solely on state organizations would be to 

increase both the criminal and civil liabilities of international 
freight companies to incentivize those organizations to take the 
proper precautions to avoid those penalties. This would also 
help the economic sustainability of expert regulatory entities to 
maintain the employment of trained technical staff. 

Although the private sector has great potential to leverage 
mechanisms and business practices to help with the issue of 
invasive alien species, this will not happen without the support 
of consumers willing to pay the premium for safe products 
(Akerlof, 1970; Cason & Gangadharan, 2002). Governments 
could also create mechanisms and conditions for the 
private sector to feel that it is profitable to invest in invasive 
alien species prevention, monitoring and the certification of 
processes and products that directly address the issue of 
invasive alien species. One way to do this is the promotion 
of codes of practice for the translocation and exploitation of 
invasive alien species (section 6.3.1.3(4)) and green labelling 
(section 6.5.5). Empowering consumers to exert pressure on 
large, multilateral corporations to make decisions that help with 
this problem such as marking products with certifications that 
consider biological invasion processes can be an acceptable 
mechanism for the private sector (Kotchen, 2013) that in turn 
will provide companies with the favourable standing needed to 
succeed in a competitive global market. 
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sector is stepping up to help end the illegal commerce of 
species (e.g., the United States Wildlife Trafficking Alliance) 
and the tools that can be used to prevent biological 
invasions (Box 6.17). In this context, codes of practice 
(section 6.3.1.3 (4)) are a viable way by which the pledges 
made in corporate social responsibility (CSR) strategies can 
be translated into resources and actions to address the 
problem of biological invasions.

6.5.5	 Role of global supply chains

The impact of global supply chains on the transport and 
introduction of invasive alien species is undeniable (Hulme 
et al., 2018; Seebens et al., 2017). The introduction and 
establishment of invasive alien species are closely related 
to international trade flows and global trade routes, 
with international shipping being the main vector for the 
introduction of invasive alien species (Seebens et al., 2015; 
Westphal et al., 2008). If the trend of global trade growth 
continues, it is estimated that the direct annual cost of 
management of biological invasions in 2050 could reach 
$36 to $84 billion per year (Deutz et al., 2020).

Incentivizing changes in supply chain management practices 
offers the opportunity to strengthen the prevention of alien 
species introductions and therefore decrease the costs 
associated with controlling and eradicating invasive alien 
species. One of the key components in driving change 
in supply chain management practices is elevating the 
importance of invasive alien species in the minds of end 
consumers (Hanley & Roberts, 2019). The changes made 
would encompass corporate commitments to assessing and 
improving corporate policies, internal standards and funding 
mechanisms to ensure that supply chains take appropriate 
precautionary measures, especially in producer countries.

Investments can be made to both improve current practices 
and elevate the importance of invasive alien species – safe 
practices in the minds of those responsible for setting 
corporate strategy (Kocovsky et al., 2018). Importing 
countries could collaborate with exporting countries to 
improve sustainable practices that reduce the probability 
of invasions through their integration into regulations and 
international trade agreements (sections 6.3.1.3 and 
6.3.2.2). In this sense, the integration of the component 
of biological invasions in green labels and certification 
systems (e.g., Blackman & Rivera, 2010) is especially 
important because these systems have been shown to 
be effective in raising public awareness of issues such as 
deforestation, though labelling by itself does not directly 
decrease deforestation (van der Ven et al., 2018). Increased 
public awareness of invasive alien species is a fundamental 
component in garnering support for new funding mechanisms 
and policies that have the potential to address invasive 
alien species more directly. These methods also transfer a 

large part of the decision to consumers, thereby increasing 
awareness of the invasive alien species among the public.

6.5.6	 Role of philanthropy, non-
governmental organizations and 
academia

While philanthropy represents a significant source of funding 
for environmental issues such as invasive alien species in 
some regions, it is almost non-existent in others due to 
prevailing economic and social systems at the national and 
subnational level. In some cases, foundations and their 
philanthropy programmes may be limited by their internally 
defined priorities, which in many cases are aligned with 
topics of more widespread public concern (E. R. Larson 
et al., 2016; Macdonald et al., 2017). This dynamic makes 
it difficult to develop far-reaching programmes in less 
visible, but nonetheless important aspects of the invasion 
process. On the other hand, philanthropic organizations 
also offer funds to explore innovative invasive alien species 
programmes (E. R. Larson et al., 2016), but these are 
quite limited in scope and tend to be used to support 
specific efforts that align with larger strategic goals of the 
organizations that receive them. Philanthropic funds are 
perhaps best used to finance the development of tools 
and pilot projects that can act as proofs of concept for 
later implementation by larger, better-funded entities such 
as governments or financial organizations such as the 
Global Environment Facility (GEF). In the case of funds that 
come from corporate social responsibility programmes and 
multilateral corporations, one option would be to develop 
metrics and methodological frameworks that the private 
sector can integrate into their business models to help 
them report on the impact and investment risk of invasive 
alien species.

Non-governmental organizations benefit, in large part, 
from funding sources that have their origins in philanthropy. 
Although philanthropic organizations have internal 
mechanisms to define priorities, non-governmental 
organizations are more transparent in this sense and can 
channel different philanthropic funds and articulate them to 
coordinate with programmes pursuing the same objective. 
Non-governmental organizations, in their constant search 
for funding to sustain themselves, have the flexibility to 
change their strategic goals swiftly. This apparent flexibility 
of the non-governmental organizations can be seen as an 
asset, as it allows the adaptability of their programmes to be 
maintained over time; but it also has the potential to drive 
significant changes in their programmes, and even terminate 
them altogether. 

Finally, there is academia, which also moves with funding 
from philanthropy, but also receives significant government 
funding in many parts of the world. The way in which lines 
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of research are often established early in a researcher’s 
career presents the opportunity to begin cultivating a new 
generation of invasive alien species specialists in diverse 
fields. Addressing biological invasions can be achieved 
through greater coordination between academia and those 
responsible for implementing invasive alien species best 
practices; therefore, investments in invasive alien species 
research can essentially be seen as investments in invasive 
alien species prevention. One example of this is the Global 
Register of Introduced and Invasive Species (GRIIS) – a 
collaborative output demonstrating best practice use of 
biodiversity informatics to make invasive alien species 
checklists open (Pagad et al., 2018, 2022). While it is 
important that foundations provide the funding that supports 
non-governmental organizations and academia to generate 
the early ideas that catalyse larger efforts, these efforts 
could be connected to the private sector, multilateral banks, 
and the governments to move ideas from pilot projects and 
proofs of concept to established, long-term programmes. 
National strategies for invasive alien species are a central 
mechanism by which this connection can be enabled.

6.5.7	 International funding 

The mechanisms described here are not the complete 
solution to financing the global invasive species problem. 
However, these mechanisms can drive significant change 
if they are supported, enacted and implemented by 
governments, multilateral and bilateral organizations, 
multilateral development banks, philanthropic foundations, 
non-governmental organizations, academia and the private 
sector, in a coordinated manner with strong support from 
informed citizens. 

All the options reviewed in the IPBES invasive alien species 
assessment could benefit from considering different 
socioeconomic and cultural realities, and presenting 
common and coordinated strategies that take into account 
the communities most affected by biological invasions. 
There are large differences between countries in their 
capacity to tackle the problem of invasive alien species 
(Early et al., 2016) and a significant geographic bias in data 
availability regarding the invasive alien species (Chapter 2, 
section 2.1.4; section 6.6.1(3)). These limitations have 
hampered global efforts to reduce the introduction of alien 
species and prevent their impacts. Flow of financial and 
other resources from developed countries to developing 
countries, particularly in Asia and Africa, can improve the 
understanding of the complex phenomena associated with 
biological invasions and help developing countries in their 
efforts to prevention and control of invasive alien species. 

Multilateral development banks are in a great position to 
lead change towards suitable development (Handl, 1998; 
Trillo, 2021) and achieving the targets set by the Kunming-

Montreal Global Biodiversity Framework. At UNFCCC 
COP 26 in Glasgow, United Kingdom, ten multilateral 
development banks signed a joint statement on Nature, 
People and Planet (Messetchkova, 2021), which recognizes 
that “tackling global poverty, climate change, and the drivers 
of nature and biodiversity loss are inextricably linked and 
affirms their commitment to further mainstream nature into 
their policies, analyses, investments, and operations.” under 
this banner, projects sponsored by these institutions could 
consider projects aimed at reversing the nature loss caused 
by invasive alien species.

While it is true that the CBD or the Global Environment 
Facility could serve to mobilize financial resources, the 
burden of financing a global strategy need not fall solely 
on governments and their fiscal policies. It is beneficial to 
involve all sectors and actors in order to expand the financial 
resources available. This could also increase the scope 
of public policies and private sector practices towards 
sustainability. The need to increase the level of financial 
resources from all sources and increase the availability of 
these resources for developing countries is embedded 
in Target 19 of the Kunming-Montreal Global Biodiversity 
Framework. Key to this effort will be framing these efforts 
as medium- and long-term investment opportunities, rather 
than as necessary sacrifices.

The report on the global biodiversity financing gap estimates 
that between 722 and 967 billion dollars would be needed 
to sufficiently confront the crisis, with invasive alien species 
alone representing between 36 and 84 billion dollars (Deutz 
et al., 2020). However, these estimates have wide ranges 
of error due to the limited availability of global biodiversity 
indicators (Mcowen et al., 2016), as well as many of the 
data gaps described elsewhere in this assessment. Many 
uncertainties are related to future investments and the 
different funding mechanisms that could directly or indirectly 
support efforts against invasive alien species, but two things 
are clear: it is possible to reduce the need to invest in the 
control of and increase investment in the prevention of 
invasive alien species. 

In the era of climate change wherein there is a growing 
understanding of the interconnectedness of all human 
activities, both sustainable and unsustainable, it is also 
paramount not to ignore the ways in which invasive alien 
species and efforts to combat them might influence and be 
influenced by other conservation efforts. For example, an 
important source of funding for biodiversity conservation in 
general is the carbon credit market, wherein governments 
voluntarily create offset mechanisms for sustainable forestry 
practices. Although this funding does not explicitly target 
biological invasions, establishing transnational safeguards in 
relation to reforestation and other restoration practices will 
help to quantify the contribution of carbon credit markets 
financial mechanisms to preventing invasions.
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6.6	 INFORMATION OPTIONS
Knowledge of invasive alien species is deeply embedded in 
the knowledge of the natural world, such as how organisms 
live, reproduce, disperse and interact. This knowledge is 
in turn disseminated as information, in different languages, 
cultures, media and disciplines. Much of it is not permanently 
preserved, either because it is experience in the minds of 
practitioners or because it is documented on temporary 
media. Some information, particularly from scientific 
publications, is available only from specialized libraries and 
databases or only at great expense or in a limited number 
of languages (Nuñez & Amano, 2021). Other knowledge, 
for example, of pastoralists, is passed down orally between 
generations and is not necessarily documented. Some 
knowledge has been rigorously tested using the scientific 
method, whereas other knowledge is based on observations 
or on a belief system (Shackleton, Richardson, et al., 2019).

Even if invasive alien species knowledge were all 
documented and adequately archived there are problems 
associated with delivering this knowledge to the people 
who need it. For example, alien species are, by definition, 
remote from their origins. In the initial stages of an invasion, 
knowledge of the invader is likely to be better in its native 
range, or in previously invaded areas, than in the newly 
invaded range. This disparity includes both access to written 
knowledge and communication with practitioners who have 
experience of the invader. Thus, much knowledge that exists 
on invasive alien species is not adequately findable.

Invasive alien species span the full taxonomic range of 
species, from large mammals and trees to protozoa and 
algae (Chapter 1, section 1.3.1). It is therefore hard to 
generalize about the information required to support policy 
on invasive alien species. Knowledge is required both in 
depth and breadth. That is to say, detailed information on 
some invasive alien species can provide strong evidence 
for policy decisions. Yet a broad overview of all alien 
species would be needed to foresee future threats and 
to understand the impact of invasive alien species on 
other species and on people. This makes prioritization of 
knowledge acquisition difficult, particularly in view of the 
level of uncertainty in the threats. 

Much of the information on invasive alien species is provided 
by general sources of biodiversity knowledge (Ramírez-
Albores et al., 2019). Knowledge sources specific to invasive 
alien species are also available (Ricciardi et al., 2000), but are 
restricted to those species known to be alien. In both cases, 
these sources are often nationally or regionally circumscribed 
and created for local readers in their own language.

This section first broadly summarizes the knowledge 
needs identified by previous chapters of this assessment 
(summarized in Table 6.10; Supplementary material 6.2), 
and then discusses key options (section 6.6.2) for 
strengthening the generation and flow of policy and 
management-relevant invasive alien species information. It 
also introduces the particular problems faced by Indigenous 
Peoples and local communities, or isolated communities.

Table 6  10  	 Cross-chapter synthesis of gaps in data, information, knowledge and 
understanding.

Category Gap

Gaps on biomes, units of 
analysis and species groups

(section 6.6.1.1)

Incomplete or lack of inventories of invasive alien species in marine, tropical and Arctic ecosystems 
(Chapter 2, sections 2.5.2.1, 2.5.2.4, 2.5.2.5, 2.5.4)

Incomplete or lack of inventories of invasive alien microorganisms and invertebrates (Chapter 2, sections 
2.3.1.11, 2.3.3.3)

Lack of understanding of the drivers facilitating biological invasion for some animal groups (notably 
invertebrates), fungi and microbes (Chapter 3, section 3.6.1)

Lack of understanding and synthesis of the impact of invasive alien microbes (Chapter 4, section 4.7.2)

Poor understanding of drivers facilitating biological invasions in aquatic and marine systems (Chapter 3, 
section 3.6.1)

Regional gaps in data and 
knowledge

(section 6.6.1.1)

Comparatively incomplete inventories of invasive alien species in Africa and Central Asia (Chapter 2, 
sections 2.4.2.5, 2.4.5.5)

Comparative lack of understanding of the drivers facilitating biological invasions in developing economies 
(Chapter 3, Box 3.12)

Lack of data and knowledge of the drivers facilitating biological invasions in sub-Saharan Africa, tropical 
Asia and South America (Chapter 3, section 3.6.3)

Incomplete data on the impact of invasive alien species across Africa and Central Asia (Chapter 4, 
section 4.7.2)
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Category Gap

Interoperable data for 
monitoring and research on 
invasive alien species and 
on the effects of drivers of 
biodiversity change 

(section 6.6.2)

Lack of standardization of terminology for invasive alien species monitoring (Chapter 2, section 2.4.4.5; 
Chapter 6, sections 6.6.2.3, 6.6.2.7)

The drivers facilitating biological invasions for some animal groups (notably invertebrates) and in fungi and 
microbes are poorly understood (Chapter 3, section 3.6.1)

Lack of information on the role of indirect drivers, especially governance and sociocultural drivers, in 
affecting biological invasions (Chapter 3, section 3.6.1, Box 3.12)

Lack of understanding of the net effects of multiple interacting drivers in shaping and promoting biological 
invasions (Chapter 3, section 3.5, Box 3.10, section 3.6.1, Box 3.13)

Lack of knowledge on interactions and feedbacks across drivers in promoting invasions (Chapter 3, 
section 3.6.3)

Lack of integration of data and knowledge sources on impacts across languages (Chapter 4, section 4.7.2)

Incomplete data to undertake risk management, cost-effective species-led surveillance and detection of 
fungi, microbes and marine pests (Chapter 5, Table 5.11)

Incomplete data to prioritize biological invasion management under climate, sea- and land-use change 
(Chapter 5, section 5.6.1.3)

Lack of inventories at fine scales and for specific taxon and biome contexts to support decision makers in 
determining when to implement species-led and site-based management (or both) (Glossary; Chapter 5, 
sections 5.6.2.1, 5.7)

Incomplete data to develop pathway risk assessments and management for different taxonomic groups 
and biomes (Chapter 5, Table 5.11, section 5.6.2.5)

Incomplete data and understanding of site-based and ecosystem-based management concepts 
(Chapter 5, section 5.6.2.1)

Incomplete data and understanding of the conditions that facilitate successful integration of policy 
developments into management plans (section 6.6.1.4)

Lack of indicators14 of the various dimensions of biological invasion that are policy-relevant, sensitive, 
reliable, relevant at national and global scales, sustained for medium-to-long-term tracking of progress 
and part of a responsive policy environment (section 6.6.3)

Gaps on how invasive alien 
species affect Nature’s 
contributions to people 

(section 6.6.1.4)

Incomplete data on impact on nature’s contributions to people and good quality of life (Chapter 4, 
section 4.7.2)

Management and policy 
approaches 

(section 6.6.1.2)

Lack of control options for marine invasive alien species and invasive microbial fungal pathogens of 
plants and animals (Chapter 5, section 5.6.1.1)

Lack of agreed-upon methods of supporting management decision-making for invasive alien species 
with both positive and negative impacts (Chapter 5, section 5.6.1.2)

Lack of methods of managing pathways for invasive alien species arriving as contaminating invasive 
alien species, or through shipping containers, e-commerce (legal/illegal), biofouling or ports, and across 
land borders and along trade supply chains (Chapter 5, Table 5.11, section 5.6.2.4)

Lack of methods for adaptive management of invasive alien invertebrates and plants using alternative 
approaches given the declining number of chemical control options (Chapter 5, section 5.6.2.5)

Lack of eradication guidelines and strategies for generalist invasive alien invertebrates, diseases and 
hard-to-detect freshwater and marine invasive alien species (Chapter 5, section 5.6.2.1, Table 5.11)

Missing information on the implementation of adaptive-collaborative governance for biological invasions 
and factors important for the success of this governance strategy (section 6.4.4.4)

Incomplete data on the effectiveness of policies, management strategies and actions related to biological 
invasions (section 6.6.3)

Lack of scenarios and models of invasive alien species that consider interactions with other drivers of 
change in nature (Chapter 2, section 2.6.5; Chapter 6, section 6.6.1.6)

Lack of biological invasion research that includes social dimensions to generate socially relevant 
additional data and knowledge, better inform management and policy and build trust between sectors of 
society (sections 6.4, 6.6.1.4)

Table 6  10  
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6.6.1	 Invasive alien species 
information needs

Knowledge gaps result from extreme heterogeneity in the 
collection and distribution of information and data. Given 
limited resources so-called gaps could therefore be defined 
by the questions and the problems that need solutions.

There are many unknowns about the biology of invasive 
alien species. These are, in part, known limits to what one 
knows about these species (Box 6.18). Such limits can 
be described in terms of expressions of uncertainty or as 
knowledge gaps. The most problematic cases are those 
species that are entirely unexpected when they start to 
invade (so-called “unknown-unknowns”, or “ignorance” in 
Figure 6.18; Taleb, 2007). Nevertheless, such cases may be 
novel only to certain sectors and locations. Therefore, inter- 
and intra- sectoral communication is essential to ensure that 
the number of surprises (unexpected cases) are minimized. 
Without such communication it is unrealistic to expect 

actors in policy and management of biological invasions to 
be adequately prepared.

Table 6.10 presents a synthesis of knowledge gaps 
identified in the IPBES invasive alien species assessment. 
Some of the knowledge gaps are relevant globally, for 
example the need to increase understanding of the 
outcomes of multiple interacting indirect and direct drivers 
of change in nature. Others apply to specific nations 
or regions and highlight the potential to improve the 
information and data flow from some regions. There are 
also gaps in the understanding of the interplay between 
social, economic and environmental factors that link 
policy and governance structures. These gaps are best 
perceived as opportunities to embrace emerging tools 
and technologies to underpin decision-making and 
management of biological invasions; indicators and 
targets on invasive alien species will benefit from improved 
scenarios and models which are currently limited by the 
knowledge gaps outlined in this chapter. 

Category Gap

Management and policy 
approaches 

(section 6.6.1.2)

Lack of multidisciplinary to interdisciplinary research on policy regimes and governance for biological 
invasions (sections 6.2.4, 6.5.1)

Lack of tools and frameworks to predict biological invasions (sections 6.2.1, 6.6.1.6, 6.7.2.7)

Gaps to fill to support the 
implementation of policy and 
management

(sections 6.6.1.2, 6.6.1.3, 
6.6.1.6)

Lack of tools to reduce the barriers to information-sharing within and across countries (section 6.6.2)

Lack of research and data on how best to implement context-specific integrated governance systems to 
manage biological invasions (sections 6.6.1.3, 6.6.1.4, 6.6.2)

Lack of mechanisms that allow effective collaboration among different aspects of the socioecological 
systems (Figure 6.7, section 6.7)

Policy for new and emerging technological innovations for invasive alien species management to support 
effective development and implementation and prevent or manage risks (section 6.3.3)

Additional, particularly fine scale, data on how invasive alien species are introduced and spread to 
support prioritization of introduction pathways and pathway management (Chapter 2, section 2.1.2; 
Chapter 5, section 5.6.2; Chapter 6, section 6.6.1.2)

Research and design of economic options, including the tailoring of ambient taxes and analyses and 
indicators to assist private companies (section 6.5.1.1)

Knowledge gaps on invasive 
alien species of particular 
relevance to Indigenous 
Peoples and local communities 

(section 6.6.1.5)

Lack of information on invasive alien species status and trends on land and water managed by 
Indigenous Peoples and local communities (Chapter 2, Box 2.6)

Lack of clarity on how knowledge, resources and data on invasive alien species should be treated under 
the Nagoya Protocol (section 6.6.1.5)

Mechanisms for sharing knowledge on invasive alien species with Indigenous Peoples and local 
communities (section 6.6.1.5)

Understanding the on-the-ground experiences of stakeholders and Indigenous Peoples and local 
communities and their engagement in invasive species management and governance (section 6.4.1) and 
related network analysis (section 6.4.4.4)

Table 6  10  

14.	 A headline indicator has been proposed for planning and tracking of progress towards target 6 of the Kunming-Montreal Global Biodiversity Framework, with 
opportunities to build on existing indicators for biological invasions (section 6.6.3).
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6.6.1.1	 Biodiversity information needs

All seven of the general types of biodiversity knowledge 
shortfalls (Hortal et al., 2015) are equally relevant to 
knowledge on invasive alien species and the information 
needed to resolve this problem, i.e., taxonomy, distribution, 
populations, evolution, traits and functions, tolerances and 
ecological interactions. The section below details these 
types of information needs for policy support on biological 
invasions and discusses current sources of information and 
how these are created and disseminated.

(1) Addressing taxonomic biases in research

Taxonomic bias is pervasive in knowledge of biodiversity 
(Haque et al., 2020; Zamora-Gutierrez et al., 2019), 
conservation sciences and practices (Creighton & Bennett, 
2019) and ecological research (Rosenthal et al., 2017), 
and such biases have not changed over time (Creighton & 
Bennett, 2019; Rosenthal et al., 2017; Troudet et al., 2017; 
Chapter 2, section 2.3.1.11 for an example of information 
gap on animals). There are probably a number of causes 
for this. When compared, invasive alien species were more 
likely to be studied than non-invasive naturalized species 
(Pyšek et al., 2008), although for many taxonomic groups 
invasive alien species are also poorly investigated. Other 
factors that drive taxonomic biases in research include 
societal preference, research funding, conservation policy 
(Jarić et al., 2019; Troudet et al., 2017) and probably also 
research tractability of the species.

Pauchard et al. (2011) found that the principal focus 
of invasive alien species publications in Latin American 
and Caribbean countries was introduced animals (65 

per cent, 119 articles), and often the more tractable or 
emblematic species. The most studied aquatic alien taxa 
in South America were fish (26.8 per cent) and molluscs 
(25.2 per cent), followed by crustaceans, algae, cnidarians, 
polychaetes and ascidians (Schwindt & Bortolus, 2017). 

Taxonomic biases limit the ability to understand the 
complex processes and interactions that underlie biological 
invasions. The information obtained from the study of single 
taxonomic groups is not necessarily transferable to others, 
for example, due to differences in impacts and dispersal 
pathways (Jeschke et al., 2012). Therefore, studies targeting 
few species render generalizations either inaccurate or 
incomplete (Jeschke et al., 2012). In invasion biology, few 
studies have examined failure of invasions (Pyšek et al., 
2008). However, studying both biological invasion success 
and failure is important to test invasion hypotheses and 
understand the overall process of biological invasions (Zenni 
& Nuñez, 2013; Diez et al., 2009).

Given that taxonomic bias is recognized, any effort to 
minimize this shortfall will improve information of biological 
invasions and produce better informed management and 
policy decisions (Pyšek et al., 2008). Strategies to reduce 
taxonomic bias include advertising poorly documented 
and under-studied species among professional and citizen 
scientists (Troudet et al., 2017), and promoting cross-
taxonomic studies that involve a set of invasive alien species 
that belong to different taxonomic groups (Jeschke et 
al., 2012).

Tractability of collecting and processing species occurrence 
data is likely to be a component of these research biases. 

Box 6  18  	 A case that illustrates the problems of unknowns in knowledge dissemination is 
the spread of ash dieback disease in Europe.

This fatal disease of Fraxinus excelsior (ash) was detected 
in Europe the mid-1990s. It was then described as a new 
species Chalara fraxinea (Kowalski, 2006). It subsequently 
spread across the whole of the European range of Fraxinus 

excelsior (ash). In 2009 ash dieback was identified as being 
the anamorph of Hymenoscyphus albidus that had been 
described from Europe in 1850 and was apparently native 
(Kowalski, 2006). However, it was subsequently realized 
that Chalara fraxinea and Hymenoscyphus albidus are two 
cryptic species largely indistinguishable morphologically 
(Queloz et al., 2011). One causes the pathogenic disease 
of ash and the other is a harmless saprophyte. This 
determination led to the establishment of yet another name, 
Hymenoscyphus pseudoalbidus. However, it was later found 
that Hymenoscyphus pseudoalbidus was conspecific with 
Japanese specimens named Lambertella albida (Zhao et 

al., 2013). Finally, due to the nomenclatural rules of priority 

and recent changes in the Code of Nomenclature for algae, 
fungi and plants, the name was changed to Hymenoscyphus 

fraxineus (ash dieback; Baral et al., 2014).

It took twenty years since ash dieback was first discovered 
in Europe for a stable name for it to be arrived upon, making 
it possible to connect the species to what is thought to be 
the native range in Eastern Asia. It is difficult to know how 
much this confusion over the origin and name of this species 
contributed to a slow response to the spread of the disease 
and how much this has obstructed research. This example 
illustrates the different types of uncertainty associated with 
biological invasions, in this case both taxonomic uncertainty 
as well as the need for more research on the distribution and 
identity of this species group. Furthermore, in the case of ash 
dieback, once its origins were revealed it allowed information to 
be brought together from distant sources in time and space.
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Next generation sequencing (environmental DNA; Box 6.19), 
machine observations (e.g., camera traps and space-based 
remote sensing) and machine learning will likely make new 
taxonomic research more feasible.

(2) Overcoming gaps in impact analysis

The number of alien plant species worldwide has been 
estimated to be in the thousands, but in 2013, robust impact 
studies were only available for fewer than 200 species (Pyšek 
et al., 2013; Chapter 4). For example, information on the 
impacts of alien species on biodiversity and on Indigenous 
Peoples and local communities is a key gap, with particularly 
acute gaps on impacts across Africa and Central Asia and 
at the ecosystem level (Chapter 4, sections 4.6.4 and 
4.7.2; Table 6.1). Even more substantial information gaps 
occur in the marine realm where only a small proportion 
of organisms have been evaluated for their impact in their 
non-native range, particularly in the deep sea and pelagic 
open ocean. In a meta-analysis of the impacts of invasive 
macroalgae data on only 12 species were found, of which 
only eight had experimental evidence of impact (Maggi et 
al., 2015). Another review of marine aliens in Europe found 
only 13 per cent of the reported impacts were supported by 
experiments and most were only inferred from abundance 
of the alien and co-occurrence with potentially impacted 

native species (Katsanevakis et al., 2014). See Chapter 4, 
section 4.7.2, for more details on the data and information 
needs to understand impacts and Chapter 5, section 5.2, 
for other use in decision-making.

(3) Reducing geographic bias in research

Invasive alien species are pervasive, but there is disparity 
of data availability and research efforts across geographic 
regions. All the studies that examined geographic patterns 
of data availability (i.e., species occurrence data) and 
research effort (i.e., publication efforts, ecological study sites) 
showed geographic biases with a general pattern of high 
data availability and research efforts in Europe, Australia and 
North America and low availability in Asia and Africa (Boakes 
et al., 2010; Yesson et al., 2007; Chapter 2, Figure 2.6). 
Such geographic bias is also prevalent among scenarios and 
modelling studies related to invasive alien species (Chapter 
1, section 1.6.7.3). Geographic bias has already been 
highlighted in the other chapters (particularly Chapter 2, 
Figure 2.6 and section 2.4; Chapter 4, section 4.7.2; 
Box 6.18). The recent publication of national checklists of 
invasive alien species for most of the world’s countries helps 
to overcome this geographic bias, with the focus of these 
checklists being on invasive alien species with biodiversity 
impacts and not on all alien species (Pagad et al., 2022).

Box 6  19  	 Genetic tools for detection, characterization and traceability of marine and 
aquatic invasive alien species.

The management of biological invasions can be improved 
through accurate identification of species to connect with 
information on their natural history and ecology. Traditionally, 
these species were identified using methods that require 
direct observation, or occasionally tracks and signs. In marine 
and aquatic ecosystems this is particularly problematic due 
the inaccessibility of working in much of the habitat. Genetic 
characterization provides an accurate molecular identification 
of the species and generates information to parameterize 
population models, genetic relationships, connectivity among 
populations and the effective population size (Díaz-Ferguson 
& Moyer, 2014; Díaz-Ferguson & Hunter, 2019; Estoup & 
Guillemaud, 2010). Molecular genetics can be used to detect 
founder effects, bottlenecks and hybridization processes that can 
occur during invasion (Roman & Darling, 2007; Frankham et al., 
2010). Genetic approaches can be used to answer questions 
such as: Are invasive alien species present in an area or region 
(application challenged in areas where information on native biota 
is incomplete, e.g., deep sea)? How many organisms are present 
in an area? Are these organisms able to reproduce? Where are 
the source populations of these organisms? (A. Barbour et al., 
2010; Estoup & Guillemaud, 2010).

For example, identification, genetic characterization and 
tracking of invasive alien species is only possible due to 

the development of genetic markers (Pochon et al., 2013). 
A genetic marker is a deoxyribonucleic acid (DNA) target 
sequence used for molecular identification of a species or 
to determine its variability (Díaz-Ferguson, 2012). Since 
the advent of polymerase chain reaction (PCR; Glossary) 
and quantitative PCR methods several markers have been 
developed to identify, track and characterize the spatial 
variation of marine and aquatic populations including invasive 
alien species (Hulata, 2001; Féral, 2002). More recently 
the use of mini barcoding and quantitative PCR detection 
of environmental DNA allows scientists and managers to 
detect fragments of DNA left behind by species in non-living 
components of the environment (i.e., soil, sediments and 
water) without the need to observe or collect the focal species 
(Díaz-Ferguson & Moyer, 2014). Environmental DNA, although 
still developing as a technology to narrow uncertainty, has 
been demonstrated to be efficient at detecting species with 
a small population size such as invasive alien species in 
the course of establishment, or imperilled, threatened and 
endangered species (Jerde et al., 2011). Marine ecosystems 
are just one of the areas where environmental DNA surveys 
are likely to radically change the detection and monitoring 
of invasive species (Chown et al., 2015; Darling et al., 2017; 
Holman et al., 2019). These methods and others are covered 
in more depth in Chapter 5, section 5.4.4.2.
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A systematic review investigated invasive alien species in 
natural ecosystems (Lowry et al., 2013) and found that 
such studies were mostly concentrated in North America, 
Western Europe, Eastern Australia, New Zealand and 
Hawaii, while there was a dearth of studies in countries 
located in the tropics, such as in Asia, Africa and Central 
and South America. This pattern is close to the geographic 
distribution of sites of overall ecological studies in terrestrial 
systems (L. J. Martin et al., 2012). Nearly three-quarters 
of field studies have been done in terrestrial systems, 
with freshwater and marine ecosystems significantly 
underrepresented in studies of natural ecosystems (Lowry 
et al., 2013; Chapter 2, section 2.5.1). Similarly, countries 
with a high percentage of IUCN Red Listed vertebrate 
species that are threatened by invasive alien species 
(e.g., Mexico, Colombia, Peru, Argentina, Madagascar, 
India, Indonesia) have a low percentage of publications 
on biological invasions (Bellard & Jeschke, 2016). In 
contrast, the countries with a low percentage of invasive 
alien species-threatened Red Listed species (e.g., Canada, 
United States, China) have high publication efforts on 
biological invasions. Alien birds, for example, have been 
reported in 247 regions across the world, but environmental 
impact data is available for only 60 regions (24 per cent; T. 
Evans & Blackburn, 2019).

Taking the example of Latin American and Caribbean 
countries, the number of articles on invasive alien species 
over the last 20 years was 344, with an increase after 2003 
and a higher percentage between 2003 and 2008 (Pauchard 
et al., 2011). The country with most articles on invasive 
alien species was Argentina (105), followed by Brazil (85), 
Chile (53) and Mexico (41). These four countries contributed 
82.5 per cent of all the articles on invasive alien species 
from Latin American and Caribbean countries. Differences 
among countries reflect the asymmetry in invasive alien 
species research among the Latin American and Caribbean 
countries, but also the effect of country size. Most countries 
on the continent began publishing on invasive alien species 
only in the 1990s (Speziale et al., 2012). However, the 
differences among countries in research effort on alien 
species does not seem to be just a matter of research 
budgets, nor differences between developed or developing 
countries, nor differences due to their higher biodiversity 
and the interest in protecting it. Although an explanation 
might be a lower number of invasive alien species in South 
America, scientific information to properly assess this 
remains lacking (Speziale et al., 2012).

Generating timely and adequate information across 
geographic regions is an opportunity for implementing 
effective management strategies. This is particularly 
important for the aquatic realm, where eradication and 
control efforts are viable only at the very initial stages of 
the invasion process (Lehtiniemi et al., 2012). Lack of 
information in regions highly vulnerable to invasive alien 

species may result in a delayed response to invasive 
alien species at an early stage (Bellard & Jeschke, 2016; 
Chapter 5, section 5.6.2). As a consequence of a lack of 
monitoring, occurrences of invasive alien species can remain 
unnoticed, thereby reducing the chances of early detection 
and eradication.

Low research investment and data availability in certain 
regions, such as parts of Asia and Africa (Bellard & Jeschke, 
2016; T. Evans & Blackburn, 2020; Lowry et al., 2013; 
Pyšek et al., 2008), can mean that these regions are less 
understood and thus underrepresented when frameworks 
and theories are developed for biological invasions and their 
management. Therefore, collaborations between invasion 
scientists in developed and developing countries, and 
developing research capacity in less developed countries 
improves data availability for better understanding of the 
processes associated with biological invasions (Bellard & 
Jeschke, 2016). Since geographic biases are also apparent 
in authorship (corresponding author) of the research 
articles published in journals like Biological Invasions, with 
disproportionately high submission by authors from North 
America, Europe and Australasia, such biases can be 
minimized by encouraging manuscript submissions from 
countries of other regions (Nuñez et al., 2021). Owing to a 
lack of study or expertise, discovery of invasive alien species 
in invaded areas can lag by decades or longer. The numbers 
of recorded marine invasive alien species are, for example, 
particularly likely to be underestimated. The size of this gap 
is difficult to assess, and it varies among different taxa, 
habitats and regions. Information is most accurate for large, 
conspicuous, multicellular organisms (Galil et al., 2014; 
Ojaveer et al., 2015).

(4) Invasive alien species – native and invaded 
ranges

There are significant data gaps on the spatial delimitation 
of the edges of species native and invaded ranges, 
particularly at scales fine enough to inform management 
decisions (Hardisty et al., 2019; Latombe et al., 2017). 
Species distribution, specifically native and invaded range, 
are derived from a wide variety of sources. Indeed, how the 
definition of what constitutes a native or alien species varies 
globally depending on the history of human migrations 
(Chapter 1, Figure 1.1, sections 1.3.1 and 1.5.2; Carthey 
& Banks, 2012). These differences in definition influence 
the scope of invasive alien species policy and although 
the differences can be subtle, they could be considered 
when directly comparing national alien species inventories 
(Jackson et al., 2017). Native status is derived from the 
definition and an evaluation of the available evidence. Such 
evidence might be direct, such as, from fossil remains, 
specimens and first-hand accounts. However, native status 
is often evaluated indirectly from an assessment of the 
habitat, distribution, evolutionary history and life history of 
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a species (Essl et al., 2018; Hoagstrom et al., 2009). For 
certain taxonomic groups evidence is particularly elusive. 
For example, rare soft-bodied organisms in deep marine 
habitats are rarely surveyed, and often given the status of 
“cryptogenic species” (Carlton, 1996; Glossary; Chapter 2 
for more examples). Assessments of native status are often 
made in plant and amimal surveys and are published in 
taxonomic checklists. In most cases the categorization is 
uncontroversial. However, in some cases the designation 
can have political and practical consequences.

6.6.1.2	 Uncertainty of information on 
introduction pathways

Pathways of introduction, particularly in the marine realm, 
are not always known with high certainty (Chapter 2, 
section 2.1.2). Only occasionally are there documented 
deliberate releases, or clear evidence linking donor and 
invaded regions, and where species’ life history and 
historical records point to an obvious introduction pathway. 
In most cases, vectors and pathways are assumed based 
on the biological and ecological traits of the species, the 
habitats they occupy in the native and introduced range, 
and the timing of first record, trade patterns, human use 
and vector activity (Faulkner et al., 2016; Galil et al., 2014; 
Hewitt et al., 2004; Wonham & Carlton, 2005). For most 
species the precise details of their introduction history 
will not be known with any certainty (Wonham & Carlton, 
2005). This might be the reason why only 10 per cent 
of the studies related to future scenarios and modelling 
of invasive alien species included pathways (Chapter 1, 
section 1.6.7.3). This limits options for governance because 
without adequate information on introduction pathways, 
it is difficult to implement policy for biosecurity, prioritize 
where to invest in interventions to manage biological 
invasions, or assign responsibility to actors responsible for 
unwanted introductions (Chapter 2, section 2.1.2 for more 
information on knowledge and data gaps on introduction 
pathways and Chapter 5, section 5.3.1 on pathway 
management strategies).

6.6.1.3	 Balancing basic and applied 
research on biological invasions

There is no clear dividing line between so-called, “pure” 
research conducted solely for increasing information and 
applied research that has clear practical applications. 
Nevertheless, the distinction is made below to help us 
evaluate the balance of funding and resources devoted to 
different aspects of science.

In response to the problem, the number of peer-reviewed 
publications on biological invasions has increased steadily 
(Vaz et al., 2017). These research publications can be 
broadly divided into basic research focusing on the 
process, patterns and impacts of invasive alien species, 

and applied research, focusing on their management and 
mitigation. While basic research allows us to understand 
temporal and spatial patterns of invasive alien species and 
their underlying mechanisms, applied research builds on 
the information generated from basic research to develop 
contextualized management strategies at varying spatial and 
governance scales.

Basic research dominates peer-reviewed publications on 
biological invasions (Esler et al., 2010). This disparity may be 
accounted for by the publication of much applied research 
in grey literature, such as governmental reports (Lowry et 
al., 2013). There is also large variation in the use of research 
methods in basic research. For example, nearly half (46 
per cent) of the studies that attempted to understand 
the fundamental process of biological invasions are field 
observational studies, while less than one-fifth (18 per cent) 
were field experimental studies (Lowry et al., 2013).

Similarly, a meta-analysis of biological invasions research 
from Latin American and Caribbean countries, between 
2006 and 2008 found that only 5 per cent of publications 
focussed on invasive alien species management (Pauchard 
et al., 2011). Of 185 articles, 57 per cent focused on 
analysing only one species and 43 per cent on more than 
one species. Invasion patterns were analysed in 39 per cent 
of them, invasion mechanisms in 25 per cent, bibliographic 
invasive alien species reviews comprised 12 per cent, 
impacts were the focus of 19 per cent, and new invasive 
alien species were reported in 17 per cent (Pauchard et al., 
2011). Basic research focussed on invasive alien species 
listing, population dynamics, biotic factors that promote 
invasion and ecological relationships (facilitation, competition 
and mutualism). The applied research focused on 
restoration, eradication or control measures (Pauchard et al., 
2011 and references therein). Publications on aquatic and 
marine invasive alien species in South American countries 
cover six major basic research themes: biology/ecology 
(58 per cent); invasive alien species new records (20.5 per 
cent); aquaculture (3 per cent); range expansions; genetics; 
and general reviews of aquatic species with a remarkably 
low number (all below 3 per cent), although the proportion 
of applied research papers is not reported (Schwindt & 
Bortolus, 2017). Uruguay is an example of a country that 
has developed both basic and applied research on terrestrial 
and aquatic non-indigenous and invasive alien species in the 
last 15 years (Brazeiro et al., 2021; Brugnoli & Laufer, 2018).

Despite the apparent greater investment in basic compared 
to applied research, knowledge of some basic science 
questions is still inadequate globally. For example, in an 
evaluation of country-level checklists of invasive alien 
species, these were found to suffer from one or more of 10 
different error categories, mostly related to poor information 
or measurement errors (epistemic uncertainties; McGeoch 
et al., 2012). Important errors include: species misidentified 
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as alien due to taxonomic uncertainty; failure to recognize 
invasive alien species as a result of insufficient surveying; 
overestimation due to the coarse spatial resolution of alien 
species distribution maps or species listing; delays in the 
publication of data; poor data management that leads to 
data being unfindable; incorrect decisions to list a species 
as “alien” (Glossary) due to inadequate and ambiguous 
information on species’ native range; incorrect decision 
of listing species as “invasive” due to limited information 
on their population dynamics and impacts, and lack of 
evidence-based standardized and universal criteria for 
designating a species as invasive (Chapter 5, section 
5.6.2.5, Table 5.12).

While acknowledging that the errors could not be eliminated 
completely, (McGeoch et al., 2012) suggested some 
measures to minimize errors associated with country-level 
checklists, including expanding investment in invasive alien 
species research and monitoring, improving findability and 
accessibility of invasive alien species data, improving the 
speed at which a correction can be applied to a list, and 
improving transparency and repeatability of invasive alien 
species listing methods, along with standardized uses of 
terms and concepts. 

Information generated from basic research is translated 
to management and policy responses through applied 
research. Poor representation of applied research in 
peer-reviewed publications (Esler et al., 2010), might have 
contributed to the continuous increase in the number of 
alien species across taxonomic groups and biogeographic 
regions (Seebens et al., 2018). Additional investment of 
resources for applied research would generate information 
suitable for managers and policymakers to make decisions.

6.6.1.4	 Socioecological research to 
support policy and management

The prevention and sustainable management of 
biological invasions depends on an effective integration 
of environmental, social and economic components in 
management strategies (D. L. Larson et al., 2011). This 
implies that an understanding of the socio-economic 
dimensions of biological invasions is as important as the 
knowledge held in the fields of biology, taxonomy and other 
scientific specializations. In spite of the obviously strong 
human and social dimensions of the invasion process, 
impacts of invasive alien species and their management 
(Shackleton, Shackleton, et al., 2019), a 2017 study found 
that more than 90 per cent of research publications on 
biological invasions since 1958 were related to ecology and 
environment, while only 3.2 per cent of the publications 
primarily addressed socioecological dimensions (Vaz et al., 
2017). Similarly, only 3 per cent of 364 research articles 
related to invasive alien species produced by South Africa’s 
iconic Working for Water Programme between 1995 and 

2017 addressed human dimensions associated with 
invasive alien species (Abrahams et al., 2019). 

These scenarios suggest an under-representation of 
socially relevant research in biological invasion science; 
expanding it to include social dimensions of invasive alien 
species through interdisciplinary and transdisciplinary 
approaches will help to generate socially relevant additional 
data and information (Abrahams et al., 2019; Esler et 
al., 2010; Shackleton et al., 2017; Chapter 4, Box 4.5 
and section 4.7.1). These approaches can not only 
better inform current management and policy decisions 
but may also better predict future invasions in an era 
of global change (Kueffer et al., 2014). Furthermore, a 
transdisciplinary approach linking ecological and social 
sciences to generate data and knowledge is also helpful 
in building trust between communities and resource 
managers while managing invasive alien species that 
carry social value (Beever et al., 2019). Ultimately, 
integrating knowledge systems will be the most fruitful 
approach to addressing biological invasions, and this 
includes crosscutting work with the fields of epidemiology, 
health sciences, economics, political science, sociology, 
psychology, anthropology, history and others.

6.6.1.5	 Knowledge of Indigenous 
Peoples and local communities15

It has long been recognized that Indigenous Peoples and 
local communities hold unique knowledge on biodiversity. 
They often inhabit remote, biodiverse landscapes from 
which they derive diverse resources. Their knowledge may 
not be documented but may be important to understand 
ecosystem processes and resource management. 
Indigenous and local knowledge has been recognized and 
accepted as relevant to the development and good quality 
of life of Indigenous Peoples (Sillitoe & Marzano, 2009; 
Williams & Hardison, 2013). Nevertheless, Indigenous 
Peoples and local communities have often been excluded 
from decision-making and would wish to take more control 
over their cultural and intellectual knowledge (Bolhassan et 
al., 2014). Historically the power imbalance between the 
holders and potential users of traditional knowledge have 
meant that the benefits derived from this knowledge have 
not been shared equally. Mistrust and misunderstanding 
has often developed in both directions between academic 
science and Indigenous Peoples and local communities 
(Bohensky & Maru, 2011; Mulligan & Stoett, 2000). 

Internationally, the need to ensure equitable distribution of 
the benefits of knowledge and genetic resources has been 
recognized in the Nagoya Protocol (Buck & Hamilton, 2011). 
Though the Nagoya Protocol does improve the situation, it 

15.	 Data management report available at: https://doi.org/10.5281/
zenodo.5760266

https://doi.org/10.5281/zenodo.5760266
https://doi.org/10.5281/zenodo.5760266
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is an intergovernmental agreement, and its implementation 
varies with jurisdiction and does not necessarily include 
the needs, aspirations and wishes of Indigenous Peoples 
and local communities. Furthermore, it is far from clear 
how knowledge, resources and data on invasive alien 
species themselves should be treated under the Nagoya 
Protocol because the Protocol is concerned with the 
benefits of biodiversity and invasive alien species are largely 
detrimental. The origin of the knowledge and genetic 
resources can be obscure, and species used by Indigenous 
Peoples and local communities traditionally are often alien 
species (e.g., de Almeida et al., 2010). In the case of 
biological control agents best practices have been drawn up 
for access and benefit sharing (Mason et al., 2018; D. Smith 
et al., 2018). However, little consideration of the interests of 
Indigenous Peoples and local communities is given in these 
best practices.

Knowledge of invasive alien species by Indigenous Peoples 
and local communities is vital for not only the community 
itself, but also for policymakers and practitioners for 
the purpose of implementing control and management 
options (Williams & Hardison, 2013). An analysis of the 
sources of invasive alien species knowledge showed that 
the majority of Indigenous Peoples and local communities 
obtain their knowledge from self-learning, observation and 
experimentation. Another large group mentioned a mix of 
both contemporary and traditional knowledge sources. A 
smaller percentage relied on scientific knowledge, showing 
that Indigenous and local knowledge plays a big role. 
This also shows how important it is to incorporate both 
Indigenous and local knowledge and contemporary science 
while informing policies (Bolhassan et al., 2014).

Communication of information and 
Indigenous Peoples and local communities15 

A diverse array of stakeholders and institutions can work 
together to ensure smooth and effective communication 
of invasive alien species information. This is not only 
relevant to Indigenous Peoples and local communities but 
also to governments, policymakers and to bridge the gap 
between research and implementation (Barnard & Waage, 
2004; Piria et al., 2017). An analysis done on organizations 
with effective communication on invasive alien species 
showed that central governments (39 per cent) often 
have the financial capacity and resources to effectively 
communicate on invasive alien species. Thanks to their 
proximity to Indigenous Peoples and local communities, 
local governments (36 per cent) are also in a position to 
effectively communicate on invasive alien species. Person-
to-person communication (individually; 32 per cent) can be 
effective as well but often faces geographical limitations and 
language barriers, which could lead to misinformation (Wald 
et al., 2019; Zeng et al., 2021). Finally, there are cases of 
effective communication on invasive alien species through 

community-led organizations (22 per cent), international and 
non-governmental organizations (16 per cent). 

Knowledge and information needs of 
Indigenous Peoples and local communities15

For an effective and holistic involvement of Indigenous 
Peoples and local communities and other stakeholders 
in the control of invasive alien species and management 
of biological invasions, knowledge dimensions and 
improvement are vital (IUCN, 2000; Shine, 2003) both in 
science and practice. Many Indigenous Peoples and local 
communities (43 per cent of the reviewed case studies) 
are seeking scientific knowledge, through training, reading 
and contacting governments and non-governmental 
organizations, on how to control and manage invasive 
alien species. Thirty per cent are seeking Indigenous 
and local knowledge while 17 per cent combined 
both Indigenous and local knowledge and scientific 
knowledge. In only 10 per cent of the reviewed case 
studies, Indigenous Peoples and local communities seek 
additional knowledge through self-learning. From these 
findings, it is important for all players to make their data 
and information available and useful (Groom et al., 2017) 
to all the stakeholders. The pace towards meaningful 
participation of Indigenous Peoples and local communities 
into various sectors of management could be fast-tracked 
to fill knowledge needs.

Indigenous Peoples and local communities 
and scientific knowledge15

There is significant agreement between Indigenous and 
local knowledge and science on invasive alien species. 
There are also some significant divergences, which 
suggests that continued dialogue will be useful (Byrne et 
al., 2020; Lopian, 2005) including on species identification, 
their impacts and pathways of spread. For example, many 
Indigenous Peoples and local communities recognize 
invasive plants or animals as foreign in their areas. They 
were however ready to try different ways to make these 
useful, for example as food for livestock or food for 
humans. In other cases, Indigenous Peoples and local 
communities did not recognize some species as alien, while 
science would classify them as invasive alien species. This 
will likely have ramifications for effective communication 
and control measures, and the involvement of Indigenous 
Peoples and local communities in decision-making on 
environmental conservation in different settings. Indigenous 
Peoples and local communities are using science to 
supplement and further build on their understandings of 
invasive alien species. Some report that they supplement 
the knowledge they acquired from observation and 
experimentation (self-learning), with science-based training 
they received.
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6.6.1.6	 Information needed for invasion 
scenarios and models16

Given the high socioecological relevance of invasive alien 
species, it is essential to understand how future trends and 
impacts can be mitigated. There is a strong need to develop 
scenario narratives, and subsequent quantitative analyses, 
that assess possible outcomes of various potential trends 
in alien species distribution, spread and impacts on the 
environment, economy and society. Here the integration of 
all information, whether from scientific hypothesis testing or 
Indigenous and local knowledge, can be vital to developing 
realistic qualitative baselines to inform subsequent models. 
Together with robust and relevant targets (e.g., comparable to 
the 1.5°C target in the climate change discourse), scenarios 
can underpin decision-making by providing examples of 
various opportunities and avenues to reach these targets and 
so inform policy nationally and internationally.

Scenarios and model literature on biological invasions reveals 
several information needs about policy, future research and 
action on biological invasions. Most (about 70 per cent) 
of the studies including both scenarios and models were 
based on alien species distributions, with only 30 per cent 
of studies focusing on other biodiversity variables. Species 
abundance or impacts of invasive alien species and life-
history information (e.g., growth, survival) are largely absent 
from scenarios (19 per cent, 9 per cent and 6 per cent of 
the publications). The literature is dominated by exploratory 
scenarios, while target-seeking and policy scenarios are 
only marginally represented (6 and 7 per cent respectively). 
Studies using expert-based opinion are practically absent in 
the available scenarios and models literature (only 1 per cent 
of papers consider expert opinions). Publications including 
scenarios and models largely neglect anthropogenic drivers 
such as demographics, governance, values and technology 
(each represented in less than 2 per cent of the publications), 
as well as interactions among different environmental, socio-
economic, or cultural drivers. Finally, most studies do not 
consider policy and management (4 per cent and 21 per 
cent respectively). 

6.6.2	 Options for strengthening 
the generation and flow of 
information relevant for policy and 
management

When facing information gaps during the development of 
governance and policy for biological invasions, or when 
planning for their management, understanding the type of 
information gap provides an effective guide for identifying 

16.	 Data management report available at: https://doi.org/10.5281/
zenodo.5706520

the most appropriate decision-support tools (Figure 6.18). 
Using a risk assessment framework, it is possible to identify 
information gaps on the likelihood of invasion outcomes and 
use this to construct knowledge response options (Figure 
6.18). This is also a mechanism for directly connecting 
specific management scenarios with scientific support tools, 
including those discussed in the following sections and 
elsewhere in the assessment (Chapter 5, section 5.6.3.2).

6.6.2.1	 Citizen science as an option 
for generating information on invasive 
alien species
Ecological research has long benefited from the voluntary 
participation of the general public, with participating 
members often being referred to as citizen scientists 
(Dickinson et al., 2010; Chapter 1, Box 1.15; Chapter 5, 
section 5.4.3.2.a). In recent decades, citizen science 
has emerged as an indispensable tool for generating 
complementary data and information relevant to addressing 
the problems of invasive alien species and other global 
environmental changes (Theobald et al., 2015) by tapping 
the potential of technologies from websites to smartphones 
for recording biological and environmental data (August 
et al., 2015). Citizen science approaches can cover larger 
geographic areas and collect data over a longer period of 
time than professional scientists alone with the investment 
of comparable resources (McKinley et al., 2017) and has 
contributed substantially to monitoring of global biodiversity 
(Chandler et al., 2017). Some citizen science initiatives have 
filled geographic gaps for particular taxa (e.g., eBird; Amano 
et al., 2016; B. L. Sullivan et al., 2014). The options for 
citizen science to help fill information gaps on invasive alien 
species are therefore promising (Chapter 1, Box 1.15).

Commonly recorded parameters in citizen science initiatives 
are species name, geographic coordinates, photographs, 
species abundance and habitat description (Johnson 
et al., 2020). From these primary data, several essential 
biodiversity variables (EBVs) such as species distribution, 
population abundance, phenology, demographic traits, 
migratory behaviours and disturbance regimes have been 
derived (Chandler et al., 2017). Citizen science has been 
successfully used in spatio-temporal distribution mapping 
of invasive alien species (Brown et al., 2018; Johnson et al., 
2020; Mannino & Balistreri, 2018; Marchante et al., 2017), 
prediction of species’ suitable climatic niches (Johnson 
et al., 2020; Tiago et al., 2017), early detection (Giovos et 
al., 2019; Hiller & Haelewaters, 2019; Palmer et al., 2017; 
Box 6.20), and understanding animal behaviour and plant 
phenology (Johnson et al., 2020). In addition, citizen science 
can be helpful in spotting elusive invasive alien species, 
such as Python bivittatus (Burmese python; Falk et al., 
2016). It increases public awareness and involvement in 
the management of invasive alien species while generating 
scientifically valid data at a very low cost (McKinley et 

https://doi.org/10.5281/zenodo.5706520
https://doi.org/10.5281/zenodo.5706520
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al., 2017; Palmer et al., 2017). For recording species’ 
distribution data, citizen science can be more cost-effective, 
nearly eight times less in case of Mosquito Alert, than the 
traditional expert-driven approach for data of comparable 
quality (Palmer et al., 2017). Citizen science data can 
contribute substantially to existing species information 
data (e.g., early detection, species distribution range size, 
regional species pool) collected by professional scientists 
(Crall et al., 2015; Palmer et al., 2017; Soroye et al., 2018).

Nevertheless, there are limitations to the use of citizen 
science, as shown by Pocock et al. (2019). There are large 
taxonomic and geographic gaps in data. For example, 
eight of the 26 citizen science initiatives with a web/
mobile app evaluated focused on single (e.g., Mosquito 
Alert) or several priority invasive alien species (e.g., That’s 
Invasive!, iMapInvasives) while the remaining initiatives (e.g., 
iNaturalist, eBird) include both native and alien species 
(Johnson et al., 2020). Similarly, the number of invasive 
alien species focused citizen science initiatives leading to 
scientific publication was higher in Western Europe (11) and 
North America (10), and there was no such initiative in Asia 

(Johnson et al., 2020). This is expected because 42 per 
cent and 32 per cent of all citizen science programme 
activities (N = 420) linked to biodiversity monitoring 
have been operating in North America and Europe, 
respectively (Chandler et al., 2017). Expanding taxonomic 
and geographic coverage of citizen science initiatives 
increases the scientific values of the data generated. 
Adaptive sampling, whereby volunteers are guided to 
make observations in locations which will optimally 
improve species maps, has the potential to improve the 
effectiveness of citizen science for early warning of invasive 
alien species. 

Citizen science programmes for invasive alien species 
detection and surveillance have recently expanded to 
marine systems (Delaney et al., 2008; Thiel et al., 2014), 
with active involvement of fishers, divers and the public at 
large. The contribution of citizen science is expected to 
expand over time, helping to address the limited funding 
and spatial/temporal coverage available with current 
programmes (Pocock et al., 2018, 2019). However, some 
constraints could be considered in programme design and 
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Figure 6  18  	 Governing invasive alien species knowledge. 

An understanding of the multiple reasons for invasive alien species knowledge being either incomplete or inadequate (left), leading to 
the identification of appropriate options for strengthening the evidence base for invasive alien species governance (right; position of 
quadrants in right panel match those on left). The categories show how traditional, linear invasive alien species risk analysis methods 
(lower left quadrants in each panel) are on their own inadequate tools for governing the knowledge on invasive alien species needed to 
inform policy. For example, “Assessments” outline the broad suite of policy questions relevant to biological invasion, make it clear that 
no single solution is adequate and that options can be context dependent (Stirling, 2010). Adapted from Linke et al. (2016) https://doi.
org/10.1007/978-3-319-27006-7_8, under license CC BY 4.0 and Stirling (2010) https://doi.org/10.1038/4681029a, under copyright 
2010, Springer Nature Limited.
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expectations, including selecting large-bodied, conspicuous 
taxa with easy-to-recognize diagnostic characteristics. In the 
future, genetic tools may be also adopted by citizen science 
programmes to enhance the potential taxonomic scope and 
for validation purposes (Ojaveer et al., 2018).

Data from citizen science can contribute significantly 
towards a better understanding of biological invasions and 
other global environmental changes, provided that these 
data are adequately used in peer-reviewed publications 
(Theobald et al., 2015). Some scientists are reluctant to use 
citizen science data, though relevant to their objectives, 
due to uncertainties related to data collection methods 
and data attributes (Burgess et al., 2017). Accompanying 
citizen science data with metadata describing data 
quality, availability, conservation issues being addressed, 
study taxon and system, spatial and temporal scales of 
measurement, sampling intervals and data standardization 
protocols improves transparency and encourages scientists 
to use citizen science data (Burgess et al., 2017).

In spite of the voluntary contribution of participants, citizen 
science data are not always openly shared (Groom et al., 
2017). In a recent study, nearly half (54 per cent) of the 26 
invasive alien species-relevant citizen science initiatives 
evaluated did not share data with other similar initiatives 
or other biodiversity data-sharing facilities (Johnson et al., 
2020). Sharing data among other citizen science initiatives 
working in similar geographic regions/scales and taxa, and 
consolidating results in shared databases, would increase 
use values of citizen science data in scientific research, and 
policy and management decisions (Johnson et al., 2020).

6.6.2.2	 Professional networks and 
platforms for coordination and 
information exchange
It is important to understand patterns and processes of 
biological invasions at varying spatial scales for effective 
management. Several information systems and approaches 
are available at national, regional, continental and global 

Box 6  20  	 Citizen science for early detection and rapid response.

After prevention, early detection and rapid response (EDRR) is 
the most effective and least costly way to manage invasions. 
The main hitch is the inability to generate enough resources 
to support a sufficiently large professional staff to survey with 
adequate frequency the vast amount of land and water that can 
house recently arrived invaders. Yet a well-informed, educated 
public can vastly increase the number of “eyes” on the lookout 
for incipient invasions; and individual citizens in the course of 
other activities have spotted hugely damaging invasive alien 
species in time to permit complete eradication before the 
species had spread widely. Such was the case of an individual 
sawing off an overhanging tree branch in Chicago and noting 
signs of Anoplophora glabripennis (Asian longhorned beetle; 
Kridel, 2008; Manier & Martin, 1998) and a recreational diver 
finding the famed Caulerpa taxifolia (killer algae) in a California 
lagoon (Muñoz, 2016).

Rather than simply relying on publicity about invasions and 
the hope that an alert citizen will happen to observe a recently 
arrived invader and know how to report it, several organizations 
have trained citizen volunteers and organized their search 
activities to maximize the probability of detecting recently 
arrived and potentially invasive plants. In the Australian state of 
Victoria, the Victorian Weed Spotters program, initiated in 2008, 
trains citizens to find and report state-prohibited weeds, and 
these reports are viewed as valuable components of the state 
programme to prevent weed establishment (Munakamwe et al., 
2018). In 2012 in the state of Washington, United States, the 
Pacific Northwest Invasive Plant Council organized an EDDR 
Citizen Science Invasive Plant Program to train volunteers 
to support county, state and federal management agencies 
to locate and eradicate invasive plants, a programme that 

has now expanded to the state of Oregon (PNW-IPC, 2018). 
Perhaps the most expansive such programme was organized 
by the Invasive Plants Atlas of New England (IPANE) in 2001 to 
integrate independent efforts of the six New England States. 
The programme, associated with an atlas of invasive plants in 
this region, trains volunteers both to find and to identify invasive 
plants, assigning particular monitoring routes. The programme 
is associated with EDDMapS (EDDMapS, 2019), a system 
of reporting and mapping alien species in the United States. 
However, the death in 2010 of the key innovator of the IPANE 
programme has led to a dearth of funds for training volunteers, 
and the programme itself has lapsed.

Aceves-Bueno et al. (2015) examined 83 citizen science 
programmes that entailed monitoring, of which five (including 
IPANE) targeted invasive alien species. In addition to substantial 
contributions to various resource management activities 
(including managing invasions), this study pointed to the 
important benefit of engaging a wide swathe of the public in 
recognizing and dealing with environmental issues, whether 
or not they associate themselves with formal programmes 
such as those described above. An important consideration, 
however, is the accuracy of monitoring records reported by 
citizen scientists, as noted by Crall et al. (2011) for an organized 
effort to monitor for invasive plants. This consideration supports 
the importance of substantial training for citizen volunteers, 
which bears a non-negligible cost. Another important step is to 
implement validations of citizen science invasive alien species 
data by experts (e.g., taxonomists) or through automated 
machine learning approaches (e.g., computer vision) or even by 
Artificial Intelligence.
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scales to support information flow across jurisdictions 
(Katsanevakis & Roy, 2015; Mulligan & Stoett, 2000). 
Global analyses, for example, are essential for informing 
international policy to address the problems of invasive alien 
species, including those focussed on particular habitats 
and ecosystems. Collecting empirical data from diverse 
geographic areas will be improved by collaboration across 
strong networks of researchers, managers, practitioners 
and informaticians (Packer et al., 2017). Previous and 
current examples of such collaborative networks include 
the Mountain Invasive Research Network (MIREN); 
European Information and Research Network on Aquatic 
Invasive Species (ERNAIS); Global Invader Impact Network 
(GIIN); Global Invasions Research Coordination Network; 
Phragmites Network (PhragNet); the Southern Hemisphere 
Network on Conifer Invasions (Packer et al., 2017) and the 
Pacific Invasives Partnership, that is part of the Secretariat 
of the Pacific Regional Environment Programme (SPREP; for 
additional examples see Supplementary material 6.3).

International networks

GRIIS is supported by a broad collaboration of agencies and 
country experts. GRIIS provides open country checklists 
as well as a collated compendium of invasive alien species 
across countries (Pagad et al., 2018, 2022). GRIIS data 
are openly available through an online repository, through 
the Global Biodiversity Information Facility (GBIF), and via 
country pages of the CBD Access and Benefit-sharing 
Clearing-House. GRIIS is founded on a transparent 
set of methods and biodiversity information standards 
(section 6.6) and provides both a baseline information 
source and mechanism for supporting an international 
information platform for invasive alien species (Pagad et al., 
2018, 2022).

At its 15th meeting, the CBD COP called for multiple 
international networks to continue supporting the 
implementation and monitoring of the Kunming-Montreal 
Global Biodiversity Framework (including Target 6 for invasive 
alien species), most notably the Statistical Commission, 
the Group on Earth Observations Biodiversity Observation 
Network (GEO BON), the Intergovernmental Science-Policy 
Platform on Biodiversity and Ecosystem and Services (IPBES) 
and the Biodiversity Indicators Partnership (BIP) (CBD, 
2022b), as well as the ISSG, GBIF and CABI (CBD, 2022c). 

Previous and current international networks on invasive 
alien species that promote data sharing and collaboration 
include the ISSG, The Inter-American Biodiversity Information 
Network (IABIN), the Asia-Pacific Forest Invasive Species 
Network (APFISN), the European Network on Invasive 
Alien Species (NOBANIS) and CABI (which produces the 
Invasive Species Compendium). The European Alien Species 
Information Network (EASIN) provides opportunities for pan-
European cooperation for sharing of information and assists 

implementation of European policies on biological invasions 
(Katsanevakis et al., 2013). Also, a European Co-operation 
in Science and Technology (COST) action was launched 
to establish an alien species and citizen science network 
to develop and support citizen science initiatives (Roy et 
al., 2018).

National and subnational networks

Examples of national or subnational initiatives, in this case 
from Europe are: a) a French working group on biological 
invasions in aquatic environments which aims at promoting 
expert knowledge, providing access to scientific information 
and guidance to decision-making for capacity-building to 
manage biological invasions (Sarat et al., 2017) and b) a 
national code of conduct to prevent the introduction and 
spread of aquatic invasive plant species in the Netherlands 
(Verbrugge et al., 2014). 

Aquatic networks and information systems

An online information system on aquatic non-indigenous 
species and cryptogenic species (AquaNIS),17 or species 
that might be considered to be invasive alien species, stores 
and disseminates information on invasive alien species 
introduction histories, recipient regions, taxonomy, biological 
traits, impacts and other relevant documented data (Olenin 
et al., 2014). AquaNIS is being routinely updated by the 
supporting network (including by the members of the 
Working Group on Introductions and Transfers of Marine 
Organisms of the International Council for the Exploration 
of the Sea, ICES WGITMO) and contains information from 
various parts of the world.

Standard protocols

The Mountain Invasive Research Network was established 
in July 2005 during an international workshop on plant 
invasions into mountain regions in order to generate and 
share information of biological invasions in mountain regions 
of the world (Dietz et al., 2006). The network has developed 
standardized protocols for data collection. Participating 
researchers use the same protocol while collecting data 
in mountain regions around the world. Use of empirical 
data collected from different parts of the mountain regions 
through this network has provided broad understanding 
of plant invasion patterns in mountain regions (e.g., J. M. 
Alexander et al., 2011; Liedtke et al., 2020; Seipel et al., 
2012). Similarly, the Global Invader Impact Network (GIIN) 
has developed a standard protocol for quantifying baseline 
ecological impacts (Barney et al., 2015) and the methods 
have been already used to study impacts of species like 
Impatiens glandulifera (Himalayan balsam, Čuda et al., 2017) 
and Microstegium vimineum (Nepalese browntop; Tekiela & 

17.	 http://www.corpi.ku.lt/databases/index.php/aquanis

http://www.corpi.ku.lt/databases/index.php/aquanis
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Barney, 2017). Some networks have become inactive and 
no longer collect data or update online resources. 

Supporting active networks and platforms, re-activating 
previously established networks and developing new networks 
focusing on relatively less studied (e.g., wetlands) and difficult 
to quantify (e.g., marine) ecosystems creates opportunities for 
collecting and collating data using standardized protocols to 
improve knowledge of biological invasions.

6.6.2.3	 Integration of information

Invasive alien species data in a biodiversity 
data context

The concept of essential biodiversity variables (EBVs) 
has been proposed to harmonize and unify efforts 
towards being able to provide regular, reliable and up-
to-date information on key measurements of biodiversity 
change (Pereira et al., 2013). Key elements of the EBV 
approach include aggregating and integrating biodiversity 
information (including on genes, species populations, traits, 
communities and ecosystems) across multiple sources, 
advancing the biodiversity information standards needed 
to achieve this, and state of the art modelling to deal with 
data gaps and provide estimates of uncertainty around 
projections. Generating such data products at a global 
scale has been challenged by the slow mobilization of data, 
inconsistent use of standards, a lack of standards and 
unevenness of data availability; problems which are now 

being overcome (Jetz et al., 2019; Kissling et al., 2015). 
Indeed, one of the goals of defining essential biodiversity 
variables (EBVs) is intended to be supporting the collections 
of up to date and higher quality raw observations of 
biodiversity (Box 6.21). To create such essential biodiversity 
variables (EBVs) and tackle the underlying difficulties, 
automated workflows could make it feasible to repeat the 
process regularly and in a timely way (Best et al., 2007; 
Kissling et al., 2018). Workflows would output information 
that can be easily digested by policymakers and other 
stakeholders, who do not necessarily understand all the 
details of the workflow, but who need an appreciation of the 
data’s limitations (Jetz et al., 2019).

Integration of invasive alien species data 
through essential biodiversity variables

Three essential biodiversity variables (EBVs) have been 
identified as critical for measuring change in invasive alien 
species and underpinning invasive alien species indicators: 
alien species occurrence, the status of an individual or 
species as native or alien and invasive alien species impact 
(Latombe et al., 2017; McGeoch & Jetz, 2019). To generate 
EBVs adaptable automated workflows are envisaged that 
can harvest raw data, aggregate them and standardize them 
to output the final EBVs product (Hardisty et al., 2019). 

Automated workflows for invasive alien species data 
integration and analysis have the advantage over bespoke 
programmes and semi-automated processes in that 

Box 6  21  	 Institutionalizing invasive alien species monitoring: a case study from India.

Purpose
An example of how invasive alien species monitoring can be 
mainstreamed into government mandates is that of India’s 
National Tiger Estimation Program. The government of India 
uses this program to estimate tiger populations at a national 
scale every fourth year and the program has been running 
since 2006. This monitoring not only produces an account of 
tiger numbers at a national scale, but also uses this charismatic 
species to garner resources and public support for protecting 
natural systems and their functions (Jhala et al., 2021). 

Approach
The National Tiger Estimation Program sampling protocol is 
developed to collect information on the distribution of important 
carnivore and herbivore animals, as well as their habitat quality. 
The protocol for assessing habitat quality is used for collecting 
information on invasive plants and native weeds. The primary 
objective of monitoring is tiger conservation, whereas weed 
monitoring is a conservation objective in its own right. The case 
demonstrates how, with appropriately well-integrated strategy 
and planning at national and sub-national scales, multiple 

biodiversity monitoring objectives can be simultaneously met – 
including invasion monitoring.

India has a large human resource with a mandate to 
monitor and protect forest ecosystems (Figure 6.19). 
The National Tiger Estimation Program uses this trained 
capacity in collaboration with scientific institutions to sample 
forested areas at a 10×10 km resolution. Within every cell 
of 100 km2, 20-40 plots of 10-30 m diameter are sampled 
to record the abundance of available plants. Since 2018, 
the data are recorded through an open-access mobile app 
(MSTrIPES) that stores this information in native language, 
along with geotagged photographs of the plot. These data 
are transferred to a cloud server, where existing algorithms 
compute trends in invasion of different species at a desired 
scale (e.g., Mungi et al., 2020). The system can be further 
used to relate invasive alien species presence to herbivore 
and carnivore distribution. These analyses are reported back 
to the data collectors and managers, who can use them to 
prioritize evidence-based invasive alien species management 
and research (e.g., Mungi et al., 2021).
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they are flexible, repeatable, easily shared and can be 
repurposed (e.g., Seebens et al., 2020; Reyserhove et al., 
2020). They can also take advantage of code written by 
many people and use shared resources. Workflows fit well 
into the ethos of open source and open science practice 
(Goble et al., 2010). Although they are not yet widely used 
for invasive alien species data analysis, examples exist (De 
Giovanni et al., 2016; Seebens et al., 2020; Box 6.21).

A trial was conducted on the species distributions for three 
widespread invasive alien species to generate data ready to 
be used in essential biodiversity variables (EBVs; Hardisty et 
al., 2019). This work identified some areas where research 

investment in data information systems for invasive alien 
species is needed. The workflow was based on the large 
open infrastructures GBIF and Atlas of Living Australia. 
They encountered several difficulties in fully automating their 
workflow, which served the purpose of identifying where 
further advances are needed in data integration methods and 
standards. Even though these infrastructures are based on 
the same standards, they encountered many inconsistencies 
between datasets, and required considerable manual 
expert input to complete the workflow. At a continental 
scale, a completely automated workflow has been created 
in the programming language R, specifically for generating 
indicators and models of invasive alien species distributions 

Box 6  21  	

Combining monitoring and management
Importantly, the present monitoring protocol not only generates 
data, but it is also proactive. The sampling teams are equally 
involved in habitat management. In addition to evidence-
based science, the present sampling protocol convinced the 
stakeholders to monitor invasive plants for conserving forest 
habitat that will help increase herbivore densities. This in turn 

will ensure sustenance of top predators, including the tiger. 
Serving as a unique platform to host scientific and management 
priorities, the present monitoring protocol is mandated by 
government agencies for continual application in India. This 
case can serve as an exemple for other countries who wish to 
mainstream and institutionalize invasive alien species monitoring 
with the limited resources availed for conserving iconic species.

Evidence-based
management

National
database

Systematic sampling (season 1) Systematic sampling (season 2)

Figure 6  19  	 Systematic monitoring scheme for invasive plants in Indian forests. 

The research team records abundance of invasive plants in sampling plots of every 100 km2 cell across tropical India. The 
information is recorded on mobile apps that transfer field data to a regional workstation and cloud server, where spatial analyses 
are done to map and prioritize invasive plant management. The process is repeated at a national scale every four years. Recent 
monitoring in 2018 was the most extensive with more than 150,000 habitat plots sampled, revealing that 76 per cent of Indian 
forests invaded by different invasive plants at an alarming rate. 
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(Oldoni et al., 2020). Ultimately, it is conceivable that 
automated workflows will be built to generate essential 
biodiversity variables (EBVs) at a global scale; however, 
research and development are still needed to resolve data 
consistency problems and to develop analytic models.

6.6.2.4	 Open science – open data for 
invasive alien species

The Open Knowledge Foundation defines “Open” as “…
anyone can freely access, use, modify and share for any 
purpose (subject, at most, to requirements that preserve 
provenance and openness)” (Open Knowledge Foundation, 
2021). The open data movement has been an important 
driving force increasing access to data (Molloy, 2011), 
and can do the same for invasive alien species data. This 
development has been motivated by the desire to improve 
transparency and reproducibility of science, but it also aims 
to improve the efficiency of science by avoiding unnecessary 
duplication of effort. The push toward open data is energized 
by the need for interoperability, particularly in complex, 
data-intensive science, such as invasion biology (Reichman 
et al., 2011). Several widely supported declarations have 
been penned to encourage open data sharing in biology and 
science in general (Budapest Open Access Initiative, 2012; 
pro-iBiosphere Consortium, 2014). Indeed, there have been 
specific calls for data on invasive alien species, in particular, to 
be open (Groom et al., 2015, 2017).

Related, but not synonymous with Open Data are the 
Findable, Accessible, Interoperable and Reusable (FAIR) 
data principles (Wilkinson et al., 2016). Openness does 
facilitate findability, accessibility and reusability, which is 
why FAIR data often go hand-in-hand with open data. One 
motivation for promoting FAIR data is that research data 
are easily lost once the research they support has been 
published (Vines et al., 2014). Without FAIR open data on 
invasive alien species, it is difficult to provide informed, 
integrated policy support nationally or globally.

Many online resources are available for sharing information 
about invasive alien species (Chapter 5, Table 5.4 for 
examples). These resources vary considerably in how well 
they conform to the FAIR data principles, and how readily 
complementary information can be integrated from multiple 
sources to answer questions about biological invasions 
(section 6.6.2.3). There is considerable room for improvement 
and innovation to make resources for biological invasions 
more findable, accessible, interoperable and reusable. 

6.6.2.5	 CARE principles for Indigenous 
data governance

In analogy to the FAIR Data Principles, and complementary 
to them, are the Collective Benefit, Authority to Control, 
Responsibility and Ethics (CARE) Principles for Indigenous 

Data Governance 18 (RDA, 2019). These Principles try to 
address some of the historical and ongoing imbalances in 
governance of data concerning Indigenous Peoples. The 
letters of the acronym refer to Collective Benefit, Authority 
to Control, Responsibility and Ethics. The collective benefit, 
authority to control, responsibility and ethics (CARE) 
principles are not specific to data types and make no 
mention of particular issues related to data on biodiversity 
and invasive alien species. However, they are mentioned 
here because they are important guidelines concerning 
Indigenous and local knowledge and useful guidelines 
for the ethical management of any data needed on 
biological invasions.

6.6.2.6	 Open access publication

Closed access to invasive alien species research has 
been recognized as a hindrance to conservation, wildlife 
management and policy on invasive alien species (Groom 
et al., 2015; Jeschke et al., 2019). This has led to the 
establishment of an international association, International 
Association for Open Knowledge on Invasive Alien Species 
(INVASIVESNET), to support the open dissemination of 
information on invasive alien species (Lucy et al., 2016). 
Several open access academic journals have been 
established specifically on the subject of invasive alien 
species, their biology and management. For example, 
Management of Biological Invasions, Aquatic Invasions and 
BioInvasions Records are published by the Regional Euro-
Asian Biological Invasions Centre (REABIC) and Neobiota 
is published by Pensoft. However, these discipline-specific 
journals publish only a small fraction of the academic research 
on invasive alien species. For scholarly literature in general, 
about 28 per cent is open access, but that percentage 
is increasing (Piwowar et al., 2018). There is also clear 
evidence for an Open Access “advantage” in terms of citation 
(Eysenbach, 2006; Niyazov et al., 2016; Piwowar et al., 
2018). However, this advantage may come at the expense of 
lower discoverability and access to other valuable research 
because closed access publications may be inaccessible to 
many researchers, particularly in low-income countries.

Information on invasive alien species is published in a wide 
variety of media and outlets, from journals and pamphlets 
to books. Much of this body of knowledge is not in 
publications dedicated to invasive alien species specifically 
but embedded within literature on biodiversity or ecology in 
general. Rapid access to scientific publications is essential 
to inform practitioners about a species and even to identify 
it in the first place. Nevertheless, those publications that 
are confined to paper are available for sale only for a 
short time after publication and then are available only in 
specialist or local libraries. Access to digital repositories, 
such as Zenodo, is providing a place where grey literature 

18.	 https://www.gida-global.org/care

https://www.gida-global.org/care
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can be deposited for long-term preservation and findability. 
However, there also needs to be a change to the publishing 
culture so that all publishers consider the long-term archival 
of their work. 

Researchers use indexes, such as Google Scholar, 
to discover potentially useful publications, though the 
accessibility of those publications varies. Gold Open 
Access publications are completely accessible to users 
and their licensing usually makes them reusable. However, 
at the other extreme are closed access publications that 
require large sums to access. Researchers are often 
adept at avoiding such costs and piracy of closed access 
publications is rife (Timus & Babutsidze, 2016). Even 
academics with legitimate access to scientific publications 
appear to find it easier to access papers illegitimately 
(Bohannon, 2016). This shows a demand for this scientific 
knowledge globally and a problem with the marketplace 
for academic knowledge (Björk, 2017), with particularly 
serious implications for research areas where environmental, 
social and economic costs of delays in the dissemination of 
information are serious, such as invasion biology.

6.6.2.7	 Data standards for invasive alien 
species data

Global standards for invasive alien species information 
facilitate rapid, unambiguous communication and enable 
the delivery of indicators of invasions, regional comparisons, 
which in turn feed into policy support tools. Standards for 
data exchange of taxon observations have been around for 
a number of years and Darwin Core is predominant among 
them. Darwin Core has been adopted by GBIF (Canhos et 
al., 2004). Until recently Darwin Core lacked some important 
features to make it useful for communicating about invasive 
alien species. However, recently proposals have been made 
to include the degree of establishment and introduction 
pathway within Darwin Core, together with controlled 
vocabularies for those terms. These changes have now been 
implemented by GBIF and it now requires data publishers to 
embrace these terms and use them (Groom et al., 2019). 

Few other official standards exist for specific data related 
to invasive alien species. However, several quasi standards 
exist under the umbrella term “framework”. For example, 
Hulme (2009) published a framework for introduction 
pathways. The intention was to have a globally applicable 
pathway classification that could be used for all invasive 
alien species, whatever their natural habitat. This was to 
address a need to monitor pathways of introduction and to 
communicate pathway information in a more comparable 
way. A guide has been written to help users of the 
framework to interpret different pathway categories and 
improve consistency (IUCN, 2017). The CBD (2014a, 2014b) 
has developed a pathways framework, as has the ISSG 
(Pagad et al., 2015). This is tied to the Aichi Biodiversity 

Target of identifying, prioritizing and managing pathways 
of invasive alien species. Armed with such information it 
becomes easy to provide the evidence to support policy on 
pathways (Chapter 5, section 5.3.1). 

Nevertheless, the framework is still only a standard suitable 
for human interpretation and unsuitable for machine 
interoperability. Only by formalizing the framework as a data 
standard can the latter be achieved. The Invasive Organism 
Information Task Group of the Biodiversity Information 
Standards organization has proposed changes to Darwin 
Core to incorporate pathway vocabulary, adopted by the 
CBD (Groom et al., 2019). These recommendations have 
been ratified by the Biodiversity Information Standards 
organization who manage Darwin Core but may take 
a number of years to be adopted by the wide range of 
stakeholders who gather, manage and use these data. 
Progress towards machine readable standard data will make 
the vision of creating rapid and reliable workflows towards 
policy-relevant indicators feasible (McQuilton et al., 2016; 
Rocca-Serra et al., 2016). 

6.6.3	 Tracking and reporting 
on policy and management 
effectiveness: indicators, metrics 
and datasets to support policy

Reporting on the effectiveness of policy in generating 
progress towards targets and goals for invasive alien 
species takes place at multiple jurisdictional levels – from 
global to subnational. Regardless of the level at which 
evaluation of policy effectiveness is needed, such evaluation 
relies on relevant and adequate data and analysis. The 
information needed for reporting on invasive alien species 
includes (i) the identity and spread of invasive alien species, 
including the pathways via which this occurs, (ii) the type 
and severity of impacts incurred by particular invasive alien 
species, (iii) societal values impacted, including for example, 
biodiversity, agricultural and human and animal health and 
(iv) data on management interventions (left of Figure 6.20; 
Box 6.22).

A key instrument to progressing efforts to deal with invasive 
alien species is the use of a range of indicators of status 
and trends in invasive alien species. These indicators are 
designed to be used for reporting on policy goals and 
targets at national and global scales, including the Kunming-
Montreal Global Biodiversity Framework (Target 6 for 
invasive alien species) and the Sustainable Development 
Goals. Importantly, such indicators, supported by relevant 
metrics and data, have a longevity beyond medium 
term reporting cycles so that progress can be tracked 
consistently over the long-term. To date, invasion indicators 
that are global in scope have been used across five Global 
Biodiversity Outlook Reports (SCBD 2001-2020), and to 
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Box 6  22  	 Sustainable delivery of information on invasive alien species for reporting on 
policy and management effectiveness.

Figure 6.20 below shows a proposed framework for closely 
linking invasion targets with the data and tools needed to 
measure and make progress to achieving them (McGeoch & 

Jetz, 2019). Combined in digital, modular platforms with custom 
tools and interfaces the framework enables both evaluation of 
global progress and decision-support for local actions.

INTEGRATION AND DELIVERY INDICATORSDATA

Species spread

Species’ impact

Values impacted

Interventions
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and pathways 
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Mechanisms 
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effects 
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Management 
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 and limit the spread of alien species 
harmful to  biodiversity and ecosystems

NEW DATA

TRENDS
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Prioritize - species, 
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Figure 6  20  	 Proposed framework for closely linking invasions targets with the data and 
tools needed to measure and respond to them. 

The target (lower right) frames and guides data generation, integration and delivery via modelled decision support products 
and indicators, to target responses for more effective intervention and a next generation of improved outcomes on biological 
invasion. Data (left) on the three key dimensions of the problem, (1) spread, (2) impact (both its type and consequence) and 
(3) interventions are integrated in a set of workflows that combine primary evidence in informatics infrastructure. Data providers 
are multiple and include for example GBIF, GRIIS, CABI – Invasive Species Compendium, the IUCN and the World Database 
on Protected Areas (WDPA). Currently data on interventions for invasion and their effectiveness are poorly collated with no 
dedicated infrastructure. Integration and delivery (centre) are at the core of the framework. Data, with the support of models, 
are used to predict occurrences or abundances of invasive alien species across pathways of introduction and spread (including 
establishment) and over contiguous spatio-temporal units, representing the Species Populations Essential Biodiversity Variables 
(EBVs) for invasive alien species (GEO BON). This is supplemented with data and essential variables that capture ecosystem 
functions and sensitive priority areas impacted by invasion, as well as data on management actions to predict impact and 
quantify intervention effort. Indicators (right) build on the delivered invasion-relevant Essential Biodiversity Variables and are 
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support the summary for policymakers of the IPBES Global 
Assessment (IPBES, 2019c); and have been considered 
to various degrees in national reporting (Secretariat of 
the CBD, 2020; J. R. U. Wilson et al., 2018). Proposed 
headline indicators for monitoring the implementation of the 
Kunming-Montreal Global Biodiversity Framework have been 
published by the CBD (2022b), including a specific headline 
indicator for biological invasions “6.1 Rate of invasive alien 
species establishment”.

Indicators of biological invasion are broadly classified into 
indicators of (1) the drivers that facilitate biological invasion, 
(2) the size of the invasion problem (pressure indicators), 
(3) impacts on biodiversity and society (state indicators) 
and (4) societal responses to invasion (response indicators; 
Butchart et al., 2010; McGeoch et al., 2010a; Table 6.2). 
Under a theory of change framework, response indicators 
are now further subdivided (into input process, output, 
outcome, impact) to capture the stages of implementation 
necessary to bring about the desired progress (OECD, 
2019; J. R. U. Wilson et al., 2018; Table 6.11).

Although central to tracking the success of interventions 
to prevent and reduce the harm caused by invasive alien 
species, the development, adoption and fitness for purpose 
of invasion indicators has to date been inadequate (Vicente 
et al., 2022). No existing indicators meet all the criteria ideal 
for robust, policy-relevant indicators (Vicente et al., 2022). 
Challenges also include invasive alien species indicators 
that are not supported by robust and repeatable scientific 
methods, a lack of indicators to report on some important 
aspects of the problem, and indicators that are reliant on 
increasingly old data, which as a result are not able to 
report on recent progress (Vicente et al., 2022). Although 
a number of intergovernmental and research partnerships 
have supported this endeavour over the last decade, 
including GBIF, IUCN Species Survival Commission (SSC) 
ISSG and GEO BON, two key factors are responsible for 
the slow progress. First, there has not yet to date been 
widespread agreement and adoption of a coherent, fit for 
purpose suite of indicators that can be used for long-term 
reporting (Table 6.2). Second, there has to date been 

no institutional home with the resources and capacity 
to drive the research and reporting needed to sustain a 
robust suite of invasive alien species indicators (Vicente et 
al., 2022). One of the evident outcomes of this is that the 
multiple indicators identified in CBD-related documentation 
change from reporting period to reporting period, and 
some are not able to be delivered or updated at the end of 
reporting cycles.

The options for strengthening the information value of 
invasive alien species indicators and their relevance for 
policy are clear. These include: 

	 Invest in the on-ground monitoring systems needed 
to deliver up to date information on the identity, 
spread and impacts of invasive alien species; and on 
the implementation and effectiveness of responses, 
including the implementation and effectiveness of 
management actions (Latombe et al., 2017);

	 Complete the research needed to support robust 
scientific formulations of indicators, the metrics 
on which they based, how they are modelled and 
interpretation of the uncertainty associated with them 
(Jetz et al., 2019; McGeoch & Jetz, 2019);

	 Establish a stable partnership to support invasion 
indicators that has the scientific expertise, data and 
analytic capacity and resourcing necessary to sustain 
these indicators over the long-term;

	 Support the open infrastructures, data sources and 
collation processes required to aggregate and inform 
invasive alien species indicators, such as GBIF and the 
Global Register for Introduced and Invasive Species 
that jointly provide the data foundational to informing on 
invasive alien species (Pagad et al., 2018);

	 Assess and progress the extent to which each indicator 
can be downscaled and expressed at country level and 
the extent to which they are suitable for use at a national 
scale (J. R. U. Wilson et al., 2018).

Box 6  22  	

Figure 6  20  

populated using modelled predictions with associated uncertainty on spread, impact and interventions (Vicente et al., 2022). 
Response (lower left) consists of the four major interventions – prevention, eradication, management and prioritization. These 
activities are guided by decision-support tools and products (such as alien species distribution maps for protected areas 
and location-specific automated alerts for new invasions) provided from integration and delivery directly or via indicators. The 
responses in turn deliver much-needed new data, including data on intervention effort and success. From McGeoch & Jetz, 
(2019), https://doi.org/10.1016/j.oneear.2019.10.003, under Copyright Elsevier.

https://doi.org/10.1016/j.oneear.2019.10.003
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Table 6  11  	 Categories of currently used invasive alien species indicators at a global scale, 
their information content and development needs.

The indicators listed are phrased broadly to represent multiple closely related indicators that have been expressed in slightly different 
ways across the literature, policy documentation and historical, current and proposed reporting cycles.

Indicator 
category

Indicator expressed in an 
inclusive general form, 
encompassing relevant 
alternative formulations of 
closely related indicators

Data sources Development needs

Driver Trends in pathways of 
introduction and spread 

No current FAIR 
source

Although raw trends can be produced, research is needed 
to develop these into a robust indicator with estimates of 
uncertainty (McGrannachan et al., 2021)

GRIIS has the potential to inform this indicator in future

Pressure Trends in numbers and spatial 
distribution of invasive alien 
species and their impacts

GRIIS 

GBIF

First Records

Further research to deliver downscaling to countries

State Trends, mechanisms and severity 
of invasive alien species impacts

Environmental 
Impact Classification 
for Alien Taxa 
(EICAT)

GRIIS

GBIF

IUCN Red list Index for invasive alien species is well 
established

EICAT progressing but still under development

Downscaling to ensure relevance to countries required

Response and Theory of Change sub-categories (section 6.2.1)

Input Trends in the allocation of 
resources towards the prevention 
or control of invasive alien 
species 

IUCN SSC ISSG The methodology could be improved through peer review 
and further development

Process Trends in establishment and 
national adoption of international 
agreements relevant to the 
prevention and control of invasive 
alien species

IUCN SSC ISSG Reaching saturation as the majority of countries adopt 
most agreements, but still room for improvement on the 
most recently adopted (2010) relevant convention (BWM 
Convention)

Trends in numbers of countries 
with national legislation and other 
policy measures relevant to the 
prevention and/or control of 
invasive alien species

IUCN SSC ISSG Further research and development are needed to assess 
cross-country comparability of policy instruments and their fit 
for this purpose

Output Trends in the prevention, 
eradication and control of 
invasive alien species

No current FAIR 
data source

Data largely not 
been collected and 
collated by countries

Disaggregation is needed for priority sites

Growth in information relevant to 
informing policy on invasive alien 
species prevention and control

GBIF

First Records

GRIIS

EICAT

There is potential for disaggregation from a global indicator 
of information status on species populations

Outcome Trends in successful eradications Database of Islands 
and Invasive 
Species Eradications 
(DIISE)

Currently limited to birds and mammals on islands

Requires taxonomic and geographic expansion

Impact Improvement in conservation 
status of species threatened by 
invasive alien species

IUCN Red List of 
Threatened Species

Requires expression at sub-global scales
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6.7	 TRANSFORMATIVE 
OPTIONS FOR ADDRESSING 
THE PROBLEM OF 
BIOLOGICAL INVASIONS

This section addresses the following question: What 
will it take to tip the current systems – including socio-
institutional, socio-technical and socioecological systems 
– that drive and manage biological invasions in the direction 
of sustainability (Loorbach et al., 2017; Westley et al., 
2011)? The section begins by describing what integrated 
governance for biological invasions is and why such an 
approach is relevant for biological invasions. It also suggests 
how this approach could be implemented using a set of 
strategic actions and governance system properties that 
will bring about transformative change, challenges to setting 
these actions in motion and how these could be overcome. 

Sustainability science has emerged as an applied field in 
response to the need for sustainable development and 
acknowledging the complexity of the socioecological 
systems that need to be governed and managed in order 
to achieve it (Clark & Harley, 2020; Loorbach et al., 2017). 
The problem of invasive alien species is one instance of a 
threat posed to both society and the environment because 
of unsustainable development. Invasive alien species are a 
direct driver of nature’s decline (IPBES, 2019c), and tackling 
these is therefore key to bending the curve of biodiversity 
loss. Therefore, invasive alien species as a problem share 
many of the features of sustainable development challenges, 
and an awareness of the risks posed by these is essential 
to the effective delivery of several of the SDGs (in particular, 
goals addressing the conservation of marine biodiversity (Goal 
14) and terrestrial biodiversity (Goal 15, including but not 
restricted to target 15.8), food security (SDG 2), sustainable 
economic growth (SDG 8), sustainable cities (SDG 11), as 
well as climate change (Goal 13) and health and wellbeing 
(Goal 3)).

Many of the options for achieving goals and targets for 
invasive alien species will be enabled by systemic changes 
that parallel and reinforce the solutions needed to achieve 
sustainability more broadly (Chan et al., 2020; S. Díaz et 
al., 2019). Transformative change becomes necessary to 
achieve sustainable management of biological invasions 
because, like other key environmental threats, biological 
invasion is driven by demographic, social, economic and 
technological factors (Visseren-Hamakers et al., 2021; 
Chapter 3, sections 3.3 and 3.6). 

This assessment therefore builds on the sustainability 
science framing of the IPBES conceptual framework 
and enablers of transformative change (S. Díaz et al., 
2019; Scoones et al., 2020): To reverse nature’s decline 

while addressing inequality, a “fundamental, system-
wide reorganization across technological, economic and 
social factors making sustainability the norm” (S. Díaz et 
al., 2019). In this context, governance is the “formal and 
informal (public and private) rules, rulemaking systems and 
actor networks at all levels of human society that enable 
transformative change” (Visseren-Hamakers et al., 2021). 
For invasive alien species, transformative change depends 
on a system-wide reorganization, including technological, 
normative, economic and social factors, needed to 
achieve the goals enshrined in multilateral agreements and 
national strategies.

6.7.1	 Integrated governance can 
bring about transformative change 
that improves the management of 
biological invasions

To bring about such system-wide reorganization for 
managing biological invasions, the approach could focus 
on the “deeper system properties” (Leventon et al., 2021; 
Meadows, 1999) that characterize biological invasion 
governance. The full suite of governance models, policy 
instruments and support tools and methods identified in 
this chapter (Table 6.1) are available as options which, in 
combination, can be drawn on to achieve this ambition. 
These include (sensu Scoones et al., 2020): 

1.	 structural options that involve fundamental changes to 
the way policy and management of biological invasions is 
organized, legislated, regulated (sections 6.3 and 6.5); 

2.	 systemic options that involve “changes targeted at the 
interdependencies of specific institutions, technologies 
and constellations of actors across scales and 
geography to steer complex systems” of stakeholders 
and Indigenous Peoples and local communities 
contributing to, influencing and affected by invasive alien 
species (sections 6.2 and 6.6); and

3.	 enabling options that “foster the human agency, values 
and capacities necessary to manage uncertainty, act 
collectively, identify and enact pathways” to futures where 
the risks and negative impacts of invasive alien species 
are substantially reduced (sections 6.2 and 6.4). 

As defined in Box 6.5, integrated governance for biological 
invasions means establishing relationships between the 
roles of actors, institutions and instruments and involving, as 
appropriate (in other words the specific features will depend 
on the national and local contexts), all those elements of the 
socioecological system that characterize biological invasion 
and its management, for the purpose of identifying the 
strategic interventions needed to improve prevention and 
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Figure 6  21  	 Integrated governance for biological invasions. 

A context-specific integrated governance approach of biological invasions is enabled by a governance system with properties that 
support integration and a set of strategic actions that together are designed to bring about the progress needed to meet national 
and international goals and targets for biological invasions. Integrated governance is rooted (below) in four essential properties of 
governance systems that support the strategic actions (above) to be achieved. Together, the properties and actions will bring about 
the step change needed for effective and sustainable management of biological invasions. Integrated governance for biological 
invasions reinforces the enabling conditions identified as necessary to fulfil the 2030 mission of the Kunming-Montreal Global 
Biodiversity Framework. An integrated governance approach activates specific strategic actions that promote transformative change 
to meet the goals of preventing and controlling biological invasions.
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control outcomes (Figure 6.21). While at face value this 
appears to be a monumental task, many of the processes 
and elements for preventing and controlling invasive alien 
species are already established and in play. Enhancing, 
strengthening and improving implementation and better 
integrating the actions and system properties that make up 
integrated governance for biological invasions could bring 
about a step change in progress.

Integrated governance for biological invasions is also 
establishing relationships between the roles of actors, 
institutions and instruments to ensure a shared, connected, 
coherent and differentiated effort to manage biological 
invasions (Figure 6.23). It also involves the engagement of 
all the appropriate elements of the socioecological system 
that characterize biological invasion and their management 
to define the best strategies in those areas when invasive 
alien species impose socio-economic impacts (Bacher et al., 
2018). Last, it acknowledges that good governance, while 
essential to achieving sustainable outcomes for the prevention 
and control of invasive alien species, is somewhat of an 
experiment (Clark & Harley, 2020) and would therefore need 
to be adaptive as well as coordinated to facilitate learning 
(Brauman et al., 2020). Figure 6.21 illustrates “integrated 
governance for biological invasions” as the framework by 
which transformative governance (Glossary) for invasive alien 
species could be achieved, encompassing seven strategic 
actions and four governance system properties. 

6.7.2	 Strategic actions

6.7.2.1	 Enhancing coordination and 
collaboration across international and 
regional mechanisms 

The most important proactive (e.g., border control) and 
reactive (e.g., eradication) measures to address biological 
invasions are administered at the national or subnational 
level. However, the nature of biological invasions means 
that multilateral and transnational approaches are also 
needed. While there is no shortage of organizations focused 
on addressing the problem of biological invasions, one of 

their main limitations has been their disconnected nature. 
Cooperation amongst different regional and national efforts 
will not arise spontaneously and will need concerted 
leadership, resourcing and commitment from governments 
and institutions at the highest level (Leclère et al., 2020; 
Ruckelshaus et al., 2020; section 6.2.3.1). Therefore, 
establishing or enhancing global coordination mechanisms 
(similar to the Convention on the Conservation of Migratory 
Species of Wild Animals (CMS)) for biological invasions, 
or embedding this role into existing coordinating bodies 
(e.g., the CBD), are options for achieving one of the key 
strategic actions for transformative progress (Figure 
6.21). Such coordination mechanism could promote the 
exchange of best practices and other knowledge between 
regions and nations, help to establish the appropriate 
roles and responsibilities of actors (Stoett, 2007), enable 
global species listings and strengthen the effectiveness of 
the Inter-Agency Liaison Group on Invasive Alien Species. 
While the CBD currently covers invasive alien species as a 
cross-cutting issue, this assessment has amassed sufficient 
evidence to suggest the theme needs a more pronounced 
coordinating mechanism at the global level.

6.7.2.2	 Developing and adopting 
effective and achievable national 
implementation strategies

Failure to adopt existing guiding principles (e.g., Table 6.3), 
and to implement legislation and action plans, have been 
a central impediment to progress on invasive alien species 
targets (sections 6.2.2 and 6.3.1.4). Implementation focused 
strategies for biological invasion management can assist in 
overcoming this hurdle (Figure 6.21). This can be achieved by 
revisiting implementation strategies at all levels of governance, 
and in particular at those most relevant to the strategic actions 
identified in Figure 6.21. Options for this include, amongst 
others, consistent enforcement of relevant law (Chan et al., 
2020) and investment in monitoring and learning from the 
successes and failures of interventions (Box 6.23). 

Feeding this information into response-focused theory 
of change indicators, including indicators that track the 
allocation of resource inputs, the establishment and 

Figure 6  21  

The strategic actions (branches) are:

1.	 Enhance coordination and collaboration across international and regional mechanisms.
2.	 Develop and adopt effective and achievable national implementation strategies.
3.	 Share efforts and commitments, and understanding of the specific roles of all actors.
4.	 Improve policy coherence.
5.	 Engage broadly across governmental sectors, industry, the scientific community, Indigenous Peoples and local communities and the 

wider public.
6.	 Support, fund and mobilize resources for innovation, research and environmentally sound technology.
7.	 Support information systems, infrastructures and data sharing.

The proposed strategic actions are enabled when the system-wide properties of governance (roots) are robust, equitable and 
inclusive, responsive and focused on effective implementation. The numbers on the branches do not imply a ranking.
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Box 6  23  	 Overcoming the implementation gap for invasive alien species.

Two key hurdles to improving the management of invasive alien 
species, are:

1.	 the need for more effective prioritization of where and 
when to intervene, and 

2.	 the lack of information on which interventions are most 
successful and in which contexts. 

Both these hurdles can be overcome by generating essential 
data and knowledge on resource inputs, processes, outputs 
and outcomes (OECD, 2019) of efforts to manage invasive alien 
species (Box 6.6; Figure 6.22). 

Resource inputs: How much are governments and other 
responsible actors spending on invasive alien species 
management? What are the gaps in appropriately qualified, 
existing capacity and expertise that can be filled?

Processes: What coordination and oversight mechanisms are 
in place, from local communities to governments, to enable 
investment and ensure effective implementation of invasive alien 
species management?

Outputs and actions: What new or strengthened 
instruments are in place to improve policy coherence, to 

guide strategic investment and to adequately share and 
differentiate responsibilities for invasive alien species prevention 
and control?

Outcomes: Has the rate of new introductions and newly 
established invasive alien species declined? Has their spread 
and impact been reduced?

A sustained information platform for invasive alien species can 
then deliver this information when it is needed and to where it 
is needed (section 6.6.2.4). With the data that are collated, 
instrumental indicators will be able to report on progress 
and, based on the knowledge they provide, to iteratively 
refine and improve the efficiency of responses (i.e., adaptive 
governance, planning and management; Figure 6.22). 
Together, this approach can catalyse the collection of the 
information most needed to manage invasive alien species, 
reduce uncertainty and improve efficiency in decision-making. 
It can also support reporting on sustainable development 
and progress to meeting national and multilateral goals 
and targets for invasive alien species. Clearly linked to and 
embedded in national strategies for invasive alien species, this 
approach can leverage the responses needed to overcome 
current implementation gaps and provide a backbone for 
integrated governance.

NATIONAL
STRATEGY

Supported and enabled
by

an information platform
for invasive alien 

species

Resource input
into governance and 
management of 
invasive alien species

Outputs and actions 
that reflect improvements 
in the governance and 
management of invasive 
alien species

Processes
that are in place to 

enable invasive alien 
species governance 

and management

Outcomes
that demonstrate successful 

prevention and control of 
invasive alien species

Figure 6  22  	 Monitoring progress in four types of responses to invasive alien species to 
leverage activity to overcome the implementation challenge. 

If these responses are effective, they should manifest in a reduction in the numbers, spread, impacts and costs of invasive alien 
species. 
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uptake of implementation processes, and the outputs 
and outcomes of these interventions are in line with the 
Kunming-Montreal Global Biodiversity Framework (CBD, 
2022a; OECD, 2019; J. R. U. Wilson et al., 2018; Table 
6.11; Box 6.23). While a strategy is necessary for effective 
governance at multiple levels and in multiple sectors 
(section 6.3), national scale strategy can be particularly 
instrumental in achieving the scope and cohesion needed 
to implement action both above (multilateral) and below (at 
local and subnational) national government. 

6.7.2.3	 Sharing efforts and commitment, 
and understanding the specific role 
of all actors across governments, 
Indigenous Peoples and local 
communities, and industries

The principle of shared, connected and specific roles builds 
on the fact that individuals, communities, industry and 

governments share the benefits from nature and therefore 
also share the responsibility of mitigating the risks imposed 
by drivers of change such as invasive alien species. This 
definition is a contextual application of the international 
environmental law principle of common but differentiated 
responsibilities (Stone, 2004) as it considers all parties 
as equally responsible for addressing the problem, but 
their knowledge and tasks are clearly differentiated based 
on their relationship to the problem; this is fundamental 
for a successful application of integrated governance for 
biological invasions (Figure 6.23).

The management of biological invasions is a collective 
effort where individuals, communities, industry and 
governmental agencies play a unique but coordinated 
role. Such coordination builds from engagement of all 
actors concerned with the mitigation needed to avoid 
environmental, economic and health impacts from invasive 
alien species (Figure 6.23). This can be achieved through 
a co-production approach that acknowledges that all 

SHARED EFFORTS 
AND COMMITMENTS
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How
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When and where

What efforts are shared

How

• Influencing stakeholders
• Contributing stakeholders
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National scale
Multinational scale

• When:
Agenda setting
Policy formulation
Decision-making
Policy adoption
Policy implementation
Capacity building
Policy evaluation
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commitments, and understands the 

specific roles of all actors to manage 
biological invasions

• Prevention
• Knowledge
• Management and monitoring
• Education and awareness raising

• Legislation
• Strategies
• Collaboration
• Conducive and inclusive 

environments

Figure 6  23  	 Sharing efforts and commitments, and understanding the specific role of all 
actors for the prevention and control of invasive alien species. 

This approach emphasizes that people, knowledge, governance and policy instruments have a specific role and need to be 
connected. The shared efforts and commitments principle means that all actors are part of the solution, so that actions to manage 
invasive alien species are connected (i.e., there is effective flow of communication between all actors) between people, knowledge, 
governance approaches and policy instruments. The understanding of the specific roles of all actors, is an idea based on the principle 
that every institution and stakeholder have a specific part to play in the coordinated and coherent strategy that is the integrated 
governance for biological invasions. 
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stakeholders involved hold relevant knowledge and 
expertise; and that defines strategic connections between 
people, knowledge, governance approaches and policy 
instruments (Lemos et al., 2018; Turnhout et al., 2020).

Concrete actions by industries involved in potential 
pathways for invasive alien species are necessary to 
increase compliance with current legislation, and voluntary 
codes of practice can limit the biosecurity risks posed 
by industrial actors. International organizations can help 
here: for example, tourism can operate as a pathway and 
the World Tourism Organization (UNWTO) was asked at 
CBD COP15 to examine collaborative efforts to reduce 
invasive alien species introductions. The engagement of 
the general public via citizen science platforms, awareness 
campaigns, or community-driven eradication campaigns 
is critical for generating shared efforts and commitments 
by understanding the specific role of all actors play 
for addressing the invasive alien species problem. 
Also critical is the context-contingent involvement of 
specific stakeholders (e.g., agriculture producers, hobby 
associations, leisure groups) and Indigenous Peoples and 
local communities. The engagement and empowering of 
Indigenous Peoples and local communities is a crucial 
part of developing inclusive systems that recognize the 
rights of these communities and their knowledge, practices 
and values in the management of biological invasions. 
Such engagement strategies can generate ownership 
of biological invasion management while supplementing 
surveillance and management efforts.

6.7.2.4	 Improving policy coherence

Global environmental change (with climate 
change as an example)

Invasive alien species impacts can compound the 
negative effects of climate change on good quality of 
life, acknowledging that this outcome is dependent 
on the species, regions and local conditions involved 
(e.g., Bradley & Wilcove, 2009; Shabani et al., 2020). It 
is important that the transformative change needed to 
prevent and control invasive alien species is not neglected 
in the current context of a necessarily strong policy focus 
on climate change. The direct effects of invasive alien 
species on biodiversity are one of the ways in which the 
consequences of climate change are translated into direct 
negative outcomes for nature’s contributions to people and 
good quality of life. Although invasive alien species and 
climate change are projected to affect fewer species than 
land-use change, these drivers can interact to become 
critically important at local scales and can impact people 
directly (Leclère et al., 2020). The integration of invasive 
alien species and climate change policy considerations 
through environmental governance more broadly are 
options supported by a groundswell in forward-looking 

thinking and strategy on how to achieve environmental 
sustainability. The integrated governance approach that 
focusses attention on the intersections, linkages and 
trade-offs – and the research, policy and governance 
instruments needed to achieve complex objectives – is 
an option for advancing this ambition (J. Liu, Dou, et al., 
2018). The exploration of governance arrangements across 
many different goals and drivers of change is an option for 
overcoming the multiple needs for building and maintaining 
reflexive (learning by self-reflection) governance capacity 
(Clark & Harley, 2020).

Coherence between sectorial policies and 
institutions

One of the main reasons behind the current failures to 
address biological invasions has been the strong sectoral 
silos between sectors that characterize policy regimes. 
This division has resulted in disjointed decision-making 
(section 6.3.1.1). The development of a coordinated 
biosecurity approach that blurs the traditional boundaries 
between sectors would help address environmental, 
health and agricultural challenges (Hulme, 2021). This 
cross-sector coordinated approach could provide a better 
way forward but is not without challenges. Collaborative, 
multisectoral and transdisciplinary approaches such as 
One Health (Glossary), Eco Health and One Biosecurity 
provide frameworks to achieve coordination between 
multiple sectors as well as across economies and cultures. 
Such coordination would facilitate the prevention and 
mitigation of the growing threats posed by invasive alien 
species. Promoting relationships between stakeholders and 
institutions is one option for achieving one of the key levers 
for transformative progress (Figure 6.21). Improving policy 
coherence would help overcome current significant gaps 
in coverage of regulations targeting invasive alien species. 
It can also facilitate sharing efforts and commitment and 
understanding the specific role of all actors (section 
6.7.2.5). 

6.7.2.5	 Engaging broadly across 
governmental sectors, industry, the 
scientific community, Indigenous 
Peoples and local communities and the 
wider public

General tools and approaches and frameworks exist for 
stakeholder engagement (Chapter 5, section 5.2.1). 
However, the purpose of engaging with different groups 
– the industrial sectors, the general public, Indigenous 
Peoples and local communities and the scientific 
community – differ (Table 6.12). The design of effective 
engagement strategies will have context dependent 
elements and will take these different purposes into 
account (Chapter 5, section 5.2.1). The funding of 
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engagement activities can be built into management 
plans and budgets to support multiple purposes in the 
management of biological invasions. To be effective, 
engagement activities can also be included within 
monitoring and evaluation of invasive alien species 
management actions, so that progress can be tracked and 
strategies refined over time. In this way, the effectiveness 
of engagement activity can also be refined and improved 
over time. All these elements are important for public 
engagement and inclusion activities to effectively contribute 
to implementing an integrated governance approach for 
biological invasions (Figure 6.21).

An understanding of stakeholder and Indigenous Peoples 
and local communities influence and interests and how 
stakeholders are likely to be involved in different stages of 
the biological invasion process is crucial to any attempt 
to engage, represent, empower and co-design biological 
invasion management plans, and directly engage 
stakeholders, including citizens, as equal partners. It is clear 
that communicative and consultative approaches can deliver 
significant benefits (Shackleton, Adriaens, et al., 2019). In 
contexts where there are significant conflicts of values or 
mistrust between actors, or where significant buy-in will be 
required to implement governance measures, it is likely to 
be worthwhile investing in co-productive approaches. Policy 
design for dealing with the anticipated impacts of invasive 
alien species that is sensitive to the needs and perspectives 
of vulnerable groups, stakeholders and Indigenous Peoples 
and local communities can also help achieve social justice 
(Blythe et al., 2018; Patterson et al., 2018; Temper et 
al., 2018).

6.7.2.6	 Supporting, funding and 
mobilizing resources for innovation, 
research and environmentally sound 
technology 

(1) Improved risk assessment

There is wide variability in the capacity to respond to 
biological invasions amongst countries (Early et al., 2016). 
Such variability showcases considerable imbalance in the 
knowledge base and implementation of best practices. 
Addressing such an imbalance means tracking biological 
invasions beyond country boundaries (Latombe et al., 2017), 
building on the idea of connecting knowledge systems 
(point 3). However, knowledge sharing could be paired with 
capacity-building and transboundary and cross-sector risk 
assessment tools (Figure 6.21). For example, intervention 
strategies could focus on slowing the rates of new 
introductions taking place at a regional scale (e.g., African 
Union, European Union, MERCOSUR, USMCA/CUSMA). 
Thus, it is necessary to define the regions with capability 
deficits to determine where and how multilateral and bilateral 
partnerships could be forged to support those countries with 
limited biosecurity capabilities (Hulme, 2021). Then, within 
connected regions, sharing insights on invasive alien species 
of relevance, border control principles and methods is critical 
for an effective regional approach to prevention (Hulme, 
2011, 2020). More generally, a coordinated and nuanced 
approach to risk-assessments and intervention could be 
extended to a global context, taking lessons from the current 
efforts to prevent and contain the spread of the Severe Acute 
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2).

Table 6  12  	 Engagement of stakeholders on biological invasions has a number of purposes 
and associated approaches and tools (options) that support the process.

Purpose of engagement to 
achieve:

Example options

1 Inclusive decision-making for biological 
invasions

Decision support tools (Chapter 5, sections 5.2 and 5.4), Deliberative multi-criteria analysis 
(Chapter 5, section 5.2.2.1.j), communication feedback systems (section 6.3.1.4(5))

2 Public education and awareness 
raising about biological invasions

Training and risk-communication platforms (Chapter 5, section 5.2.2.1 and Table 5.6)

3 Social learning and knowledge sharing 
about biological invasions; attempting 
to accommodate conflicting values

Co-design, co-creation and co-implementation of research and management actions 
(Chapter 5, section 5.2.1 and Figure 5.19, section 6.4.2)

4 Coordination and collaboration for 
governance and management of 
biological invasions

Build shared trust, community-based management using adaptive management 
approaches (sections 6.4.2, 6.4.4) and implementing appropriate, context-relevant 
network design for the governance structure (sections 6.4.4.2, 6.5.6)

5 Surveillance and monitoring for 
early detection, data generation 
and evaluating the effectiveness of 
interventions for invasive alien species

Citizen science and citizen surveillance activities, including apps and data input portals 
(Chapter 1, Figure 1.13 and Box 1.15; Chapter 5, section 5.4.3.2 and Table 5.6, section 
6.6.2.1; Box 6.20)
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Developing new risk assessment tools (Chapter 5, 
section 5.2.2.1.e) also means employing coordinated 
regulatory instruments that support coherent governance 
for biological invasions (Figure 6.21) and address the 
fractured and disjointed approach to invasive alien species 
management resulting from policies that solely address 
issues within sectorial silos (Shine, 2007; Outhwaite, 
2013; Hulme, 2021). As described in section 6.7.2.7, 
this integration could be achieved by focusing on the links 
between risk assessment tools of legal and regulatory 
instruments currently within human, animal, plant and 
environmental sectors. 

(2) Forecasts, scenarios and models

The development of forecasting tools based on drivers that 
facilitate biological invasions (Essl, Lenzner, et al., 2020), 
or mechanistic models (Sarà et al., 2013; Chapman et al., 
2017) is vital. These forecasting tools should also focus 
on predicting the impacts of invasive alien species by 
considering the synergies in interacting drivers including 
invasive alien species, invasive alien species interactions 
and impacts (Gaertner et al., 2014). These tools would then 
need a description of the possible scenarios of change 
based on shifts of the drivers in facilitating biological 
invasions (Chapter 3, section 3.1.1). The scenarios 
would describe the alternative trajectories for biological 
invasions within the context of complex and uncertain 
future socioecological developments (Alien scenarios, 2021; 
Roura-Pascual et al., 2021).

Incorporating a wide range of modelling and scenario 
techniques could enable assessment of multiple pathways 
across spatial scales and through integration of different 
domains (i.e., a nexus approach; J. Liu, Hull, et al., 2018). 
Currently joint scenario and modelling studies have a 
strong focus on correlative modelling approaches using 
single driver assessments and exploratory scenarios19 
(Chapter 1, section 1.6.7.3). Other gaps, such as the 
vast absence of policy-screening and target-seeking 
scenarios, quantifiable sustainability and policy targets for 
biological invasions or the widespread lack of process-
based models have to be filled in order to understand 
the needs for and development of transformative change 
pathways that account for the adverse effects of invasive 
alien species on biodiversity, nature’s contribution to people 
and good quality of life (section 6.6.1.6). Existing initiatives 
for transformative change related to biodiversity change 
(Leclère et al., 2020), climate change (e.g., Burch et al., 
2014; Schot & Steinmueller, 2018) or food security (A. 
Muller et al., 2017) can be taken as blueprints for the steps 
that can be taken to use scenarios and models to support 
transformative change.

19.	 Data management report available at: https://doi.org/10.5281/
zenodo.5706520

(3) Innovative science and environmentally 
sound technologies to support prevention and 
control

The continued increasing rate in invasive alien species 
introductions (Chapter 2) highlights the need for innovative 
science and technologies to support the detection of 
and rapid response to invasive alien species (Chown et 
al., 2015; NISC, 2016). There is a need for development 
of new approaches but also improvements in the 
effectiveness and cost-efficiencies of existing methods. 
In the context of technological innovations (Figure 6.21), 
these might come from efforts or programmes focused 
on detection (using visual, chemical, acoustic, or genetic 
attributes) and/or identification for military intelligence, 
or human health purposes, which have not traditionally 
focused on invasive alien species (Martinez et al., 
2020; Conservation X Labs, 2017). The deployment of 
artificial intelligence driven internet monitoring systems 
for invasive species is another powerful technological 
advancement for the early detection of sources of known 
invasive alien species prior to their potential entry (Suiter & 
Sferrazza (2007) for an example of the application of such 
technology). A fundamental dimension of this development 
is to ensure the applicability of current technologies in 
diverse contexts (Martinez et al., 2020; Kamenova et al., 
2017; section 6.3.1.4).

6.7.2.7	 Support information systems, 
infrastructures and data sharing to 
connect knowledge systems using 
digital processes and international 
partnerships

Current understanding of the biological invasion process is 
adequate for taking preventive effective action. However, 
there remain key data, information and knowledge gaps 
in invasion biology and social science for bringing about 
widespread progress across invasion stages that could 
be beneficial in maximizing the efficacy of actions (Table 
6.10). Information systems and sharing are essential for 
the integrated governance for biological invasions (Figures 
6.21 and 6.23) as these would (i) provide direction for 
filling key data and information gaps, (ii) enable open and 
equitable access to information across well and poorly 
resourced regions and stakeholders, (iii) facilitate the 
research and capacity-building needed to respond to 
ongoing and changing demands for information on the 
multiple dimensions of the problem of invasive alien species 
and (iv) mobilize the knowledge needed to support effective 
implementation of prevention and control measures (Caniglia 
et al., 2021). Importantly, to avoid wasted investment in 
information platforms that collapse as resourcing changes 
across funding cycles, a mechanism for long-term, 
sustained support for an information sharing system is 
desirable (sections 6.2.3.1(3) and 6.6).

https://doi.org/10.5281/zenodo.5706520
https://doi.org/10.5281/zenodo.5706520


CHAPTER 6. GOVERNANCE AND POLICY OPTIONS FOR THE MANAGEMENT OF BIOLOGICAL INVASIONS

821

6.7.3	 Promoting a conducive 
environment and enabling 
conditions for integrated 
governance and transformative 
change
Creating a conducive environment to achieve the change 
that is needed is an important part of effective prevention 
and control of invasive alien species (Figure 6.24). Good 
governance systems are characterized by being effective, 
robust, responsive and equitable (Bennett & Satterfield, 
2018), and employing the strategic actions and priority 
interventions that bring about these characteristics (Figure 
6.24). These four qualities can be achieved by drawing 
on a broad suite of policy instruments, methods and 
support tools, using formal and informal decision-making 
structures and facilitated by processes such as negotiation, 
conflict resolution and knowledge sharing, particularly at 
local scales.

Designing, building and strengthening governance systems 
for biological invasions with effective, robust, responsive 
and equitable purposes in mind is, therefore, likely to be 
one of the most important determinants of progress to 
achieving goals for invasive alien species management. 
Indeed, several of the factors identified in this section, based 
on invasive alien species evidence, reinforce the enabling 
conditions identified as necessary to the 2030 mission for 
the Kunming Montreal Global Biodiversity Framework (CBD, 
2021a), namely: 

	 Building participation of all stakeholders, including 
Indigenous Peoples and local communities;

	 Inclusion of multiple sectors in decision-making;

	 The need for synergies across relevant 
multilateral agreements and policy coherence and 
effectiveness monitoring;

EFFECTIVE 
Limits the spread and reduces the negative impacts of 
invasive alien species on nature and society by bringing 
about the prevention and control of invasive alien species 

Levers
• Strategy and action planning for invasive alien species 
• Coordination to clarify the roles, functions and 

mandates of actors and institutions responsible for and 
affected by invasive alien species  

• Capacity, skills and resources, for example including 
strong leadership and mechanisms to resolve conflict 

• Informed by evidence and a diversity of knowledge 
types and systems, including Indigenous and local 
knowledge

• Accountable, including procedures for transparent 
decision-making and reporting

• Efficient, for example, by prioritizing where to invest in 
action

INVASIVE ALIEN SPECIES GOVERNANCE

RESPONSIVE 
Enables adaptation to the diverse invasion stages and 
contexts in which invasive alien species are a concern and 
to the background of a changing climate 

Levers
• Learning takes place across the network - from 

institutions to local communities - to produce, 
document and share information

• Anticipatory including scenario planning and supported 
by risk analysis and monitoring

• Adaptive so that processes to revisit, assess and evolve 
are institutionalized

• Innovative, enabling experimentation and higher risk 
tolerance, for example with appropriately regulated new 
technologies

• Flexible and responsive so that policies are in touch with 
local contexts and their diversity

EQUITABLE 
Uses processes that include all relevant stakeholders and 
that produce fair outcomes 

Levers 
• Policy and processes consider and respect the diversity 

of perspectives, values and cultures
• Participation by having structures and spaces for 

engagement and collective decision making
• Mechanisms are in place to ensure fair distribution of 

costs and benefits, rights and responsibilities
• Just laws and policies that protect rights and provide 

access to justice

ROBUST 
Ensures that institutions responsible for invasive alien 
species policy and its implementation are strong, resilient 
to shocks and able to maintain performance 

Levers
• Legitimacy with a common vision and public support 
• Connected, with strong vertical and horizontal links and 

relationships, supported by bridging organisations
• Nested with responsibility conferred to the lowest level 

possible and self-organisation encouraged
• Multiple decision-making and action centres, with some 

redundancy and overlap enabling resilience

Figure 6  24  	 The conditions that support integrated governance for biological invasions 
reflecting the desirable, inter-dependent qualities of governance systems (i.e., 
the properties of governance systems in Figure 6.21). 

Adapted from Bennett & Satterfield (2018), https://doi.org/10.1111/conl.12600, under license CC BY 4.0.

https://doi.org/10.1111/conl.12600
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	 The establishment of cooperation mechanisms that 
enable collective action; 

	 Active involvement of sub-national and local decision-
making nodes and clear assignment of roles 
and responsibilities;

	 Preventing indirect and negative telecoupling effects 
(also called spill over processes), such as invasive alien 
species themselves; 

	 Recognition of the challenges at the highest levels of 
government and political will to act. 

6.7.4	 Conclusion

This chapter, supported by evidence from policy studies and 
other fields, and reflecting knowledge gained from previous 
chapters, has identified numerous options which could 
substantially improve invasive alien species prevention and 
control across multiple scales, levels of governance and 
sectors. It is important not to underestimate the immense 
threat to nature, nature’s contributions to people and good 
quality of life posed by invasive alien species, which, at their 
worst are a form of persistent or irreversible pollution that 
can be considered as a “kind of calculable oppression” of 
future generations (Dasgupta, 2021; Sen, 1982). Optimal 
governance and policy-making conditions can be formed 
by policymakers, experts and citizens who are cognizant of 

the diverse existing approaches. Implementing integrated 
governance for biological invasions will only be achieved 
through deep cross-disciplinary discussions and planning 
and sustained, vigilant effort. A new focus on integrated 
governance stands to benefit not only invasive alien species 
management, but provides exciting paths towards new 
mechanisms and opportunities for communities to sustain 
good quality of life while addressing the intertwined threats 
to biodiversity that also threaten human civilization.

The overarching message of this chapter and of the IPBES 
invasive alien species assessment is clear: though there has 
been success in understanding and managing biological 
invasions, a robust, sustained and socially inclusive global 
commitment is necessary to avoid the most harmful impacts 
of invasive alien species on nature and people. The goals on 
reducing invasive alien species adopted by the parties to the 
CBD as part of the Kunming-Montreal Global Biodiversity 
Framework in late 2022 are attainable, but there is no time 
to waste in their earnest pursuit.
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ANNEX I
Glossary

A

Adaptive governance: refers to flexible 
and learning-based collaborations and 
decision-making processes involving both 
state and nonstate actors, often at multiple 
levels, with the aim to adaptively negotiate 
and coordinate management of social–
ecological systems and ecosystem services 
across landscapes and seascapes (Folke et 

al., 2005).

Adaptive management: a philosophy that 
accepts that management must proceed 
even without complete information. It views 
management not only as a way to achieve 
objectives, but also as a process for probing 
to learn more about the resource or system 
being managed. Learning is an inherent 
objective of adaptive management. Adaptive 
management is a process where policies 
and activities can adapt to future conditions 
to improve management success (CCBA, 
2008).

Alien species: a species whose presence 
in a region is attributable to human actions, 
intentional or unintentional, that enable 
them to overcome biogeographical barriers 
(Richardson et al., 2010; Figure 1.1). This 
includes species, subspecies or lower 
taxon, and any part (gametes, seeds, eggs, 
or propagules) of such species that might 
survive and subsequently reproduce (CBD, 
2002).

B

Biocultural community protocol: 
a biocultural community protocol is 
a document that is developed after a 
community under-takes a consultative 
process to outline their core cultural and 
spiritual values and customary laws relating 
to their traditional knowledge and resources 
(LPP and LIFE Network et al., 2010).

Biocultural management (or biocultural 
approaches to conservation 
or biocultural approaches to 
environmental management): actions 
made in the service of sustaining the 
biophysical and sociocultural components 

of dynamic, interacting, and interdependent 
social–ecological systems (Gavin et al., 
2015; Lyver et al., 2019). 

Biological control: the use of living 
organisms to suppress the population 
density or impact of a specific invasive 
alien species, making it less abundant or 
less damaging than it would otherwise be 
(Eilenberg et al., 2001).

Biological invasion (or invasion 
process): a process involving the transport 
of a native species outside of its natural 
range, intentionally or unintentionally, by 
human activities to new regions where 
it may become established, spread and 
ultimately adversely impact nature, nature’s 
contributions to people, and good quality of 
life (Blackburn et al., 2011; Figure 1.6).

Biosecurity: for the purpose of this 
assessment, a strategic and integrated 
approach that encompasses the policy and 
regulatory frameworks (including instruments 
and activities) for identifying, analysing and 
managing risks, including invasive alien 
species, to human, animal and plant life and 
health, and associated risks to the economy 
and the environment (FAO, 2007).

Biotic facilitation: any interaction where 
the action of one species has a beneficial 
effect on another. This includes mutualistic 
interactions where both the facilitated and 
facilitator benefit (+/+), those which are 
commensal (+/0) when the effects of the 
facilitated on the facilitator are neutral as 
well as those which are antagonistic (+/−) 
when the facilitated negatively impact the 
facilitator. Note that this concept partially 
overlaps with that of mutualism, ecological 
engineering and niche construction (Zélé et 

al., 2018). 

Biotic homogenization: also referred to as 
the ‘anthropogenic blender’ (Olden, 2006), 
the loss of biotic uniqueness, where local 
community assemblages are becoming 
more similar to each other on average, and 
this biotic homogenization (Finderup Nielsen 
et al., 2019; McKinney & Lockwood, 1999; 
Yang et al., 2021).

Biotic resistance to invasion: the ability 
of species in a community to limit the 
recruitment or invasion of other species 
(Catford et al., 2009; Levine et al., 2004). 
It is central to our understanding of how 
communities at risk of invasion assemble 
after disturbances, but it has yet to translate 
into guiding principles for the restoration of 
invasion-resistant communities (Byun et al., 
2013).

Bridging organizations offer a means 
to improve environmental management 
outcomes by spanning the science-policy 
interface to allow for the effective sharing 
of data, information, and knowledge. 
Bridging organizations are institutions that 
use specific mechanisms such as working 
groups to link and facilitate interactions 
among individual actors in a management 
setting.” (Kowalski & Jenkins, 2015)

C

Casual species: species that do not have 
self-sustaining populations and which 
rely on repeated introductions for their 
persistence i.e., not yet an established 
species (Blackburn et al., 2011).

Circular economy: model of production 
and consumption, which involves sharing, 
leasing, reusing, repairing, refurbishing and 
recycling existing materials and products as 
long as possible. In this way, the life cycle of 
products is extended (European Parliament, 
2015).

Citizen science: diverse range of 
approaches in which scientific research is 
conducted, in whole or in part, by volunteers 
with varying levels of expertise (also known 
as community science, participatory 
monitoring, community-based environmental 
monitoring, crowd science, crowd-sourced 
science, civic science, or volunteer 
monitoring). Citizen science often contributes 
to surveillance of invasive alien species 
(Gardiner & Roy, 2022; Pocock et al., 2018).

Classical biological control: the 
intentional introduction of an alien species, 
usually co-evolved, as a biological control 
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agent for permanent establishment and 
long-term control (Eilenberg et al., 2001).

Closed water systems: in the context 
of management of biological invasions, 
bodies of water that do not directly or 
indirectly drain with continuous and intensive 
flow into an ocean or river, recognizing that 
no natural systems may be entirely closed 
(e.g., some inland surface waters and water 
bodies/freshwater).

Collective action: action taken together 
by a group of people whose goal is to 
achieve a common objective. It is a term 
that is used in many areas of the social 
sciences including psychology, sociology, 
anthropology, political science and 
economics (Hardin, 2015).

Colonization pressure: the number of 
species introduced or released to a single 
location, some of which will go on to 
establish a self-sustaining population and 
some of which will not (Blackburn et al., 
2020; Lockwood et al., 2009).

Connected water systems: in the 
context of management of biological 
invasions, bodies of water that are directly 
or indirectly connected to an ocean or 
a main river (e.g., cryosphere, shelf 
ecosystems and coastal areas).

Containment: the application of measures 
in and around an infested area to 
prevent spread of invasive alien species. 
Containment may also apply in the context 
of keeping an invasive alien species out of a 
defined geographic region within a broader 
infestation (in pest management this is 
also termed “area-wide management”) 
(FAO, 2019). Any action taken to delimit 
the distribution of an invasive alien species 
through whatever means possible. 

Control: direct action(s) taken to reduce 
or suppress the distribution, abundance, 
spread and impacts of invasive alien species 
within a defined geographic area (FAO, 
1995) (see management).

Cost-benefit analysis: an analytical tool 
for judging the economic advantages or 
disadvantages of an investment decision by 
assessing its costs and benefits in order to 
assess the welfare change attributable to 
it. The analytical framework of CBA refers 
to a list of underlying concepts which is 
as follows: opportunity cost, long-term 
perspective, calculation of economic 

performance indicators expressed 
in monetary terms, microeconomic 
approach, incremental approach (European 
Commission, 2015).

Cost-effectiveness analysis: an analytical 
tool to identify the best activity, process, 
or intervention that justifies/minimizes 
resource use to achieve a desired result 
(BetterEvaluation, 2014).

Cryptogenic species: a species, which 
cannot be reliably demonstrated as being 
either alien or native (Carlton, 1996).

D

DNA barcoding: a commonly used 
molecular method (e.g., for detection of 
species, revealing species interactions 
and assessment of diversity of community 
assemblages) that involves the amplification 
of a short section of DNA from a specific 
gene or genes. Recent advances have 
extended the application of this approach 
from the identification of individual 
specimens to identification of multiple 
specimens within mixed samples through 
DNA metabarcoding (Klink et al., 2022).

E

E-commerce: “online ordering, sale, 
communication and payment, in particular, 
business to consumer and consumer 
to consumer transactions but can also 
be applicable to business-to-business 
transactions” (WCO, 2018). 

Eco-evolutionary dynamics: reciprocal 
interactions between ecological and 
evolutionary processes. Ecological and 
evolutionary time-scales can be so similar 
that evolutionary change might be rapid 
enough to influence ecological dynamics 
(Brunner et al., 2019; Schoener, 2011).

Ecosystem: a dynamic complex of plant, 
animal and micro-organism communities 
and their non-living environment interacting 
as a functional unit (IPBES glossary).

Ecosystem-based management: an 
environmental management approach that 
recognizes the full array of interactions within 
an ecosystem, including humans, rather 
than considering single issues, species, or 
ecosystem services in isolation (NOAA, 2020).

Eradication: elimination/extirpation of 
an invasive alien species from a defined 

geographic area even in the absence of all 
preventive measures obviating the necessity 
for further control measures (Dowdle, 1998). 
The time period after which an invasive 
alien species can be considered eradicated 
depends on the species and location.

Essential Biodiversity Variables: 
measurement required for study, reporting, 
and management of biodiversity change 
(Pereira et al., 2013).

Established alien species: alien species 
which produce self-sustaining and viable 
populations for a given period of time, 
during which climatic extremes typical for 
the invaded region are experienced, without 
direct intervention by humans or despite 
human intervention (Blackburn et al., 2011; 
Pyšek et al., 2004; Rojas-Sandoval & 
Acevedo-Rodríguez, 2015).

Externality: an economic concept of 
uncompensated environmental effects of 
production and consumption that affect 
consumer utility and enterprise cost outside 
the market mechanism (OECD, 2003).

F

Feedback loops: processes that either 
amplify (positive feedback loop) or diminish 
(negative feedback loop) the effects of a 
biological invasion. Feedback loops may 
make the impacts of biological invasions 
stronger or weaker, starting a chain reaction 
that repeats again and again. Negative 
feedback loop: A human-natural feedback 
that continually stabilizes or reduces 
ongoing or future biological invasions (also 
known as a ‘balancing’ feedback loop). 
Positive feedback loop: A human-natural 
feedback that continually increases ongoing 
or future biological invasions (also known 
as ‘exacerbating’ or ‘reinforcing’ feedback 
loops) (Sinclair et al., 2020).

G

Good quality of life: within the context of 
the IPBES Conceptual Framework – the 
achievement of a fulfilled human life, a 
notion which varies strongly across different 
societies and groups within societies. It is a 
context-dependent state of individuals and 
human groups, comprising aspects such as 
access to food, water, energy and livelihood 
security, and also health, good social 
relationships and equity, security, cultural 
identity, and freedom of choice and action. 
“Living in harmony with nature”, “living-well 
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in balance and harmony with Mother Earth” 
and “human well-being” are examples of 
different perspectives on a “Good quality of 
life” (IPBES glossary).

Governance: the way the rules, norms 
and actions in a given organization are 
structured, sustained, and regulated (IPBES 
glossary).

H

Habitat: “the area, characterized by 
its abiotic and biotic properties, that is 
habitable by a particular species” (IUCN 
Standards and Petitions Committee, 2013).

I

Impacts: changes to nature, nature’s 
contributions to people, and/or the good 
quality of life (Ricciardi et al., 2013). Impacts 
can be observed or unobserved. More 
specifically, impacts to nature (formerly 
‘ecological impact’), is defined as a 
measurable change to the properties of 
an ecosystem (Ricciardi et al., 2013), and 
implies that all introduced species can have 
an impact, even when not yet established or 
widespread, which may vary in magnitude, 
simply by integration into the ecosystem.

Indigenous and local knowledge 
systems: social and ecological knowledge 
practices and beliefs pertaining to the 
relationship of living beings, including 
people, with one another and with their 
environments. Such knowledge can provide 
information, methods, theory and practice 
for sustainable ecosystem management 
(IPBES glossary).

Information and Communication 
Technology (ICT): a broader term for 
Information Technology (IT), which refers to 
all communication technologies, including 
the internet, wireless networks, cell phones, 
computers, software, middleware, video-
conferencing, social networking, and other 
media applications and services enabling 
users to access, retrieve, store, transmit, 
and manipulate information in a digital form 
(FAO, 2017b).

Information systems: infrastructures 
for organising data and information. 
As examples, the Global Biodiversity 
Information Facility (GBIF) and Ocean 
Biogeographic Information System (OBIS) 
are international on-line infrastructures for 
organizing data of species presences in 

space and time. For examples of invasive 
alien species information systems see 
Katsanevakis & Roy (2015) and Latombe et 
al. (2017).

Integrated governance for biological 
invasions: establishment of relationships 
between the roles of actors, institutions and 
instruments, and involving as appropriate 
all those elements of the socio-ecological 
system that characterize biological invasion 
and its management, for the purpose of 
identifying the strategic interventions needed 
to improve invasive alien species prevention 
and control outcomes (definition originated 
from this assessment, from the thinking on 
integrated environmental governance).

Integrated pest management: careful 
consideration of all available pest control 
techniques and subsequent integration 
of appropriate measures that discourage 
the development of pest populations and 
keep pesticides and other interventions 
to levels that are economically justified 
and reduce or minimize risks to human 
and animal health and the environment. 
Integrated pest management emphasizes 
the growth of a healthy crop with 
the least possible disruption to agro-
ecosystems and encourages natural pest 
control mechanisms (FAO, 2017a). This 
management method seeks control using 
the most economical means, and with the 
least possible hazard to people, property, 
and the environment (U.S. EPA, 2015b).

Integrated policy for biological 
invasions: an integrated approach to 
planning and implementing future options 
to reduce the spread and limit the impact 
of biological invasions considers the fact 
that (1) multiple levels of governance are 
relevant, (2) diverse actors and decision-
makers are involved, (3) the invasion 
process is multi-staged, and (4) drivers 
of invasion are multiple and interacting 
(Herrick, 2019).

Introduction pathway: a suite of 
processes that result in the introduction of 
a species from one geographical location 
to another. It means: 1) geographic routes 
by which a species is moved outside its 
natural range (past or present); 2) corridors 
of introduction (e.g., road, canal, tunnel); 
and/or 3) human activity that gives rise to 
an intentional or unintentional introduction. 
More than one vector (see definition of 
vector below) within a pathway may be 
involved in a transfer of species (Pyšek et 

al., 2011; Genovesi & Shine, 2004).

Invasion cold spot: areas of low alien 
species richness relative to other regions 
with similar biogeographic characteristics 
(O’Donnell et al., 2012). Biodiversity hot 
spots of diversification and species richness 
are defined as geographic regions with high 
diversification rates or high species richness, 
respectively, while conversely cold spots are 
geographic regions with low diversification 
rates or species richness (Melián et al., 
2015).

Invasion curve: depiction of the different 
stages of invasive alien species management 
from prevention to early detection and 
eradication, containment and adaptive 
management (Invasive Species Centre, 
2021). The curve shows that eradication of 
an invasive alien species is less probable 
and more costly as it spreads over time. 
Choosing a management action relies on 
where a species is on the invasion curve. 

Invasion debts: the potential increase 
in biological invasions at a site over a 
particular time frame in the absence of any 
interventions (Rouget et al., 2016). It is 
composed of the number of new species 
that will be introduced (introduction debt), 
the number of species that will become 
invasive (species-based invasion debt), the 
increase in area affected by invasions (area-
based invasion debt), and the increase in 
the negative impacts caused by introduced 
species (impact-based invasion debt) 
(Zengeya & Wilson, 2020).

Invasion hotspot: areas of high alien 
species richness relative to other regions 
with similar biogeographic characteristics 
(O’Donnell et al., 2012). Biodiversity hot 
spots of diversification and species richness 
are defined as geographic regions with high 
diversification rates or high species richness, 
respectively, while conversely cold spots are 
geographic regions with low diversification 
rates or species richness (Melián et al., 
2015).

Invasion stages: stages (transport, 
introduction, establishment, and spread) 
that a species must pass through on 
the invasion continuum from native to 
(invasive) alien species, recognising the 
need for a species to overcome the barriers 
(geography, captivity or cultivation, survival, 
reproduction, dispersal and environmental) 
that obstruct transition between each stage 
(Blackburn et al., 2011).
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Invasional meltdown: the amplification of 
impacts of invasive alien species through 
community-level processes in which there 
is a cascade of effects, positive feedback 
loops, arising from the interactions amongst 
species, in this case alien species, which 
ultimately affect ecosystem functions 
(Simberloff, 2006).

Invasive alien species: animals, plants 
or other organisms introduced directly or 
indirectly by people into places out of their 
natural range of distribution, where they 
have become established and dispersed, 
and generating an impact on local 
ecosystems and species (IPBES, 2016); see 
Chapter 1 for further discussion). Invasive 
alien species are a subset of established 
alien species that have negative impacts.

L

Lag phase: the time between when an alien 
species arrives in a new area and the onset of 
the phase of rapid, or exponential, increase. 
Multiple factors are frequently implicated in 
the persistence or dissolution of the lag phase 
in biological invasions, including an initial 
shortage of suitable sites, the absence or 
shortage of essential mutualists, inadequate 
genetic diversity, and reduction in competition 
or predation (due to other alterations in the 
resident biota) (Zengeya & Wilson, 2020).

Legal personality: any entity that has 
the ability to conclude and negotiate 
international agreements in accordance 
with its external commitments; become 
a member of international organizations; 
join international conventions, such as the 
European Convention on Human Rights, 
stipulated in Article 6(2) of the Treaty on 
European Union (EUR-Lex, 2022).

M

Management: for the purpose of the 
assessment, any action taken to address 
the threats, risks, distribution, abundance 
and impacts of an invasive alien species 
within a defined geographic area (Hulme, 
2006; Pyšek et al., 2020). Management 
includes prevention, preparedness, 
eradication, containment, and control 
(Robertson et al., 2020).

Monitoring: for the purpose of this 
assessment, the continued or regular 
observation of an ecosystem to detect 
invasion/reinvasion by invasive alien species 
and/or their impacts.

N

Native species: taxa that have originated 
in a given area (their natural range) without 
human involvement, or that have arrived 
there without intentional or unintentional 
intervention of humans, from an area in 
which they are native (IPBES glossary). 
This definition excludes products of 
hybridization involving alien taxa since 
“human involvement”, in this case, includes 
the introduction of an alien parent (Pyšek et 

al., 2004). 

Nature: in the context of IPBES, refers 
to the natural world with an emphasis on 
its living components. Within the context 
of western science, it includes categories 
such as biodiversity, ecosystems (both 
structure and functioning), evolution, the 
biosphere, humankind’s shared evolutionary 
heritage, and biocultural diversity. Within 
the context of other knowledge systems, it 
includes categories such as Mother Earth 
and systems of life, and it is often viewed 
as inextricably linked to humans, not as a 
separate entity (see “Mother Earth”) (IPBES 
glossary).

Nature’s contributions to people: all the 
contributions, both positive and negative, 
of living nature (i.e., diversity of organisms, 
ecosystems, and their associated ecological 
and evolutionary processes) to the quality 
of life for people. Beneficial contributions 
from nature include such things as food 
provision, water purification, flood control, 
and artistic inspiration, whereas detrimental 
contributions include disease transmission 
and predation that damages people or 
their assets. Many nature’s contributions 
to people may be perceived as benefits 
or detriments depending on the cultural, 
temporal or spatial context (IPBES glossary).

Nexus: interlinkages among biodiversity, 
climate change, adaptation and mitigation 
including relevant aspects of the energy 
system, water, food, and health (IPBES, 
2021).

O

One Biosecurity: interdisciplinary approach 
to biosecurity policy and research that 
builds on the interconnections between 
human, animal, plant, and environmental 
health to effectively prevent and mitigate the 
impacts of invasive alien species. It provides 
an integrated perspective to address the 
many biosecurity risks that transcend the 

traditional boundaries of health, agriculture, 
and the environment. Individual invasive 
alien plant and animal species often have 
multiple impacts across sectors: as hosts of 
zoonotic parasites, vectors of pathogens, 
pests of agriculture or forestry, as well 
as threats to biodiversity and ecosystem 
function (Hulme, 2020, 2021). 

One Health: an integrated, unifying 
approach that aims to sustainably balance 
and optimize the health of people, 
animals, and ecosystems. It recognizes 
the health of humans, domestic and wild 
animals, plants, and the wider environment 
(including ecosystems) are closely linked 
and interdependent (One Health High-Level 
Expert Panel (OHHLEP) et al., 2022).

P

Pathway management: any action taken 
(single or via systems approach) towards 
a particular anthropogenic invasive alien 
species arrival pathway (e.g., trade) to prevent 
or address the threats and risks of an invasive 
alien species arriving and establishing via that 
pathway either between or within jurisdictions 
(Robertson et al., 2020).

Policy: a definite course or method of 
action selected from among alternatives 
and in light of given conditions to guide 
and determine present and future decisions 
(IPBES, 2019). See also Governance.

Policy cycle: a framework describing 
the policy process in terms of four linked 
phases: agenda setting, policy design, 
policy implementation, and policy review 
(IPBES glossary).

Policy regime: constructs that depict the 
mix of institutional mechanisms that make 
up the governing arrangements addressing 
a particular problem (Herrick, 2019), noting 
that for the purpose of this assessment 
the term “regime” is used for a governance 
system, affecting more than one country, for 
a specific issue area, such as invasive alien 
species (Andonova & Mitchell, 2010).

Polycentric governance: an organizational 
structure where multiple independent actors 
mutually order their relationships with one 
another under a general system of rules 
(Ostrom, 2010).

Polymerase chain reaction 
(PCR): sometimes called “molecular 
photocopying,” the polymerase chain 
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reaction (PCR) is a fast and inexpensive 
technique used to “amplify” - copy - small 
segments of DNA. Because significant 
amounts of a sample of DNA are necessary 
for molecular and genetic analyses, studies 
of isolated pieces of DNA are nearly 
impossible without PCR amplification 
(National Human Genome Research 
Institute, 2020).

Precautionary approach: where there are 
threats of serious or irreversible damage, 
lack of full scientific certainty shall not be 
used as a reason for postponing cost-
effective measures to prevent environment 
degradation (Principle 15 of the 1992 Rio 
Declaration, (CBD, 1992).

Preparedness (in the context of 
invasive alien species management): 
any policy and/or action undertaken 
to prepare for the probable arrival of a 
potential invasive alien species including 
any preventative or adaptive response 
activity (Australian Government - 
Department of Agriculture, Fisheries and 
Forestry, 2019).

Prevention: for the purpose of this 
assessment, any policy and/or action/
response undertaken to prevent the arrival 
and/or introduction of alien and invasive 
alien species, between and within countries 
and regions. Prevention is generally far 
more cost-effective and environmentally 
beneficial than measures taken following 
introduction and establishment of an 
invasive alien species (CBD, 2002).

Propagule pressure (also termed 
‘introduction effort’): a measure of 
introduction intensity, including release 
from captivity or cultivation, comprising 
both the number of individuals of a species 
introduced per introduction (propagule 
size) and the frequency of introductions 
(Lockwood et al., 2005).

R

Range: “the current limits of distribution 
of a species, accounting for all known, 
inferred or projected sites of occurrence” 
(IUCN, 2016).

Resilience: for the purpose of this 
assessment, the ability of an ecosystem 
to adapt, withstand and respond to alien 
species invasions, recover rapidly from 
their impacts and continue to develop (U.S. 
EPA, 2015a). 

Restoration: any intentional activity that 
initiates or accelerates the recovery of an 
ecosystem from a degraded state (IPBES 
glossary). More specifically, in the context 
of invasive alien species management, 
it refers to the process of assisting the 
recovery of a degraded, damaged, or 
destroyed ecosystem, as a consequence 
of biological invasions, to reflect values 
regarded as inherent in the ecosystem and 
to provide goods and services that people 
value (adapted from Martin, 2017).

Risk: probability of the occurrence of a 
particular adverse event at a specific time 
and the magnitude of the consequent 
damage caused, depending on various 
factors such as exposure to the hazard, 
the frequency of exposure and the severity 
of any consequent damage done (FAO, 
2011b). The term risk is regarded as 
a product of three factors: Exposure x 
Likelihood x Consequence (Kinney & 
Wiruth, 1976). Exposure results from the 
introductions, establishment and spread 
of an alien species, whereas Likelihood is 
the probability of an alien species affecting 
nature, nature’s contributions to people, 
good quality of life and/or the economy, 
and Consequence is the magnitude of 
impacts if an introduction event occurs 
(D’hondt et al., 2015).

S

Safe trade: export of products that are 
free from invasive alien species (Burgiel et 

al., 2006).

Sentinel sites or locations: selected 
locations with heightened levels of 
detection and effective reporting 
through concentration of activities on 
subpopulations to enhance detection and 
improve cost-effectiveness of invasive alien 
species surveillance efforts (Keeling et al., 
2017). 

Site-based management: programmes 
that aim to manage the impacts of invasive 
alien species within a site/area through both 
implementation of control measures and 
where necessary restoration (sometimes 
referred to as asset protection) e.g., within 
high value protected sites/areas. 

Species-led management: invasive 
alien species management (in all contexts) 
focused on reducing the threats and 
impacts of specific or multiple invasive alien 
species.

Surveillance: actions, including extended 
programme of surveys and general 
surveillance (capturing unstructured 
and untargeted surveillance data 
and information from a wide range of 
sources), undertaken in order to directly 
or indirectly detect the presence of one 
or many invasive alien species over time 
(CEPM, 1996; Clift, 2008; CPM, 2015).

T

Tragedy of the commons: a situation in 
which individuals with access to a public 
resource (also called a common) act in their 
own interest and, in doing so, ultimately 
deplete the resource (Spiliakos, 2019). 

Transformative change: a fundamental, 
system-wide reorganization across 
technological, economic, and social factors 
making sustainability the norm (Díaz et al., 
2019).

Transformative governance: the set of 
formal and informal (public and private) 
rules, rulemaking systems and actor 
networks at all levels of human society that 
enable transformative change (Visseren-
Hamakers et al., 2021). 

Trend: temporal trends are directional 
long-term changes (i.e., decades to 
centuries) in numbers of species, 
populations or individuals introduced, or 
the spatial extent of colonization (Buckland 
et al., 2017). In this assessment report, 
trends are presented as indicators of 
species numbers (species richness) and 
rates of accumulation of species (e.g., first 
records of a species in a given location) 
over time.

V

Value chains (that link production 
systems, markets and consumers): 
a contact network, which provides 
opportunities for the transmission of 
contagious diseases within and between 
sectors. It follows that these chains 
(networks) can be understood and taken 
into account in planning risk management 
strategies for disease prevention and 
control” especially in relation with “risky 
parts of the value chain” (FAO, 2011a).

Vector: Any living or non-living carrier that 
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 ANNEX II
Acronyms

ASEAN Association of Southeast Asian Nations 

AU$ Australian dollar 

BWM Convention International Convention for the Control 
and Management of Ships' Ballast Water 
and Sediments 

CABI Centre for Agriculture and Biosciences 
International 

CARE Collective Benefit, Authority to Control, 
Responsibility and Ethics 

CBD Convention on Biological Diversity 

CITES Convention on International Trade in 
Endangered Species of Wild Fauna and 
Flora 

CO2 Carbon dioxide 

COP Conference of the Parties 

COVID-19 Coronavirus disease 2019 

CRISPR Clustered Regularly Interspaced Short 
Palindromic Repeats 

DIISE Database of Island Invasive Species 
Eradications 

DNA Deoxyribonucleic Acid 

DPSR Driver- Pressure- State- Response 

dsRNA double-stranded Ribonucleic Acid 

EICAT Environmental Impact Classification for 
Alien Taxa 

€ Euro 

FAIR Findable, Accessible, Interoperable and 
Reusable 

FAO Food and Agriculture Organization (of the 
United Nations) 

GDP Gross Domestic Product 

GEF Global Environment Facility 

GEO BON Group on Earth Observations Biodiversity 
Observation Network 

GISD Global Invasive Species Database 

GloNAF Global Naturalized Alien Flora 

GRIIS Global Register of Introduced and Inva-
sive Species 

IMO International Maritime Organization 

IPBES Intergovernmental Science-Policy 
Platform on Biodiversity and Ecosystem 
Services 

IPCC Intergovernmental Panel on Climate 
Change 

IPPC International Plant Protection Convention 

ISPM International Standards for Phytosanitary 
Measures 

ISSG Invasive Species Specialist Group 

IUCN International Union for Conservation of 
Nature 

MERCOSUR Mercado Común del Sur (Southern Com-
mon Market) 

NBSAPs National Biodiversity Strategies and 
Action Plans 

NZ$ New Zealand dollars 

PCR Polymerase Chain Reaction 

RHDV Rabbit Haemorrhagic Disease Virus 

RNAi Ribonucleic Acid Interference 

SARS-CoV-2 Severe Acute Respiratory Syndrome 
Coronavirus 2 

SCOPE Scientific Committee on Problems of the 
Environment 

SDGs Sustainable Development Goals 

SEICAT Socio-Economic Impact Classification for 
Alien Taxa 

SIDS Small Island Developing States 

SPS Agreement Agreement on the Application of Sanitary 
and Phytosanitary Measures 

SSC Species Survival Commission 

UNESCO United Nations Educational, Scientific, 
and Cultural Organization 

UNFCCC United Nations Framework Convention on 
Climate Change 

US$ United States dollars 

WCO World Customs Organization 

WHO World Health Organization 

WOAH World Organisation for Animal Health 

WTO World Trade Organization 
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Index
A
Acacia  8, 14, 38, 39, 44, 115, 116, 139, 140, 
166, 168, 190, 279, 298, 301, 323, 383, 404, 
410, 416, 429, 430, 436, 458, 459, 464, 466, 
467, 468, 481, 493, 499, 508, 510, 543, 546, 
547, 549, 554, 650, 651, 679, 689, 693, 696, 
716, 757

Acacia colei  139

Acacia dealbata  8, 115, 116, 140, 458, 
459, 464, 466, 467

Acacia decurrens  140

Acacia longifolia  38, 39, 323, 410, 416, 
430, 458, 459, 466

Acacia mangium  429, 481, 493, 554

Acacia mearnsii  139, 168, 404, 464, 467, 
481, 493, 499, 510, 547, 650, 651, 689

Acacia melanoxylon  139

Acacia saligna  436, 464, 468

Acanthis sp.  154

Aceria litchii  104, 146

Aceria tristriata  104

Achaea catocaloides  164, 232

Acridotheres javanicus  494

Acridotheres tristis  93, 94, 95, 137, 140, 
152, 192, 416, 494, 495, 548

Aculops lycopersici  104, 152

Adelges piceae  170, 434

Aechmorhynchus parvirostris  600

Aedes  XXVI, 38, 44, 51, 52, 102, 146, 192, 
207, 239, 245, 287, 317, 350, 351, 352, 380, 
488, 490, 556, 621, 622, 636

Aedes aegypti  52, 102, 192, 207, 239, 317, 
490, 556, 621, 622

Aedes albopictus  XXVI, 38, 44, 51, 102, 
146, 239, 287, 352, 380, 490, 621

Aedes camptorhynchus  636

Aerva javanica  466

Agathis australis  483

Agave americana  166, 493, 499

Ageratina adenophora  435, 593

Ageratum conyzoides  164, 368, 466, 540

Agrilus planipennis  102, 170, 189, 253, 
433, 434, 483, 484, 489, 493, 516, 593, 654

Agropyron cristatum  170, 467

Agrostis  295, 378, 421, 468, 534

Agrostis alba  468

Agrostis stolonifera  295, 378, 421, 534

Agrotis infusa  323, 387

Ailanthus altissima  89, 114, 159, 166, 366, 
378, 430, 483, 484, 485, 486

Akebia quinata  301

Alburnus alburnus  158

Alces alces  494

Alectoris rufa  280

Alexandrium minutum  119, 138, 152

Alexandrium tamarense  119, 140

Alliaria petiolata  428

Alligator mississippiensis  98, 439

Allopeas clavulinum  493

Allopeas gracile  493

Alopochen aegyptiaca  95, 159

Alternanthera philoxeroides  175, 302, 
312, 471

Alternaria  302, 388

Amanita muscaria  123, 141, 147, 152

Amanita phalloides  123, 146, 240

Amaranthus  183

Amblyomma americanum  640

Ambrosia artemisiifolia  XXVI, 44, 488, 489, 
533, 545, 644

Ambystoma tigrinum  422, 423

Ameiurus melas  769

Ammophila  187, 363, 368

Ammotragus lervia  144

Amorpha fruticosa  466

Amphibalanus Amphitrite  316

Amphibalanus eburneus  107

Amphibalanus improvisus  107, 108, 152, 
159

Anabaenopsis raciborskii  159

Anadara trapezia  427

Anas platyrhynchos  94, 310, 355, 398, 
418, 422, 423, 427

Anas superciliosa superciliosa  427

Anaxyrus fowleri  286

Andrias davidianus  100

Andropogon gayanus  38, 57, 169, 302, 
598, 651, 834

Anemonia alicemartinae  109, 221

Angiostrongylus cantonensis  488, 523, 
544, 555, 556, 596

Anguilla anguilla  446, 522, 545, 546, 554

Anguilla japonica  300, 446

Anguillicola crassus  300, 349, 351, 445, 
446, 545, 547, 554

Anolis cristatellus  98

Anolis porcatus  98

Anolis sagrei  98, 146

Anolis spp.  133

Anopheles gambiae  9

Anopheles quadrimaculatus  102

Anopheles spp  415

Anoplolepis gracilipes  XXIV, 102, 154, 209, 
327, 409, 411, 418, 423, 433, 434, 435, 436, 
437, 468, 486, 491, 680

Anoplophora glabripennis  102, 237

Anthidium manicatum  288, 361

Anthornis melanocephala  412

Anthus antarcticus  421

Antipathes dichotoma  446

Antipathes grandis  446

Aphanomyces astaci  125, 159, 160, 185, 
439

Aphis glycines  327, 663

Apis  102, 103, 235, 288, 419, 464, 465, 527

Apis mellifera  103, 235, 288, 419, 464, 
465, 527

Apis mellifera scutellata  103

Aplidium glabrum  338

Apodemus sylvaticus  135, 155, 156

Arapaima gigas  213, 235, 594

Arcuatula senhousia  105, 106

Ardisia crenata  295, 368

Argiope trifasciata  104

Argopecten spp  759

Argyrosomus regius  301, 350

Arion ater  106

Arion vulgaris  106

Artema atlanta  104

Artemisia  39, 113, 467

Artemisia absinthium  467

Artemisia vulgaris  39

Arthurdendyus triangulatus  110, 236

Artocarpus heterophyllus  429, 531

Arundo donax  130, 317, 322, 383, 467

Ascidiella aspersa  138, 475

Asparagopsis  118, 119, 322

Asparagopsis armata  118, 119

Asphodelus fistulosus  633

Asterias amurensis  XXVI, 109, 474, 495, 
656

Asterias rubens  106, 448

Atelopus  414, 415, 541

Athelia rolfsii  319

Atriplex  113

Aulacaspis yasumatsui  303

Aulacomya atra  449, 450

Austrocylindropuntia subulata  169

Austrominius modestus  316

Austropotamobius pallipes  439

Austropuccinia psidii  123, 152, 323, 350, 
411, 483

Avena barbata  329

Avicularia avicularia  146

Avipoxvirus spp.  419

Axis axis  565, 599

Axis porcinus  325, 357

Azadirachta indica  140
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Azolla filiculoides  117, 141, 160, 177, 244, 
302, 471, 494

B
Bacillus thuringiensis  636, 641

Bacillus thuringiensis israelensis  636

Bactrocera carambolae  192, 232, 349

Bactrocera cucurbitae  140

Bactrocera dorsalis  140, 320, 384, 458, 
459, 463, 465, 482, 483, 494

Bactrocera tryoni  676, 683, 780

Balanus glandula  107, 138, 227

Balearica regulorum  742, 743

Bambusa vulgaris  115, 116

Batillaria attramentaria  39, 474

Batrachochytrium  XXV, XXVIII, XXXV, 23, 99, 
122, 123, 146, 160, 172, 216, 231, 258, 293, 
359, 411, 413, 414, 415, 421, 422, 433, 435, 
437, 526, 541

Batrachochytrium dendrobatidis  XXV, 
XXVIII, XXXV, 23, 122, 123, 146, 160, 172, 216, 
231, 359, 411, 413, 414, 415, 421, 422, 433, 
435, 437, 526, 541

Batrachochytrium salamandrivorans  99, 
123, 258

Baylisascaris procyonis  303, 547

Beauveria  620

Bellis perennis  334

Bemisia tabaci  102, 124, 192, 241, 693

Beroe ovata  449, 553

Biancaea decapetala  140, 467

Bidens pilosa  114, 138

Bipolaris maydis  146

Boa constrictor  98

Boccardia tricuspa  110

Boiga irregularis  XXVI, XXVIII, 9, 64, 98, 
150, 153, 164, 243, 244, 284, 411, 418, 423, 
433, 435

Bombus  102, 288, 373, 434, 436, 464, 468, 
494, 534, 651, 685, 689, 691

Bombus terrestris  288, 434, 436, 464, 468, 
494, 534, 651, 685, 689, 691

Bonamia ostreae  184, 300, 445

Bonnemaisonia hamifera  159

Bosmina (Eubosmina) coregoni  448

Bos taurus  93, 420, 435, 494

Bothriochloa ischaemum  170, 302, 466

Botrylloides violaceus  301, 306, 338, 445

Botryllus schlosseri  306

Brachidontes pharaonis  336, 846

Bradybaena similaris  493

Branta canadensis  95, 159

Brassica nigra  466

Brassica rapa  147

Brignolia parumpunctata  104

Bromus  14, 38, 63, 169, 170, 238, 307, 308, 
309, 320, 323, 329, 330, 355, 361, 388, 422, 
434, 435, 465, 466, 467, 468

Bromus diandrus  329

Bromus hordeaceus  467

Bromus inermis  170, 238, 467

Bromus japonicus  468

Bromus tectorum  14, 38, 169, 170, 307, 
308, 309, 323, 330, 355, 388, 422, 434, 435, 
465, 466, 467

Brontispa longissima  102, 152

Broussonetia papyrifera  139, 164

Bubalus bubalis  38, 42, 136, 416, 467, 471, 
472, 640, 659

Bubo virginianus  94

Bubulcus ibis  146, 328, 371

Bufotes balearicus  98

Bugeranus carunculatus  742, 743

Bugula neritina  338

Bugulina flabellata  338

Bursatella leachii  140

Butia yatay  599

C

Cabomba caroliniana  175

Cactoblastis cactorum  275, 327, 350, 382

Calamagrostis arenaria  324

Caligus spp.  300

Calliandra houstoniana  139

Callosciurus erythraeus  334, 353

Callosciurus finlaysonii  334

Calluna  430

Calotropis gigantea  139

Calotropis procera  114, 146

Camarhynchus heliobates  663

Camelus dromedarius  42, 54, 93, 171, 
211, 481, 528

Camelus spp  466, 494, 618

Cameraria ohridella  102, 159

Campanulaceae  419, 558

Campanula rapunculoides  465

Campylopus introflexus  119, 120, 146, 
159, 175, 226

Canis lupus dingo  38

Canis lupus familiaris  93, 422, 436

Capra hircus  XXXVIII, 93, 155, 156, 397, 
411, 418, 421, 422, 435, 436, 494, 564, 597, 
600, 618, 638, 651, 677

Capra sp.  147

Caprella mutica  107, 350

Capreolia  118, 205

Capsella bursa-pastoris  114, 182, 467

Carassius auratus  23

Carassius gibelio  39

Carcinus aestuarii  108, 692

Carcinus maenas  XXVI, XXVIII, XXXV, 38, 39, 
68, 108, 146, 210, 327, 422, 445, 446, 447, 
474, 475, 532, 536, 544, 558, 559, 636, 711

Cardiospermum  426, 427

Cardiospermum grandiflorum  426, 427

Cardiospermum halicacabum  426

Carex  113, 322

Carex kobomugi  322

Carica papaya  153

Carijoa riisei  XXVIII, 422, 445, 446, 447, 
535, 538, 539, 551

Carmenta mimosa  743

Carpobrotus  166, 187, 410, 416, 459, 465, 
466, 467

Carpobrotus acinaciformis  466

Carpobrotus edulis  166, 459

Carpobrotus spp.  410, 416, 465, 467

Cassia fistula  656

Castor canadensis  XXIV, 328, 429, 434, 
533, 696

Casuarina  298, 466

Casuarina cunninghamiana  466

Catharanthus roseus  139

Caulerpa  38, 39, 118, 119, 140, 152, 308, 
322, 354, 361, 371, 387, 410, 411, 421, 422, 
427, 445, 446, 447, 448, 522, 525, 529, 530, 
533, 534, 535, 540, 542, 544, 545, 548, 557, 
640, 669, 804, 842, 851

Caulerpa chemnitzia  140

Caulerpa cylindracea  119, 140, 308, 354, 
371, 410, 411, 422, 445, 446, 447

Caulerpa racemosa  39, 308, 361, 522, 
525, 530, 540, 548, 557

Caulerpa taxifolia  38, 39, 118, 119, 152, 
421, 422, 427, 445, 446, 447, 448, 529, 530, 
533, 534, 535, 542, 544, 545, 640, 669, 804

Cedrela odorata  466, 759

Celastrus orbiculatus  467

Cenchrus biflorus  493

Cenchrus ciliaris  XXVIII, 38, 169, 171, 232, 
302, 349, 371, 372, 430, 434, 435, 465, 466, 
481, 494, 521, 524, 651

Cenchrus clandestinus  175, 467, 468, 472

Cenchrus echinatus  153

Cenchrus geniculatus  467

Cenchrus polystachios  169

Cenchrus setaceus  38

Centaurea solstitialis  38, 222, 467, 493

Centaurea stoebe  170, 465

Centaurea stoebe subsp. australis  170

Centris nitida  322

Centrolobium paraense  759

Centrostephanus rodgersii  109

Cepaea nemoralis  106

Ceratitis capitata  102, 705

Ceratocystis  140, 411, 419, 436, 464, 467, 
468, 493, 523, 536, 539, 551

Ceratocystis fimbriata  140

Ceratocystis platani  411, 436, 464, 467, 
468, 493

Cercopagis pengoi  108, 177, 240, 448, 
475, 522, 534, 542, 547

Cernuella virgata  106

Ceroplastes cirripediformis  564, 637, 
691, 711

Cervus elaphus  149, 494

Cervus elaphus canadensis  494

Cervus nippon  423, 493

Chalara fraxinea  796, 837

Chamaecyparis lawsoniana  312, 388
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Champsodon nudivittis  181

Charybdis japonica  635, 709

Charybdis longicollis  181, 224

Chattonella marina  152

Cheiracanthium mildei  104

Chelicorophium curvispinum  108

Chelodina rugosa  491

Chelydra serpentina  98, 159

Chenopodiastum murale  153

Chenopodium album  114

Cherax quadricarinatus  108, 138, 140, 
146, 152

Chilo partellus  458, 459, 463, 465, 488

Chionanthus  433

Chloris sp.  154

Chondracanthus chamissoi  118, 258

Chondrus crispus  446

Choromytilus meridionalis  449, 450

Chromolaena odorata  42, 61, 89, 114, 
139, 140, 164, 168, 189, 307, 330, 333, 352, 
385, 386, 388, 513, 515, 551, 693

Cichla  97, 217

Cinchona pubescens  466, 759

Ciona intestinalis  XXV, XXVI, 445, 474, 475

Ciona robusta  230, 475

Cirrhinus mrigala  469, 471

Cirsium arvense  165, 465

Clarias gariepinus  439, 440, 469, 470, 471, 
494, 534

Clathrus archeri  122, 160, 238

Cleistogenes spp.  170

Clostridium botulinum  416, 526, 559

Clupea harengus  449, 534, 539

Coccinella septempunctata  328

Cochliomyia hominivorax  621

Codium fragile  118, 119, 146, 246, 254, 
301, 306, 353, 445, 474, 475, 673

Colletotrichum gloeosporioides f. sp. 
miconiae  593

Colobanthus quitensis  420

Columba livia  38, 95, 146, 152, 183, 436, 
465, 466, 468, 485, 486, 494

Conilurus penicillatus  453

Conium maculatum  493

Conyza  166

Coptotermes formosanus  102

Corbicula fluminalis  106, 324

Corbicula fluminea  105, 106, 138, 146, 
159, 337, 355, 470, 471, 495, 501, 539

Cordia alliodora  297, 385, 759

Coregonus lavaretus  648

Cornu aspersum  106

Cortaderia selloana  465

Corvus splendens  95, 137, 140, 152, 192, 
237, 437, 493, 494

Corythucha arcuata  493

Coscinodiscus wailesii  119, 159

Cotoneaster  113

Craspedacusta sowerbii  138, 238

Crassostrea spp.  759

Crassostrea virginica  106, 300, 350, 353, 
446, 548

Crassula helmsii  117

Crepidula fornicata  106, 204, 251, 445, 
448, 524, 529, 542, 555

Crocidura russula  435

Crocidura suaveolens  155, 156

Crocodylus rhombifer  469, 471

Cronartium ribicola  122, 123

Cryphonectria parasitica  122, 123, 140, 
302, 379, 411, 464, 467, 531

Cryptosporidium  491

Cryptostegia grandiflora  169, 189, 515, 
543

Ctenopharyngodon idella  184, 422, 438, 
442, 469, 471

Cucumis myriocarpus  465

Culex  XXV, 419, 488, 490, 541, 556, 636

Culex quinquefasciatus  XXV, 419, 490, 
541, 556

Culex sitiens  636

Culicoides  319, 634, 680

Cyanoramphus novaezelandiae 
erythrotis  412

Cydalima perspectalis  436

Cydia pomonella  621

Cymodocea nodosa  448, 543, 552

Cynara cardunculus  399

Cynodon dactylon  284, 302

Cyperus rotundus  114, 302

Cyprinus carpio  96, 144, 146, 152, 158, 
185, 186, 189, 202, 225, 321, 409, 438, 442, 
458, 459, 469, 470, 471, 482, 485, 486, 494, 
500, 510, 550, 556, 557, 638, 692, 715

Cytisus spp.  166

D
Dactylopius Opuntiae  593

Dactylopius spp.  640

Dahlia imperialis  139

Dama dama  93, 149

Dasyprocta leporina  142

Dasypus novemcinctus  142

Dasysiphonia japonica  119

Dasyurus geoffroii  453, 545

Dasyurus viverrinus  453

Datura stramonium  114

Daubentonia madagascariensis  137, 201

Decalobanthus peltatus  466, 587

Delia antiqua  621

Dendrelaphis punctulatus  426

Dendroctonus valens  643, 715

Dendrolagus matschiei  148

Dengue virus  482, 483, 484, 488, 493

Deroceras reticulatum  466

Deschampsia antarctica  420

Diabrotica spp.  192

Diabrotica virgifera  284, 351, 358, 692

Dicentrarchus labrax  301

Dichanthium annulatum  302

Dichanthium aristatum  302

Dichanthium sericeum  170

Dichrostachys cinerea  147

Didelphis marsupialis  142

Didemnum spp.  445

Didemnum vexillum  301, 306, 410, 445, 
448, 530, 532, 539, 542, 636, 698, 706

Didymosphenia geminata  146

Digitaria sanguinalis  319

Dikerogammarus villosus  108, 242, 438, 
530

Dipolydora giardi  110

Discula destructiva  123

Diuraphis noxia  194, 202

Dreissena polymorpha  XXV, XXXIII, 9, 39, 
106, 159, 177, 213, 279, 309, 312, 315, 415, 
422, 439, 440, 441, 450, 458, 459, 470, 471, 
483, 484, 488, 494, 495, 500, 539, 543, 550

Dreissena rostriformis bugensis  106, 177, 
237, 311, 415, 470, 471, 495, 578, 669

Dreissena spp.  105, 410, 422

Drosera rotundifolia  175, 254

Drosophila suzukii  102, 192, 214

Durvillaea antarctica  119, 321

Duttaphrynus melanostictus  99, 100, 140, 
141, 230, 235, 254, 317, 370

Dysdera crocata  104

E
Echinochloa crus-galli  114

Echinochloa pyramidalis  470, 472

Echium plantagineum  307, 403

Elaeagnus angustifolia  494, 549, 704

Elaeagnus umbellata  312, 375, 465, 467

Elaeis guineensis  337, 759

Electrophorus electricus  593

Eleocharis dulcis  491

Eleusine indica  114, 147, 153

Eleutherodactylus coqui  59, 100

Eleutherodactylus johnstonei  100

Eleutherodactylus planirostris  100, 150, 
230

Elodea canadensis  117, 158, 160

Elodea nuttallii  117, 160

Elodea spp.  158, 207

Elymus athericus  472

Emberiza citrinella  154

Engraulis encrasicolus  449

Ensifer medicae  125

Ensis leei  106

Epiblema strenuana  644

Epiphyas postvittana  221, 774

Equus asinus  93, 715

Equus caballus  41, 42, 93, 170, 171, 564, 
617, 774

Equus ferus  485, 486, 493, 499, 524

Eragrostis curvula  170, 467
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Eragrostis lehmanniana  170, 302, 416, 465

Eratigena agrestis  104

Eretmoptera murphyi  203, 420, 523

Erigeron canadensis  114, 158

Erinaceus europaeus  303, 690, 774

Eriocheir sinensis  108, 716

Eriophorum vaginatum  175

Erodium cicutarium  466, 467, 468

Erwinia amylovora  159

Erysiphe  122, 160, 222

Erysiphe alphitoides  122

Esox lucius  648

Etrumeus golanii  181

Eucalyptus  113, 123, 139, 190, 298, 301, 
352, 354, 359, 360, 363, 370, 436, 467, 483, 
536, 757, 758, 826, 830

Eucalyptus camaldulensis  363, 436, 536

Eucalyptus globulus  301, 359, 436, 467, 
758, 826

Eucheuma denticulatum  300, 445, 448, 
485, 486, 495, 531

Eudistoma elongatum  635, 709

Euglandina rosea  106, 152, 212, 298, 328, 
411, 412, 419, 423, 435

Eulemur albifrons  137, 201

Euphorbia  113, 139, 153, 170

Euphorbia hirta  139, 153

Euphorbia prostrata  153

Euphorbia virgata  170

Eurypanopeus depressus  449

Euwallacea fornicatus  654

Evechinus chloroticus  328, 350

F
Falcataria  298, 466

Falcataria falcata  466

Faxonius immunis  441

Faxonius limosus  108, 159, 422, 439, 441

Felis catus  XXXVIII, 38, 77, 93, 133, 140, 
155, 156, 317, 357, 365, 375, 397, 409, 411, 
412, 413, 418, 421, 422, 423, 432, 433, 450, 
453, 527, 530, 549, 586, 588, 600, 644, 649, 
668, 679

Festuca arundinacea  302

Ficopomatus enigmaticus  410, 475

Frangula alnus  472

Frankliniella occidentalis  465

Fraxinus excelsior  376, 796, 837

Fraxinus nigra  484, 516, 527, 593

Fraxinus spp.  483, 829

Fraxinus uhdei  466

Freycinetia arborea  419, 527

Fringilla coelebs  137

Fusarium  210, 465, 622, 696, 778

Fusarium circinatum  465

G
Gadus morhua  301, 367, 449

Galinsoga parviflora  158

Galium  113

Gambusia affinis  39, 96, 152, 298, 328, 
387, 404, 469, 471, 542, 551, 552

Gambusia holbrooki  96, 140, 152, 159, 
298, 328, 387

Gambusia spp.  144

Gammarus duebeni  438

Gammarus pulex  470, 471

Gastrocopta servilis  493

Gecarcoidea natalis  XXIV, 327, 331

Gehyra dubia  338

Gehyra mutilata  140

Gemma gemma  XXXV, 327

Genista aetnensis  466, 467

Genista monspessulana  14

Geostilbia aperta  493

Geranium  113

Giardia  491

Gibelion catla  471

Gleditsia triacanthos  466

Glis glis  155, 156

Globodera rostochiensis  284

Glossina spp.  621

Glycine max  663

Gonionemus spp.  495

Gonometa podocarpi  164

Gracilaria chilensis  118, 220

Gracilaria salicornia  118

Gracilaria vermiculophylla  118, 119, 301, 
474, 475, 554

Grateloupia turuturu  118

Grevillea banksii  510

Gryon japonicum  111

Gulella bicolor  493, 494

Guppya gundlachi  493

H
Haematopus moquini  449, 527

Haematopus ostralegus  445

Hakea spp.  166

Halodule wrightii  448

Halophila decipiens  448

Halophila stipulacea  67, 117, 257, 421, 
445, 446, 448, 523, 543, 547, 552, 554

Halyomorpha halys  XXXVIII, 111, 192, 228, 
632, 654, 670, 676, 693, 696

Haplosporidium nelsoni  300, 353, 411, 
422, 445

Harmonia axyridis  102, 159, 328, 621, 645, 
673, 706, 826, 834

Hasarius adansoni  104

Hedera helix  489, 524, 538

Hedychium spp.  163

Helianthus tuberosus  301

Helice tientsinensis  330

Helicoverpa armigera  622, 695

Hemiaspis signata  426

Hemidactylus frenatus  98, 140, 146, 152, 
338

Hemidactylus mabouia  98, 146

Hemidactylus turcicus  98

Hemigrapsus oregonensis  446

Hemigrapsus sanguineus  39, 107, 204, 
215

Hemimysis anomala  108, 202

Hemitragus jemlahicus  655

Heracleum mantegazzianum  312, 378, 
388, 488, 489, 490, 538, 540

Heracleum pubescens  466, 468, 470, 
472, 491

Herpestes javanicus auropunctatus  93, 
144, 164, 192, 328, 587

Herpestes sp.  153

Heterobasidion annosum  284

Heterobasidion irregulare  467

Heteropoda venatoria  104

Hilaria belangeri  466

Hippopotamus amphibius  XXIX, 144

Hiptage benghalensis  141

Hirundo rustica  183

Holcus lanatus  467

Homalodisca vitripennis  38

Hordeum murinum  329

Hovenia dulcis  303, 376

Hydrilla verticillate  189

Hydrocotyle  120, 158

Hydrocotyle ranunculoides  158

Hydromedion sparsutum  421, 526

Hylaeus spp.  419

Hymenachne amplexicaulis  169, 584, 598

Hymenoscyphus albidus  796, 845

Hymenoscyphus fraxineus  121, 122, 159, 
302, 465, 482, 493, 796, 824

Hymenoscyphus pseudoalbidus  796, 852

Hyparrhenia hirta  467

Hyparrhenia rufa  169, 467, 493

Hypericum  113, 467, 665, 673

Hypericum perforatum  467, 665, 673

Hypnea musciformis  118

Hypogastrura viatica  173

Hypogeococcus spp.  466

Hypophthalmichthys molitrix  184, 311, 
394, 442, 443, 469, 471, 494

Hypophthalmichthys nobilis  184, 311, 
442, 469, 471

I
Ianiropsis serricaudis  107

Icerya purchasi  102, 140, 146, 597, 674

Iguana iguana  98, 152, 284, 321, 328

Impatiens glandulifera  388, 416, 430, 437, 
458, 459, 465, 466, 467, 468, 472, 540, 805, 
828

Impatiens parviflora  165, 465

Imperata cylindrica  284, 388, 467, 508, 
526, 676

Indotyphlops braminus  98

Ipomoea carnea  139
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Ischnothyreus peltifer  104

Ixodes scapularis  491

J
Jacaranda mimosifolia  168

Jadera haematoloma  426

Jasminum fluminense  466

Jatropha gossypiifolia  169

Juglans neotropica  759

Juncus  113

Juniperus osteosperma  466

K
Kalanchoe delagoensis  295

Kappaphycus  118, 300, 351, 355, 421, 422, 
445, 446, 448, 482, 495, 523, 526, 539, 548, 
549, 552

Kappaphycus alvarezii  300, 351, 355, 421, 
422, 445, 446, 448, 495, 523, 526, 539, 548, 
549, 552

Kappaphycus striatus  118

Katelysia scalarina  68, 446, 558

Kindbergia praelonga  119

Kobus leche kafuensis  742, 743

Koelreuteria elegans  426, 467

Koelreuteria elegans subsp. 
formosana  467

Kummerowia striata  315, 388

L
Laevicaulis alte  466, 468, 488, 493

Lagarosiphon major  117

Lagocephalus sceleratus  489, 491, 495, 
523

Laguncula pulchella  475

Lambertella albida  796, 852

Lampropeltis getula  98

Lantana camara  XXV, 41, 42, 59, 77, 89, 
114, 130, 139, 140, 152, 164, 168, 169, 189, 
226, 252, 307, 334, 367, 368, 374, 384, 409, 
430, 481, 510, 513, 522, 530, 538, 539, 540, 
553, 555, 558, 595, 636, 691, 696, 704, 710, 
842

Larus argentatus  445

Larus canus  445

Lasius neglectus  434, 436

Lates niloticus  XXV, XXVIII, 9, 137, 188, 189, 
292, 297, 311, 349, 353, 394, 414, 422, 439, 
441, 442, 471, 494, 510, 521, 534, 547, 650

Latrodectus geometricus  104, 152

Latrodectus hasselti  152

Latrodectus mactans  103

Leiocephalus carinatus armouri  317

Leiothrix lutea  8

Leipoa ocellata  453

Lemna minuta  177, 208

Lepas sp.  316

Lepeophtheirus salmonis  300

Lepomis gibbosus  96, 159, 360

Leptinotarsa decemlineata  159

Leptocoris  426, 427

Leptocoris mutilatus  426, 427

Leptocoris tagalicus  426

Leptocybe invasa  164, 215

Leptogorgia  447

Leptoseris spp  447

Leptospermum  139

Lepus europaeus  93, 149, 155, 156

Lespedeza cuneata  20, 649

Leucaena leucocephala  77, 89, 114, 139, 
140, 141, 146, 152, 164, 295, 302, 317, 387, 
759

Leucaena leucocephala subsp. 
glabrata  295

Ligustrum lucidum  303, 326, 349, 355, 
429, 466, 537

Ligustrum sinense  467

Limax maximus  106

Limnoperna fortunei  106, 144, 205, 242, 
543, 623, 704

Limnothrissa miodon  137

Linaria vulgaris  467

Linepithema humile  38, 102, 126, 256, 
303, 315, 409, 411, 418, 419, 422, 433, 434, 
435, 437, 450, 686

Liriomyza huidobrensis  319

Liriomyza sativae  465

Liriomyza trifolii  465

Lissachatina fulica  XXIV, XXV, 38, 106, 140, 
146, 152, 154, 298, 317, 327, 328, 331, 361, 
411, 412, 419, 458, 459, 466, 468, 482, 483, 
488, 490, 493, 494, 534, 641, 642

Lithobates catesbeianus  99, 100, 146, 
150, 152, 159, 192, 230, 308, 679, 769

Littorina littorea  16, 106, 207, 445, 474

Lolium perenne  334

Lonchura oryzivora  494

Lonicera  38, 362, 428, 465, 467, 640

Lonicera japonica  465

Lonicera maackii  362, 467, 640

Lonicera tatarica  38

Lotus corniculatus  126, 250

Loxosceles rufescens  104

Loxothylacus panopaei  445, 449, 536

Ludwigia grandiflora  117, 688, 769

Ludwigia peploides  117

Ludwigia spp  158, 534

Lumbricus terrestris  38, 429

Lunularia cruciata  119

Lupinus polyphyllus  38, 468

Lymantria dispar  102, 212, 252, 434, 465, 
483, 484, 641

Lynx rufus  439

Lyrodus pedicellatus  474

Lythrum salicaria  127, 334, 472, 722, 763

M
Maconellicoccus hirsutus  146

Macrobrachium rosenbergii  108, 138, 146

Macropus giganteus  453, 715

Magallana angulata  8

Magallana gigas  XXIV, 39, 105, 106, 119, 
184, 185, 300, 316, 337, 394, 396, 410, 444, 
445, 474

Malva arborea  600

Malva neglecta  468

Malva parviflora  153, 468

Margaritifera margaritifera  439, 554

Marteilia refringens  300, 445

Mastocarpus latissimus  119

Matricaria chamomilla  468

Matricaria discoidea  158

Medicago minima  467

Medicago polymorpha  125, 153, 240

Megachile  102

Megalops atlanticus  475, 546

Megathyrsus maximus  302, 304, 334, 379

Melaleuca  382, 483, 513, 554

Melampsoridium hiratsukanum  122

Melanoides tuberculata  106, 146

Melanothamnus harveyi  119, 187

Melia azedarach  130, 168, 467

Melilotus albus  467, 493

Melinis minutiflora  14, 169, 312, 334, 467

Melinis repens  315, 377

Menemerus bivittatus  104

Mermessus trilobatus  104, 159

Mesorhizobium loti  126

Metarhizium  620

Metrosideros polymorpha  234, 419, 523, 
527, 535, 536, 539

Miconia calvescens  234, 593

Microgoura meeki  412

Micropholcus fauroti  104

Micropterus dolomieu  436

Micropterus salmoides  96, 649, 714

Micropterus spp.  639

Microstegium vimineum  465, 805

Microtus arvalis  155, 156

Microtus levis  173

Mikania micrantha  XXXIX, 42, 164, 284, 
321, 481, 507, 516, 555, 565, 644, 669, 678, 
681, 699, 707, 849, 852

Mimosa diplotricha  164

Mimosa pigra  38, 169, 175, 507, 515, 550, 
596, 598, 722, 723, 742, 743, 744, 848, 850

Mirofolliculina limnoriae  138

Miscanthus  295, 301, 362, 381

Miscanthus sacchariflorus  301

Miscanthus sinensis  301

Mnemiopsis leidyi  XXV, 9, 109, 205, 221, 
248, 275, 336, 375, 449, 530, 532, 535, 538, 
539, 548, 550, 552, 553, 838

Monomorium pharaonis  468, 494

Mononychellus tanajoa  140

Montanoa hibiscifolia  139

Morator aetatulas  411

Morella faya  163

Mullus surmuletus  448, 542
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Muricea spp.  447

Mus musculus  77, 89, 93, 140, 146, 152, 
171, 201, 397, 418, 421, 542

Mussismilia harttii  180

Mustela erminea  303, 434, 692, 701

Mustela nivalis  135

Mustela putorius furo  303

Mustela vison  38, 39, 93, 157, 159, 160, 
173, 293, 302

Mya arenaria  446, 532

Mycobacterium bovis  303, 370, 383, 698, 
700

Mycoplasma bovis  592, 677

Mycteria americana  439

Myiagra freycineti  XXVI, 411

Myicola ostreae  184, 300, 445

Myiopsitta monachus  95, 171, 649, 769

Myocastor coypus  XXXIX, 93, 159, 293, 
638, 648, 702

Myriopathes spp.  447

Myriophyllum  117, 120, 141, 158, 309, 439, 
534, 539, 558

Myriophyllum aquaticum  117, 141, 158

Myriophyllum spicatum  309, 439, 534, 
539, 558

Myrmica rubra  437

Mysis relicta  437

Mytella strigata  445, 474, 475, 541

Mytilicola orientalis  300, 445

Mytilopsis sallei  XXVI, 445, 474, 640, 714, 
715

Mytilus cf. platensis  105, 420

Mytilus edulis  106, 444, 446, 448, 555, 641

Mytilus galloprovincialis  39, 105, 138, 205, 
316, 323, 372, 421, 422, 445, 446, 447, 449, 
475, 524, 535, 536, 542, 549, 550, 551, 552, 
554, 555

Mytilus sp.  316

Mytilus trossulus  449, 524

Myxobolus cerebralis  39

Myxoma virus (MYXv)  622

N
Nandina domestica  467

Nematus oligospilus  464, 468, 525, 526

Neocosmospora euwallaceae  654

Neogobius melanostomus  177, 368, 410, 
416, 536, 549

Neoscona nautica  104

Nesoenas picturatus  94

Nesofregetta fuliginosa  600

Nomadacris septemfasciata  93

Nosema bombi  39

Numenius spp.  445

Nyctereutes procyonoides  93, 157, 293, 
490

Nymphaea macrosperma  491

Nymphaea spp.  395, 491, 492

Nymphaea violacea  491

Nypa fruticans  337, 374

O
Obama nungara  110, 226

Occidryas editha  428

Ochlodes venata faunus  20

Oculina patagonica  309, 381

Odocoileus virginianus  439, 640, 710

Oecobius navus  104

Oenothera  113, 158

Oenothera biennis  158

Oncorhynchus  96, 144, 146, 185, 188, 189, 
211, 257, 300, 311, 363, 400, 438, 442, 510, 
593, 759

Oncorhynchus apache  593

Oncorhynchus gorbuscha  300, 311, 363

Oncorhynchus keta  300

Oncorhynchus mykiss  96, 144, 146, 185, 
189, 257, 400, 442, 759

Oncorhynchus nerka  438

Oncorhynchus tshawytscha  510

Ondatra zibethicus  XXXIX, 9, 93, 157, 293, 
400

Ophiostoma novo-ulmi  122, 123, 159, 
205, 302

Ophiostoma ulmi  122, 159

Ophraella communa  644

Opilio canestrinii  104, 159

Opopaea concolor  104

Opuntia  XXVIII, 9, 113, 114, 116, 168, 169, 
190, 217, 281, 292, 302, 317, 327, 372, 480, 
494, 515, 553, 565, 593, 640, 643, 672, 708, 
848

Opuntia engelmannii subsp. 
lindheimeri  317

Opuntia ficus-indica  114, 116, 168, 169, 
190, 281, 292, 372, 480, 708

Opuntia monacantha  9

Opuntia stricta  168, 217, 515, 553, 593, 
708, 848

Orconectes rusticus  XL, 309, 350

Oreochromis mossambicus  96, 189, 469, 
471, 485, 486, 494

Oreochromis niloticus  96, 140, 144, 146, 
185, 186, 353, 423, 439, 441, 442, 469, 471, 
485, 486, 494, 500, 501, 521, 547, 614

Oreochromis spp.  184, 292, 441, 759, 760

Orthodontium lineare  119, 120, 159

Oryctes rhinoceros  620, 644, 681

Oryctes rhinoceros nudivirus (OrNV)  644

Oryctolagus cuniculus  XXXVIII, 8, 9, 93, 
150, 155, 156, 227, 240, 302, 369, 420, 421, 
538, 565, 600, 622, 636, 645, 649, 677

Osmerus mordax  309

Osteopilus septentrionalis  284, 321, 324

Ostrea edulis  184, 223

Ostrea spp.  759

Ostreid herpesvirus  300, 445, 635

Ovis aries  93, 155, 156, 420

Oxalis corniculata  114

Oxalis pes-caprae  166, 380

Oxyura jamaicensis  293, 639, 769

Oxyura leucocephala  769

P
Pacifastacus leniusculus  39, 108, 159, 
439, 440, 441

Pacifigorgia  447

Palaemon macrodactylus  107

Pampusana erythroptera  600

Pangasianodon hypophthalmus  759

Panicum coloratum  170, 435

Panicum maximum  169

Papuana huebneri  587

Paralithodes camtschaticus  173, 180, 
181, 214, 215, 224, 226, 250, 311, 423, 475, 
495, 515, 574, 594

Paramoeba invadens  328

Paramuricea clavata  450

Parasteatoda tepidariorum  104

Paratrechina fulva  317, 436, 468

Paratrechina longicornis  434

Parthenium hysterophorus  XXVIII, 38, 42, 
139, 164, 168, 200, 284, 368, 433, 434, 437, 
489, 523, 540, 546, 555, 670

Partula  411

Partulidae  412, 534

Paspalum distichum  468

Passer domesticus  38, 95, 137, 140, 146, 
183, 317, 365

Passiflora sp.  637

Pastinaca sativa  491

Pectinophora gossypiella  621

Peganum harmala  284

Pelecanoides urinatrix  453

Pelodiscus sinensis  98

Pelophylax ridibundus  100, 159

Penaeus aztecus  474, 475, 551

Penaeus monodon  140

Penaeus vannamei  185, 205, 474

Perca fluviatilis  158, 360

Percnon gibbesi  140

Perna viridis  106, 241

Persicaria  113

Perumytilus purpuratus  450

Petrogale lateralis  453

Petrolisthes armatus  180

Petromyzon marinus  495, 711

Phakopsora pachyrhizi  121

Phalanger orientalis  148

Phalaris aquatica  465, 467

Phalaris arundinacea  472

Phasianus colchicus  95, 157, 264, 280

Pheidole megacephala  38, 102, 192, 418, 
419, 423, 434, 435, 436

Phellinus noxius  123

Phenacoccus manihoti  463, 465, 482, 
483, 494

Philine auriformis  181, 206

Philornis downsi  422, 435, 663

Pholcus phalangioides  104

Phoxinus phoxinus  648
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Phragmites  39, 183, 187, 189, 208, 234, 
275, 321, 322, 324, 329, 334, 335, 358, 362, 
367, 372, 386, 471, 472, 540, 622, 646, 687, 
783, 784, 805, 825

Phragmites australis  39, 183, 187, 189, 
208, 234, 275, 321, 324, 329, 334, 335, 358, 
367, 372, 386, 471, 472, 540, 646, 687, 783, 
784

Phthorimaea operculella  192, 228

Phyllanthus amarus  153

Phyllosticta citricarpa  121, 220

Phytophthora  121, 123, 124, 125, 146, 152, 
154, 159, 160, 193, 194, 203, 206, 214, 215, 
217, 226, 246, 253, 258, 290, 302, 312, 356, 
382, 416, 450, 464, 465, 466, 467, 482, 483, 
493, 665, 833

Phytophthora agathidicida  483

Phytophthora cactorum  125

Phytophthora cambivora  125, 159

Phytophthora cinnamomi  125, 146, 152, 
154, 194, 206, 302, 382, 464, 467

Phytophthora gonapodyides  125

Phytophthora infestans  124, 125, 160, 
217, 258, 833

Phytophthora lateralis  146, 312

Phytophthora pinifolia  123, 214

Phytophthora plurivora  125

Phytophthora ramorum  121, 124, 125, 
146, 159, 160, 226, 290, 302, 356, 416, 450, 
465, 466, 482, 493, 665

Piaractus mesopotamicus  759

Picea sitchensis  XXVI, 430

Pilea pumila  428

Piliocolobus kirkii  137, 212

Pimephales promelas  769

Pinus  14, 38, 53, 66, 115, 116, 123, 139, 
165, 169, 206, 212, 214, 228, 239, 243, 253, 
257, 284, 298, 301, 307, 356, 357, 359, 379, 
414, 429, 430, 436, 467, 493, 527, 555, 559, 
643, 649, 757, 846

Pinus bungeana  643

Pinus contorta  53, 66, 115, 116, 165, 228, 
239, 356, 527, 555, 649

Pinus elliottii  169, 212

Pinus halepensis  307, 357, 559

Pinus mugo  38, 467

Pinus patula  38, 139, 253, 429

Pinus pinea  284

Pinus radiata  38, 123, 139, 165, 206, 214, 
257, 436

Pinus tabuliformis  643

Pisolithus albus  141

Pistia stratiotes  114, 141, 175, 312, 439, 
441, 471, 537

Pitangus sulphuratus  94

Placopecten magellanicus  448, 530, 539

Plagiolepis alluaudi  434

Plantago lanceolata  183, 428

Plantago major  147

Plasmodium  419, 489

Plasmodium relictum  419

Plasmopara viticola  160, 219

Platanus ×hispanica  467

Platanus orientalis  464

Platydemus manokwari  110, 250, 361, 534

Plexippus paykulli  104

Plotosus lineatus  489, 495

Poa angustifolia  170

Poa annua  38, 130, 147, 174, 182, 209, 
290, 355, 373, 394, 420, 421, 558

Poa pratensis  173, 213, 239, 334, 466

Podranea ricasoliana  317, 365

Poecilia reticulata  96, 140, 144, 469, 471, 
494

Polydora bioccipitalis  110

Polydora hoplura  110

Polydora rickettsi  110

Polydora websteri  445

Polygonum aviculare  147

Polysiphonia argentinica  187

Polysiphonia morrowii  119, 211

Pomacea canaliculata  38, 106, 152, 258, 
439, 440, 441, 507, 544, 596, 598

Pontastacus leptodactylus  471

Pontederia crassipes  XXV, XXVI, XXXIII, 8, 
38, 39, 89, 114, 117, 130, 139, 140, 141, 142, 
152, 158, 175, 177, 189, 264, 265, 289, 297, 
312, 321, 335, 336, 411, 415, 421, 422, 439, 
440, 441, 457, 459, 481, 482, 483, 485, 486, 
488, 501, 564, 596, 598, 643

Pontoscolex corethrurus  110, 232, 237, 
250

Portulaca oleracea  114

Posidonia australis  448

Posidonia oceanica  308, 371, 447, 450, 
522, 529, 530, 533, 543, 545

Potamocorbula amurensis  312

Potamogeton  39, 439

Potamogeton crispus  39

Potamopyrgus antipodarum  106, 159, 
324

Procambarus clarkii  38, 108, 138, 152, 
315, 409, 427, 439, 441, 470, 471, 494, 554, 
650, 700

Procambarus fallax  441, 544

Procambarus virginalis  138, 281

Procyon lotor  93, 192, 231, 293, 302, 303, 
490, 547

Prosopis alba  466

Prosopis chilensis  464

Prosopis glandulosa  38, 464, 465, 494, 
526

Prosopis juliflora  XXV, XXVI, 42, 44, 51, 66, 
139, 140, 164, 168, 169, 171, 200, 222, 228, 
236, 238, 248, 251, 265, 292, 297, 317, 333, 
349, 355, 358, 363, 374, 387, 394, 396, 404, 
430, 431, 432, 433, 458, 459, 464, 480, 481, 
486, 489, 493, 494, 499, 510, 515, 521, 526, 
528, 530, 535, 539, 540, 545, 546, 547, 548, 
552, 553, 556, 593, 636, 643, 650, 676, 687, 
700, 705, 759, 850

Prosopis pallida  464, 547

Prosopis spp.  189, 203, 351, 464, 465, 
494, 496, 523

Prosopis velutina  464

Prostephanus truncatus  465

Prunella modularis  154

Prunella vulgaris  165, 219

Prunus laurocerasus  322, 363, 465

Prunus serotina  165, 175, 210

Prymnesium parvum  126, 244

Pseudechis porphyriacus  426

Pseudocercospora fijiensis  140

Pseudogymnoascus destructans  123, 
160, 291

Pseudopanax laetevirens  593

Pseudorasbora parva  96, 159, 592, 685, 
769

Pseudoscleropodium purum  119

Pseudosuccinea columella  140

Pseudotsuga  165, 298

Psidium cattleianum  163, 659

Psidium guajava  130, 168, 759

Psittacula krameri  95, 159, 382

Pteridium aquilinum  466

Pteris parkeri  317

Pterois miles  38, 39, 96, 131, 240, 245, 
489, 574, 783, 846

Pterois spp.  181, 495, 500, 501, 635, 764

Pterois volitans  39, 96, 131, 201, 245, 409, 
411, 422, 423, 445, 446, 447, 449, 475, 521, 
522, 542, 545, 574, 701, 783, 824, 830, 846, 
847, 850

Puccinia horiana  153

Puccinia spegazzinii  XXXIX, 644, 678, 707

Puccinia spp.  620

Pueraria montana  38, 322, 360, 542

Pueraria montana var. lobata  322

Pycnonotus cafer  587

Pycnonotus jocosus  94

Pygocentrus nattereri  593

Pyricularia oryzae  121

Pyropia koreana  118, 236, 254

Pyrrhoderma noxium  122, 141, 152, 153

Pyrus calleryana  722, 763, 828

Python bivittatus  98, 439, 440, 802

Pyura praeputialis  445, 446, 450, 526

Q

Quercus rubra  165, 209, 232, 465

Quercus spp.  483

R

Rabbit haemorrhagic disease virus 
(RHDv)  622

Raffaelea lauricola  440

Ralstonia solanacearum biovar 2  124, 
249

Rana latastei  427

Rangifer tarandus  420

Raoiella indica  104, 146, 194

Rapana venosa  474, 475, 522

Rastrococcus invadens  465
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Rattus exulans  206, 399, 409, 411, 419, 
522, 600

Rattus norvegicus  38, 89, 93, 146, 152, 
159, 317, 400, 421, 549, 613, 703

Rattus rattus  XXVI, XXXVIII, 38, 89, 93, 140, 
146, 152, 284, 597, 600

Rattus spp.  77, 93, 133, 397, 418, 423, 
433, 434

Rattus villosissimus  453

Reynoutria ×bohemica  467

Reynoutria japonica  XXVIII, 38, 317, 409, 
410, 416, 430, 437, 458, 459, 465, 466, 470, 
472

Reynoutria sachalinensis  317

Rhagoletis mendax  428

Rhagoletis zephyria  428

Rhinella marina  8, 44, 99, 100, 126, 140, 
146, 150, 152, 252, 328, 409, 410, 422, 426, 
507, 611, 622

Rhipicephalus microplus  140

Rhizopogon luteolus  141

Rhizopogon roseolus  147

Rhododendron ponticum  333

Rhopilema nomadica  394, 489, 490, 491, 
495, 500, 547

Rhus typhina  301

Ricinus communis  77, 89, 114, 138, 146, 
168, 302

Robinia pseudoacacia  89, 114, 130, 159, 
165, 255, 416, 430, 437, 450, 458, 459, 485, 
486, 557, 650, 713

Rosa  97, 100, 113, 167, 211, 237, 244, 254, 
289, 301, 354, 356, 435, 452, 459, 466, 494, 
554, 716

Rosa rugosa  301, 435, 452, 459, 466, 494, 
554

Rubus  140, 147, 465, 597

Rubus niveus  147, 597

Rubus ulmifolius  465

Ruditapes philippinarum  106, 184, 474

Rumex acetosella  130

Rumina decollata  171

Rusa timorensis  471, 472

Rutilus rutilus  158, 648

S
Sabellaria alveolata  445, 529

Saccostrea glomerata  337

Salix  113, 466

Salix fragilis  466

Salmo salar  251, 301

Salmo trutta  144, 185, 400, 442, 495, 528, 
593, 759

Salsola  187

Salvelinus fontinalis  315, 438, 439, 440, 
441, 442, 528

Sambucus canadensis  315

Sander lucioperca  158, 536

Sarasinula plebeia  494

Sargassum  39, 118, 119, 159, 228, 301, 
322, 363, 445, 758, 830

Sargassum muticum  39, 118, 119, 159, 
228, 301, 363, 445, 758, 830

Sarotherodon spp.  137, 759, 760

Schinus terebinthifolius  292

Schizoporella errata  138

Schottera nicaeensis  119

Scinax x-signatus  284

Sciurus carolinensis  157, 204, 334, 434, 
593, 644, 672, 707, 825

Sclerophrys gutturalis  99, 251

Scutellastra argenvillei  449, 552, 554

Scutellastra granularis  449

Scytodes thoracica  104

Seiridium cardinale  467, 493

Semibalanus sp.  316

Semimytilus patagonicus  138, 450

Senecio inaequidens  466

Senna occidentalis  139

Senna spectabilis  164, 515, 546, 656

Setaria viridis  319

Sida rhombifolia  153

Siganus spp.  445

Silurus glanis  158

Smeringopus pallidus  104

Solanum  113, 153, 168, 183, 293, 383, 669

Solanum americanum  153

Solanum chacoense  293

Solanum mauritianum  168

Solanum tuberosum  293

Solenopsis geminata  102, 152, 436

Solenopsis invicta  XXV, XXXIX, 38, 51, 102, 
202, 307, 321, 373, 409, 411, 422, 433, 458, 
459, 463, 465, 466, 482, 483, 486, 488, 490, 
491, 494, 496, 535, 538, 539, 559, 564, 565, 
609, 634

Solidago canadensis  158, 159, 388, 466

Solidago gigantea  410, 459, 465, 466, 691

Somateria mollissima  445

Sonchus oleraceus  113, 114, 147, 153

Sorghum halepense  285

Sparus aurata  301, 383

Spathodea campanulata  466, 587

Spermophora senoculata  104

Sphaeropsis sapinea  467

Sphagnum  175

Spodoptera frugiperda  189, 192, 212, 
214, 395, 396, 463, 465, 482, 483, 488, 494, 
495, 496, 497, 498, 522, 523, 526, 529, 534, 
536, 540, 541, 544, 565, 632, 642, 643, 669, 
676, 684, 685, 688, 692, 701, 711

Sporobolus  16, 127, 187, 302, 303, 324, 
330, 399, 421, 422, 428, 440, 472, 494, 645, 
656, 780

Sporobolus alterniflorus  16, 127, 187, 
302, 303, 330, 399, 428, 440, 645, 780

Sporobolus densiflorus  422, 440, 656

Sporobolus foliosus  127, 656, 780

Sporobolus maritimus  16, 428

Sporobolus pumilus  472

Sprattus sprattus  449, 534

Steatoda grossa  104

Steatoda nobilis  104

Steatoda triangulosa  104

Stellaria media  114, 183

Stercorarius skua  421

Striga asiatica  284

Striga hermonthica  643

Strongylocentrotus droebachiensis  328

Sturnus vulgaris  38, 94, 95, 137, 144, 171, 
183, 259, 481

Styela clava  XXXIX, 184, 301, 306, 445, 474, 
475, 641

Subulina octona  493, 494

Suillus granulatus  123, 141, 147

Suillus luteus  123, 147

Suncus murinus  136, 137, 219

Sus celebensis  148

Sus scrofa  38, 42, 93, 163, 170, 171, 192, 
208, 303, 310, 317, 351, 375, 419, 421, 435, 
481, 483, 484, 564, 565, 588, 599, 649, 670, 
694, 774

Swietenia macrophylla  759

Symphodus melops  301

Symphyotrichum lanceolatum  468

Synidotea laevidorsalis  107

Syringodium filiforme  448

Syzygium jambos  466

T
Tachardiaephagus tachardiae  154

Tamarix  187, 312, 322, 372, 466, 640

Tamarix ramosissima  466

Tamias sibiricus  334

Tapinoma melanocephalum  102, 152

Taraxacum officinale  147, 290, 334, 420

Tarentola mauritanica  97

Tecoma stans  139

Tectona grandis  759

Tegenaria domestica  104

Terebrasabella heterouncinata  110

Teredo navalis  474

Tetranychus urticae  104

Tetraodontidae spp  593

Thalassia testudinum  448

Theba pisana  106

Themeda quadrivalvis  169

Thinopyrum junceiforme  324, 363

Threskiornis aethiopicus  293, 317, 354, 
494

Thrips palmi  334, 364

Thunbergia spp.  321

Tilapia  137, 184, 189, 300, 510, 522, 686

Tilapia rendalli  189

Tithonia diversifolia  139, 168

Tithonia spp  493

Trachemys scripta  98, 140, 150, 152, 159, 
248, 320, 588

Trachemys scripta elegans  98, 140, 152, 
159, 248, 588
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Tragelaphus angasii  137

Traversia lyalli  453, 533

Triadica sebifera  467

Triaeris stenaspis  104

Tribulus terrestris  284

Trichocera maculipennis  420

Trichocorixa verticalis  220, 468, 472, 494

Trichomycteridae spp.  593

Trichosurus vulpecula  150, 302, 303, 367, 
774, 824

Trifolium pratense  334

Trifolium repens  334

Tripneustes ventricosus  448

Triturus carnifex  100, 159

Trogoderma granarium  102, 488, 522

Tropidonophis mairii  426

Trypauchen vagina  181

Tubastraea coccinea  594

Tubastraea micranthus  594, 706

Tubastraea spp.  180, 312, 354, 475, 564, 
594, 674, 677, 697

Tubastraea tagusensis  594, 678, 682

Turbina corymbosa  322

Turdus merula  154

Turdus philomelos  154

Tuta absoluta  295, 378

Typha ×glauca  441

Typha angustifolia  175, 334, 441

Typha domingensis  57, 472, 544, 696

Tyto alba  94, 645, 704

Tyto novaehollandiae  94

U
Ulex europaeus  141, 302, 303, 350, 380, 
429, 521, 534

Ulex spp.  166

Ulva lactuca  337

Undaria pinnatifida  38, 39, 119, 146, 300, 
301, 328, 359, 445, 537, 648, 681

Uniophora granifera  656

Urochloa brizantha  14, 169, 302

Urochloa eminii  169

Urochloa mutica  169, 302, 598, 659

V
Vaccinium macrocarpon  301

Vachellia nilotica  38, 169, 418, 433, 436, 
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