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Preamble
The IPBES Bureau and Multidisciplinary Expert Panel, in the context of the extraordinary
situation caused by the COVID-19 pandemic, and considering the role that IPBES can play in
strengthening the knowledge base on biodiversity, decided that IPBES would organize a
“Platform workshop” on biodiversity and pandemics, in accordance with the procedures for the
preparation of IPBES deliverables, in particular decision IPBES-3/3, annex I, section 6.1. on the
organization of Platform workshops.
This workshop provided an opportunity to review the scientific evidence on the origin,
emergence and impact of COVID-19 and other pandemics, as well as on options for controlling
and preventing pandemics, with the goal to provide immediate information, as well as enhance
the information IPBES can provide to its users and stakeholders in its ongoing and future
assessments.
The workshop brought together 22 experts from all regions of the world, to discuss 1) how
pandemics emerge from the microbial diversity found in nature; 2) the role of land use change
and climate change in driving pandemics; 3) the role of wildlife trade in driving pandemics; 4)
learning from nature to better control pandemics; and 5) preventing pandemics based on a “one
health” approach.
The workshop participants selected by the IPBES Multidisciplinary Expert Panel included 17
experts nominated by Governments and organizations following a call for nominations and 5
experts from the ongoing IPBES assessment of the sustainable use of wild species, the
assessment on values and the assessment of invasive alien species, as well as experts
assisting with the scoping of the IPBES nexus assessment and transformative change
assessments. In addition, resource persons from the Intergovernmental Panel on Climate
Change (IPCC), the Secretariat of the Convention on Biological Diversity (CBD), the Secretariat
of the Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES), the United Nations Convention to Combat Desertification (UNCCD) and the World
Health Organization (WHO) attended the workshop.
This workshop report has been prepared by all workshop participants and been subjected to
several rounds of internal review and revisions and one external peer review process.
Technical support to the workshop has been provided by the IPBES secretariat.
IPBES thanks the Government of Germany for the provision of financial support for the
organization of the workshop and production of the report.
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Executive Summary
Pandemics represent an existential threat to the health and welfare of people across our planet.
The scientific evidence reviewed in this report demonstrates that pandemics are becoming more
frequent, driven by a continued rise in the underlying emerging disease events that spark them.
Without preventative strategies, pandemics will emerge more often, spread more rapidly, kill
more people, and affect the global economy with more devastating impact than ever before.
Current pandemic strategies rely on responding to diseases after their emergence with public
health measures and technological solutions, in particular the rapid design and distribution of
new vaccines and therapeutics. However, COVID-19 demonstrates that this is a slow and
uncertain path, and as the global population waits for vaccines to become available, the human
costs are mounting, in lives lost, sickness endured, economic collapse, and lost livelihoods.
Pandemics have their origins in diverse microbes carried by animal reservoirs, but their
emergence is entirely driven by human activities. The underlying causes of pandemics are the
same global environmental changes that drive biodiversity loss and climate change. These
include land-use change, agricultural expansion and intensification, and wildlife trade and
consumption. These drivers of change bring wildlife, livestock, and people into closer contact,
allowing animal microbes to move into people and lead to infections, sometimes outbreaks, and
more rarely into true pandemics that spread through road networks, urban centres and global
travel and trade routes. The recent exponential rise in consumption and trade, driven by
demand in developed countries and emerging economies, as well as by demographic pressure,
has led to a series of emerging diseases that originate mainly in biodiverse developing
countries, driven by global consumption patterns.
Pandemics such as COVID-19 underscore both the interconnectedness of the world community
and the rising threat posed by global inequality to the health, wellbeing and security of all
people. Mortality and morbidity due to COVID-19 may ultimately be higher in developing
countries, due to economic constraints affecting healthcare access. However, large-scale
pandemics can also drastically affect developed countries that depend on globalized
economies, as COVID-19’s impact on the United States of America and many European
countries is currently demonstrating.
Pandemics emerge from the microbial diversity found in nature
• The majority (70%) of emerging diseases (e.g. Ebola, Zika, Nipah encephalitis), and
almost all known pandemics (e.g. influenza, HIV/AIDS, COVID-19), are zoonoses – i.e.
are caused by microbes of animal origin. These microbes ‘spill over’ due to contact
among wildlife, livestock, and people.
• An estimated 1.7 million currently undiscovered viruses are thought to exist in mammal
and avian hosts. Of these, 631,000-827,000 could have the ability to infect humans.
• The most important reservoirs of pathogens with pandemic potential are mammals (in
particular bats, rodents, primates) and some birds (in particular water birds), as well as
livestock (e.g. pigs, camels, poultry).
Human ecological disruption, and unsustainable consumption drive pandemic risk
• The risk of pandemics is increasing rapidly, with more than five new diseases emerging
in people every year, any one of which has the potential to spread and become
pandemic. The risk of a pandemic is driven by exponentially increasing anthropogenic
changes. Blaming wildlife for the emergence of diseases is thus erroneous, because
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emergence is caused by human activities and the impacts of these activities on the
environment.
Unsustainable exploitation of the environment due to land-use change, agricultural
expansion and intensification, wildlife trade and consumption, and other drivers, disrupts
natural interactions among wildlife and their microbes, increases contact among wildlife,
livestock, people, and their pathogens and has led to almost all pandemics.
Climate change has been implicated in disease emergence (e.g. tick-borne encephalitis
in Scandinavia) and will likely cause substantial future pandemic risk by driving
movement of people, wildlife, reservoirs, and vectors, and spread of their pathogens, in
ways that lead to new contact among species, increased contact among species, or
otherwise disrupts natural host-pathogen dynamics.
Biodiversity loss associated with transformation of landscapes can lead to increased
emerging disease risk in some cases, where species that adapt well to humandominated landscapes are also able to harbour pathogens that pose a high risk of
zoonotic transmission.
Pathogens of wildlife, livestock and people can also directly threaten biodiversity, and
emerge via the same activities that drive disease risk in people (e.g. the emergence of
chytridiomycosis in amphibians worldwide due to the wildlife trade).

Reducing anthropogenic global environmental change may reduce pandemic risk
• Pandemics and other emerging zoonoses cause widespread human suffering, and likely
more than a trillion dollars in economic damages annually. This is in addition to the
zoonotic diseases that have emerged historically and create a continued burden on
human health. Global strategies to prevent pandemics based on reducing the wildlife
trade and land-use change and increasing One Health1 surveillance are estimated to
cost between US$22 and 31.2 billion, decreased even further (US$17.7 - 26.9 billion) if
benefits of reduced deforestation on carbon sequestration are calculated – two orders of
magnitude less than the damages pandemics produce. This provides a strong economic
incentive for transformative change to reduce the risk of pandemics.
• The true impact of COVID-19 on the global economy can only be accurately assessed
once vaccines are fully deployed and transmission among populations is contained.
However, its cost has been estimated at US$8-16 trillion globally by July 2020 and may
be US$16 trillion in the US alone by the 4th quarter of 2021 (assuming vaccines are
effective at controlling it by then).
• Pandemic risk could be significantly lowered by promoting responsible consumption and
reducing unsustainable consumption of commodities from emerging disease hotspots,
and of wildlife and wildlife-derived products, as well as by reducing excessive
consumption of meat from livestock production.
• Conservation of protected areas, and measures that reduce unsustainable exploitation
of high biodiversity regions will reduce the wildlife-livestock-human contact interface and
help prevent the spillover of novel pathogens.
Land-use change, agricultural expansion, urbanization cause more than 30% of emerging
disease events
• Land-use change is a globally significant driver of pandemics and caused the
emergence of more than 30% of new diseases reported since 1960.
• Land-use change includes deforestation, human settlement in primarily wildlife habitat,
the growth of crop and livestock production, and urbanization.
1

One Health is an approach that integrates human health, animal health and environmental sectors.
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Land-use change creates synergistic effects with climate change (forest loss, heat island
effects, burning of forest to clear land) and biodiversity loss that in turn has led to
important emerging diseases.
Destruction of habitat and encroachment of humans and livestock into biodiverse
habitats provide new pathways for pathogens to spill over and increase transmission
rates.
Human health considerations are largely unaccounted for in land-use planning
decisions.
Ecological restoration, which is critical for conservation, climate adaptation and provision
of ecosystem services, should integrate health considerations to avoid potential
increased disease risk resulting from increased human-livestock-wildlife contact.

The trade and consumption of wildlife is a globally important risk for future pandemics
• Wildlife trade has occurred throughout human history and provides nutrition and welfare
for peoples, especially the Indigenous Peoples and Local Communities in many
countries.
• About 24% of all wild terrestrial vertebrate species are traded globally. International,
legal wildlife trade has increased more than five-fold in value in the last 14 years and
was estimated to be worth US$107 billion in 2019. The illegal wildlife trade is estimated
to be worth US$7-23 billion annually.
• Wildlife consumption patterns vary markedly among countries, with North America,
Europe and some parts of Asia being net importers, and the European Union and the
United States of America being leading consumers of legally traded wildlife for pets.
• Wildlife farming has expanded substantially in the last few decades, with international
legal wildlife trade having increased 500% in value since 2015.
• The farming, trade and consumption of wildlife and wildlife-derived products (for food,
medicine, fur and other products) have led to biodiversity loss, and emerging diseases,
including SARS and COVID-19.
• Illegal and unregulated trade and unsustainable consumption of wildlife as well as the
legal, regulated trade in wildlife have been linked to disease emergence.
• The trade in mammals and birds is likely a higher risk for disease emergence than other
taxa because they are important reservoirs of zoonotic pathogens.
• Regulations that mandate disease surveillance in the wildlife trade are limited in scope,
disaggregated among numerous authorities, and inconsistently enforced or applied
Current pandemic preparedness strategies aim to control diseases after they emerge.
These strategies often rely on, and can affect, biodiversity.
• Our business-as-usual approach to pandemics is based on containment and control
after a disease has emerged and relies primarily on reductionist approaches to vaccine
and therapeutic development rather than on reducing the drivers of pandemic risk to
prevent them before they emerge.
• Vaccine and therapeutic development rely on access to the diversity of organisms,
molecules and genes found in nature.
• Many important therapeutics are derived from indigenous knowledge and traditional
medicine.
• Fair and equitable access and benefit sharing derived from genetic resources, including
pathogens, have led to more equitable access to vaccines and therapeutics, and
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broader engagement in research, but some access and benefit sharing procedures may
impede rapid sharing of microbial samples.
Intellectual property is an incentive for innovation, but some have argued it may limit
rapid access to vaccines, therapeutics and therapies, as well as to diagnostic and
research tools.
Pandemic control programmes often act under emergency measures and can have
significant negative implications for biodiversity, e.g. culling of wildlife reservoirs, release
of insecticides.
Introduction of travel restrictions to reduce COVID-19 spread have severely reduced
ecotourism and other income.
Reduced environmental impacts from economic slowdown during the ‘global COVID-19
pause’ (e.g. reduced oil consumption) are likely temporary and insignificant in the long
term.
Diseases that emerge from wildlife and spread widely in people may then threaten
biodiversity outside the pathogen’s original host range.
Pandemics often have unequal impacts on different countries and sectors of society
(e.g. the elderly and minorities for COVID-19). The economic impacts (and disease
outcomes) are often more severe on women, people in poverty and Indigenous Peoples.
To be transformative, pandemic control policies and recovery programmes should be
more gender responsive and inclusive.

Escape from the Pandemic Era requires policy options that foster transformative change
towards preventing pandemics:
The current pandemic preparedness strategy involves responding to a pandemic after it has
emerged. Yet, the research reviewed in this report identifies substantial knowledge that provides
a pathway to predicting and preventing pandemics. This includes work that predicts geographic
origins of future pandemics, identifies key reservoir hosts and the pathogens most likely to
emerge, and demonstrates how environmental and socioeconomic changes correlate with
disease emergence. Pilot projects, often at large scale, have demonstrated that this knowledge
can be used to effectively target viral discovery, surveillance and outbreak investigation. The
major impact on public health of COVID-19, of HIV/AIDS, Ebola, Zika, influenza, SARS and of
many other emerging diseases underlines the critical need for policies that will promote
pandemic prevention, based on this growing knowledge. To achieve this, the following policy
options have been identified:
Enabling mechanisms:
• Launching a high-level intergovernmental council on pandemic prevention, that would
provide for cooperation among governments and work at the crossroads of the three Rio
conventions to: 1) provide policy-relevant scientific information on the emergence of
diseases, predict high-risk areas, evaluate economic impact of potential pandemics,
highlight research gaps; and 2) coordinate the design of a monitoring framework, and
possibly lay the groundwork for an agreement on goals and targets to be met by all
partners for implementing the One Health approach (i.e. one that links human health,
animal health and environmental sectors). Ultimately the work of the high-level council
may lead to countries setting mutually agreed goals or targets within the framework of an
accord or agreement. A broad international governmental agreement on pandemic
prevention would represent a landmark achievement with clear benefits for humans,
animals and ecosystems.
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Institutionalizing One Health in national governments to build pandemic preparedness,
enhance pandemic prevention programmes, and to investigate and control outbreaks
across sectors.
Integrating (“mainstreaming”) the economic cost of pandemics into consumption,
production, and government policies and budgets.
Generating new green corporate or sovereign bonds to mobilize resources for
biodiversity conservation and pandemic risk reduction.
Designing a green economic recovery from COVID-19 as an insurance against future
outbreaks.

Policies to reduce the role of land-use change in pandemic emergence:
• Developing and incorporating pandemic and emerging disease risk health impact
assessments in major development and land-use projects.
• Reforming financial aid for land-use so that benefits and risks to biodiversity and health
are recognized and explicitly targeted
• Assessing how, effective habitat conservation measures including protected areas and
habitat restoration programmes can reduce pandemics, and trade-offs where disease
spillover risk may increase. Developing programmes based on these assessments.
• Enabling transformative change to reduce the types of consumption, globalized
agricultural expansion and trade that have led to pandemics (e.g. consumption of palm
oil, exotic wood, products requiring mine extraction, transport infrastructures, meat and
other products of globalized livestock production). This could include modifying previous
calls for taxes, or levies on meat consumption, livestock production or other forms of
high pandemic risk consumption.
Policies to reduce pandemic emergence related to the wildlife trade:
• Building a new intergovernmental health and trade partnership to reduce zoonotic
disease risks in the international wildlife trade, building on collaborations among OIE,
CITES, CBD, WHO, FAO, IUCN and others.
• Educating communities from all sectors in emerging infectious diseases hotspots
regarding the health risks associated with wildlife use and trade that are known to pose a
pandemic risk.
• Reducing or removing species in wildlife trade that are identified by expert review as
high-risk of disease emergence, testing the efficacy of establishing market clean-out
days, increased cold chain capacity, biosafety, biosecurity and sanitation in markets.
Conducting disease surveillance of wildlife in the trade, and of wildlife hunters, farmers,
and traders.
• Enhancing law enforcement collaboration on all aspects of the illegal wildlife trade.
Closing critical knowledge gaps on:
• Supporting One Health scientific research to design and test better strategies to prevent
pandemics.
• Improving understanding of the relationship between ecosystem degradation and
restoration and landscape structure, and the risk of emergence of disease.
• Economic analyses of return-on-investment for programmes that reduce the
environmental changes that lead to pandemics.
• Key risk behaviours - in global consumption, in rural communities on the frontline of
disease emergence, in the private sector, in national governments - that lead to
pandemics.
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Valuing Indigenous Peoples and Local Communities’ engagement and knowledge in
pandemic prevention programmes
Undiscovered microbial diversity in wildlife that has potential to emerge in future, or to be
used to develop therapeutics or vaccines.
Analysing the evolutionary underpinnings of host shifts that are involved in zoonotic
disease spillover and the adaptation of emerging pathogens to new host species.
Climate change impacts and related extreme weather events (e.g. flooding and
droughts) on disease emergence, to anticipate future threats.
Obtaining data on the relative importance of illegal, unregulated, and the legal and
regulated wildlife trade in disease risk.

Foster a role for all sectors of society to engage in reducing risk of pandemics
• Educating and communicating with all sectors of society, and especially the younger
generations, about the origins of pandemics.
• Identifying, ranking, and labelling high pandemic risk consumption patterns (e.g. use of
fur from farmed wildlife) to provide incentives for alternatives.
• Increasing sustainability in agriculture to meet food requirements from currently available
land, and subsequently reduced land areas.
• Promoting a transition to healthier and more sustainable and diverse diets, including
responsible meat consumption.
• Promoting sustainable mechanisms to achieve greater food security and reduce
consumption of wildlife.
• Where there is a clear link to high pandemic risk, consideration of taxes or levies on
meat consumption, production, livestock production or other forms of consumption, as
proposed previously by a range of scientific organizations and reports.
• Sustainability incentives for companies to avoid high pandemic-risk land-use change,
agriculture, and use of products derived from unsustainable trade or wildlife farming
identified as a particular zoonotic disease risk.
Conclusion
This report is published at a critical juncture in the course of the COVID-19 pandemic, at which
its long-term societal and economic impacts are being recognized. People in all sectors of
society are beginning to look for solutions that move beyond business-as-usual. To do this will
require transformative change, using the evidence from science to re-assess the relationship
between people and nature, and to reduce global environmental changes that are caused by
unsustainable consumption, and which drive biodiversity loss, climate change and pandemic
emergence. The policy options laid out in this report represent such a change. They lay out a
movement towards preventing pandemics that is transformative: our current approach is to try to
detect new diseases early, contain them, and then develop vaccines and therapeutics to control
them. Clearly, in the face of COVID-19, with more than one million human deaths, and huge
economic impacts, this reactive approach is inadequate.
This report embraces the need for transformative change and uses scientific evidence to identify
policy options to prevent pandemics. Many of these may seem costly, difficult to execute, and
their impact uncertain. However, economic analysis suggests their costs will be trivial in
comparison to the trillions of dollars of impact due to COVID-19, let alone the rising tide of future
diseases. The scientific evidence reviewed here, and the societal and economic impacts of
11

COVID-19 provide a powerful incentive to adopt these policy options and create the
transformative change needed to prevent future pandemics. This will provide benefits to health,
biodiversity conservation, our economies, and sustainable development. Above all, it will
provide a vision of our future in which we have escaped the current ‘Pandemic Era’.
________________
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Sections 1 to 5
Introduction
The emergence of COVID-19 in late 2019 as a major global pandemic is part of a pattern of
disease emergence that highlights linkages among biodiversity, global environmental change
and human health. COVID-19 and other pandemics are rooted in biodiversity. They are caused
by micro-organisms that are themselves a critical part of biodiversity and are hosted and
transmitted by diverse animal species, including humans 1. COVID-19 is the latest in a series of
diseases that are caused by wildlife-origin viruses and have emerged due to anthropogenic
environmental changes that bring wildlife, livestock and people into closer contact 2. These
diseases include SARS, Ebola and Nipah virus disease, Zika and influenza, and reflect a
predominance of zoonotic (animal origin) viral diseases among the emerging infectious
diseases affecting people over the last few decades. Over the past few years, a series of
scientific papers have been published that suggest the same environmental changes that
threaten biodiversity loss on a global scale (e.g. land use change, such as deforestation or
encroachment into wildlife habitat; climate change; unsustainable trade and consumption of
wildlife; agricultural intensification; globalized trade and travel) are also driving the increasing
spillover, amplification and spread of these novel viral diseases.
COVID-19 is a pandemic: a disease that has caused epidemics of sustained community
transmission in multiple countries on two or more continents 3. Its significance cannot be
overstated. It is the first, high-mortality (>0.5% case fatality rate), truly global pandemic since
the emergence of HIV/AIDS in the 1970/80s. In efforts to curtail its spread, social distancing and
travel bans have led to a significant economic impact (trillions of US$ of global market loss), and
the pandemic has disrupted normal life for many months in most countries on the planet, with
societal and economic impacts lasting years ahead. The precise chain of events leading to the
emergence of COVID-19 is not yet fully known. However, the virus that causes it (SARS-CoV-2)
almost certainly originated in (and recently spilled over from 4) insectivorous bats because it is
part of a clade of closely-related SARS-related CoVs found almost solely in Rhinolophus spp.
bats in nature 5. SARS-CoV-2 is able to infect other mammals, including mustelids (e.g. mink,
ferrets), viverrids (e.g. civets), felids (including lions and tigers in a zoo and domestic cats),
raccoon dogs (Nyctereutes spp.), pangolins (Manidae), domestic dogs, a range of lab animals
and people. Substantial evidence points to a likely origin in South China or neighbouring
countries, where the greatest diversity of SARS-related coronaviruses is found 6, where contact
among people and bats is common 7,8, and where human populations are expanding and
encroaching into a rapidly changing landscape 9. Epidemiological evidence suggests that
SARS-CoV-2 was transported either in people, or animals, or both, into a live animal market in
Wuhan in late 2019 5,10. The involvement of live animal markets and the wildlife trade in the
emergence and spread of both SARS and COVID-19 have led to public calls for efforts to
reduce this trade in an effort to prevent future pandemics.
Pandemics are a subset of emerging infectious diseases (EIDs) that are caused by pathogens
that have recently infected people for the first time, or are showing a trend of increasing
frequency of infection or geographic spread 3,11,12. Pandemics are EIDs that have spread
internationally and seeded epidemics of human-to-human transmission in different continents.
EIDs tend to originate first in rural regions of tropical or subtropical countries with high wildlife
diversity (and therefore likely high viral diversity), human populations that are growing rapidly,
and where land use change is driving closer contact among people and wildlife 13. Therefore,
rural communities in developing countries are often on the frontline of disease emergence.
13

Additionally, these countries may have less resources for early detection of outbreaks, and to
combat spillover and spread. Once a new pandemic has developed sustained community
transmission in people, global emergence is intimately tied to urbanization, domestic trade
networks, globalized trade and international travel patterns. Thus, richer and more developed
countries that are highly dependent on globalized trade and travel are often rapidly affected
once a pathogen spreads in people, as happened with COVID-19. There is also growing
evidence that pathogen spillover, amplification and spread is largely driven by the consumption
patterns set up by globalized production and trade that drive encroachment into tropical
ecosystems, particularly forested regions (e.g. for crop and livestock production, timber, mining
and manufacturing of goods), and exponentially rising rates of international trade and travel.
Thus, efforts to identify ways to prevent pandemics will likely need to understand the whole
system of interacting drivers and policy options that would affect points along these cycles and
pathways.
This workshop was launched to review the scientific evidence behind the origin, emergence and
impact of COVID-19 and other pandemics as it relates to biodiversity and the changes that are
affecting both. The goals of the workshop were to provide a scientific basis on which to identify
potential policy options, and implementation pathways that could reduce pandemic risk and
ultimately prevent their emergence, while at the same time having a positive impact on
biodiversity conservation. To do that, the experts reviewed scientific evidence on the known
pandemics, and the 500 or so EIDs for which there are data on origins, underlying causes,
reservoir hosts and impact 11,14. Almost all pandemics, and the majority of EIDs, are caused by
wildlife-origin pathogens. This means that areas with high wildlife diversity that are important for
biodiversity conservation are also places where pandemic origins are most likely to occur. This
report therefore provides an assessment of trade-offs between the goals of pandemic
prevention and control and biodiversity conservation. This includes evidence that the
anthropogenic environmental changes that drive pandemics also drive biodiversity loss. Thus,
reducing human impacts on the environment to benefit conservation, may also reduce
pandemic risk and benefit health.
This report is published at a critical juncture in the COVID-19 pandemic, and in the Great
Acceleration of the Anthropocene 15: a point at which governments in most countries are
beginning to realize the long-term societal and economic impacts of COVID-19, and many
people are looking for solutions rather than hoping to continue business-as-usual. A movement
towards preventing pandemics would be a transformative change: the current approach to
dealing with pandemics is to try to detect them early, contain them, and rapidly develop
vaccines and therapeutics. Clearly, in the face of COVID-19, this is inadequate, with no
vaccines widely available eleven months after emergence, and at least a million people dead 16.
This report fully embraces the need for transformative change and uses scientific evidence to
identify policy options to prevent pandemics, and the organizations and agencies that might
implement them. These options aim to reduce pandemic risk, and provide benefits to human
health, biodiversity conservation, economies and sustainable development. Above all, they
recognize that the current strategy of waiting for diseases to emerge, then hoping for vaccines
and therapeutics to be developed, is not a realistic way to escape from what has been termed
the ‘Pandemic Era’ 17,18.
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Figure 1: The Huanan Seafood Market, Wuhan in January 2020. This is the site where some of the
earliest cases of COVID-19 were identified, although it is likely that the disease first emerged elsewhere
(Photo: REUTERS).

Section 1: The relationship between people and biodiversity underpins disease
emergence and provides opportunities for pandemic prevention, control and
response measures
Disease emergence is rooted in human interaction with the biodiversity of microbes and their
reservoir host species
There are clear links between pandemics and biodiversity. New pathogens usually emerge from
a ‘pool’ of previously undescribed, potentially zoonotic microbes that have co-evolved over
millions of years with their wildlife hosts 14. The diversity of microbes likely increases
proportionally with the biodiversity of their hosts. RNA viruses are particularly important as
emerging pathogens because they have high mutation rates, undergo recombination and have
other characteristics allowing them to evolve diverse assemblages over time 19-21. An estimated
1.7 million viruses occur in mammals and water birds (the hosts most commonly identified as
origins of novel zoonoses), and of these, 631,000-827,000 could have the ability to infect
humans 22. This far exceeds the current catalogued viral diversity from these hosts of less than
2,000 (even if lower estimates of viral diversity prove correct 23) and suggests that less than
0.1% of the potential zoonotic viral risk has been discovered 22. Previous authors have
concluded that this results in a high potential for the emergence of novel viral pathogens from
wildlife, if the current trajectory of environmental change continues, and pushes closer contact
among people, livestock, wildlife and the diverse assemblage of potential pathogens they are
hosts to 14.
On a global scale, the emergence of new zoonoses correlates with wildlife (mammalian)
diversity, human population density and anthropogenic environmental change 11,13. There is also
evidence that biodiversity loss may increase transmission of microbes from animals to people
under certain circumstances. The potential mechanisms are complex. For some microbes with
multiple reservoir host species, certain hosts may play a more important role than others, i.e.
have high ‘competence’. This may be because they are preferentially infected, produce and
excrete more microbes, have higher contact rates, or otherwise contribute more to pathogen
15

dynamics than low competence hosts 24. Thus, in regions with high biodiversity a “dilution effect”
may exist for some pathogens, whereby highly competent reservoirs represent a small
proportion of the available reservoirs, and transmission risk to people is reduced 25-27. This
theory has potential importance for conservation because it suggests that biodiversity loss due
to anthropogenic environmental changes may lead to higher zoonotic disease risk, and that
conserving biodiversity may benefit public health by reducing this risk. Evidence of the dilution
effect has been observed for the West Nile virus 28,29, Hantavirus 30,31 and plant microbes 32. It
has also been well-studied for Lyme disease 32,33, but also widely disputed 34,35. In particular,
evidence suggests that the dilution effect is not generalizable across different disease and host
systems 36, and scales 37,38, and that some of the evidence provided to support its
generalizability is weak 39. Large-scale analyses suggest that emerging disease risk may be
highest in regions of human-altered landscapes 11,13,40-42. However, rather than this being due to
a broadly effective dilution effect 43,44, the mechanistic drivers of risk include increased contact
among wildlife, livestock and people driven by settlement and land conversion and specific highrisk activities (e.g. occupational exposure to wildlife, increased hunting of disease reservoirs).
Environmental changes that drive biodiversity loss also drive disease emergence
Disease emergence has followed each step of society’s development. The domestication of
wildlife beginning in the Neolithic provided the contact required for pathogens to spill over into
people, and coincided with the formation of dense human populations in early cities that allowed
their continued circulation 45. Measles and smallpox viruses likely evolved from domestic
herbivore viruses through this process45-47, while another ancient disease, tuberculosis, appears
to have begun as an environmental microbe that infected people, then cycled back into
domestic animals and other wildlife 48. Some diseases, like the viral disease mumps, or the
bacterial diseases leprosy and plague appear to have their origin as wildlife microbes that
spilled over directly to humans over the last few millennia 49-52. These diseases have, over
historical time become endemic in human populations and are no longer referred to as
‘emerging’, which is a phrase that usually applies to diseases that have increased in frequency
or impact in the last few decades 53.
There is substantial evidence that the underlying drivers of almost all recent EIDs are
anthropogenic environmental changes, and socioeconomic changes, that alter contact rates
among natural reservoir hosts, livestock and people, or otherwise cause changes in
transmission rates 11,13,41,42,54 (Figure 2). More than 400 microbes (viruses, bacteria, protozoa,
fungi and other microorganisms) have emerged in people during the last five decades, over
70% of them originating in animals (i.e. are classed as zoonotic pathogens), and the majority of
those having wildlife as their natural reservoir hosts 11. Many cause little or no illness in their
natural reservoirs. While some zoonotic pathogens are unable to spread from person-to-person
and cause limited outbreaks, many have evolved capacity for transmission among people. In
many cases, the further expansion of these emerging infectious diseases does not require
animal reservoirs but occurs due to community spread through rapidly urbanizing landscapes,
megacities and travel and trade networks, as occurred with COVID-19. These emerging
infectious diseases have led to a series of outcomes including small clusters of cases, and in
some cases significant outbreaks (e.g. Ebola, MERS, Lyme disease) that don’t quite reach the
pandemic scale. The transmission (‘spillover’) of pathogens from wildlife to people can occur
directly via high risk activities like hunting, farming and butchering wildlife (e.g. Ebola virus); or
indirectly from wildlife through livestock to people (e.g. influenza viruses, Nipah virus). Some
pathogens have multiple reservoir hosts (e.g. West Nile virus) and may circulate among those in
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closer contact with people when the environment is encroached upon. They may also have
multiple transmission routes from wildlife to humans (e.g. Nipah virus in Malaysia via pig
intermediate hosts, in Bangladesh directly from bats to people).

Figure 2: The origins and drivers of emerging zoonotic diseases and pandemics. Microbes have
evolved within species of wildlife over evolutionary time (left). They undergo complex life cycles of
transmission among single or multiple host species, and often have significant impacts on host
population dynamics 55. These microbes become emerging infectious diseases (EIDs) when
anthropogenic environmental changes alter population structure of their reservoir hosts, and bring
wildlife, livestock and people into contact (centre). These interactions can alter transmission
dynamics of microbes within their hosts, lead to interspecies transmission of microbes, spillover to
livestock and people and the emergence of novel diseases (right). While many outbreaks are small
scale or regional, some EIDs become pandemics when zoonotic pathogens transmit easily among
people, and spread in rapidly urbanizing landscapes, megacities and travel and trade networks.
Pandemics are a subset of EIDs, and this report reviews the scientific evidence of linkages to
biodiversity for EIDs that did not become pandemic (e.g. Ebola), as well as those that did (e.g.
COVID-19), so that patterns affecting both can be used to identify policy options to reduce the
opportunities for future EID and pandemic emergence.

Truly global pandemics are catastrophic events that are rare relative to initial spillover, or smallscale outbreaks (Box 1). However, the frequency of the emerging infectious disease events that
lead to pandemics is increasing 11,56. COVID-19 has been likened to the Great Influenza
pandemic of 1918 in its impact, but pandemics occur more frequently than once per century 1,2.
Since 1918, at least six other pandemics have affected public health including three caused by
influenza viruses, the HIV/AIDS pandemic, SARS and now COVID-19 16. These represent the
tip of the iceberg of potential pandemics. Today, a global population of 7.8 billion people has
driven medical, industrial and agricultural progress, coupled with rapid demographic, land use,
and climate change, replacement of wildlife with livestock and environmental degradation that
define the Anthropocene 15,57,58. The result is increased frequency of wildlife-livestock-human
interactions especially in tropical and subtropical regions (low latitudes) rich in diversity of
wildlife and their microbes, as shown in field studies of primate, human and livestock
interactions and bacterial infections, for example 59,60. The increased risk of spillover is
compounded by land use change and encroachment that bring increasing numbers of people
17

into rural regions and provide a mechanism for disease amplification and spread. The spillover
risk is also enhanced by climate change that perturbs wildlife population dynamics and
distribution 61 and disrupts the services humans derive from them 62. Anthropogenic
environmental and socioeconomic changes have been linked empirically to the emergence of
dozens of novel zoonotic pathogens, including: Hendra virus in Australia (land use change);
Nipah virus in Malaysia (agricultural intensification); Ebola virus and Marburg virus in central
Africa (wildlife hunting and butchering, land use change and mining respectively); flaviviruses
such as Zika and Yellow Fever in South America (land use change, travel and trade) and
Dengue in Southeast Asia (urbanization); vector-borne diseases in northern latitudes such as
tick-borne encephalitis (climate change); and coronaviruses causing SARS, MERS and COVID19 (wildlife trade, livestock production and trade and encroachment and/or land use change
respectively) 9,63-70.
There is also a large number of emerging infectious diseases affecting livestock and wildlife that
are driven to emerge by the same factors that drive EIDs infecting people 53. This includes the
wildlife disease amphibian chytridiomycosis that spread globally through the trade in wildlife for
food, pets, as lab animals and the introduction of invasive alien species 71-76; and the avian
disease highly pathogenic avian influenza, that emerged due to intensification of poultry
production and spread through the global trade in poultry, as well as through wild bird
movement and the illegal pet trade 77,78. On a global scale, the origins of emerging diseases
correlate with environmental change (in particular land use change), human population density
and wildlife diversity 11,13,14,38,42. These global changes increase the risk of repeated spillover of
microbes from wildlife to people, and may explain why most emerging infectious diseases and
almost all pandemics have been caused by zoonoses 3. Exceptions include the emergence of
drug-resistant strains of microbes and some food-borne infections, for example.
Box 1: Pandemics begin as spillover events that cause small outbreaks which grow in
scale.
Almost all pandemics start with a single infection event. For zoonoses from wildlife, this is a
person, or group of people that made contact with an animal infected by a pathogen that infects
them, replicates in their cells and then is transmitted to others. Surveillance data suggest that
spillover events happen frequently around the world, but most infections are unable to cause
further transmission among people (the burning match in the figure below). Sometimes,
pathogens spill over and are able to transmit to a handful of people, undergoing a few cycles of
transmission before the outbreak dies out (the shrub fire below). Where pathogens spread into
dense human communities (e.g. COVID-19 within the live animal market and city of Wuhan 10),
and when they are able to easily transmit from person-to-person, they can become pandemics
(the forest fire in the schematic). Preventing pandemics will require efforts to reduce the risk
each of these stages occurring, through measures that diminish the underlying drivers of
spillover, their spread among people and their ability to move globally through rapidly urbanizing
landscapes, megacities and travel and trade networks.
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Rising demand for meat consumption and the globalized food trade drive pandemic risk,
through land use change and climate change
The rising demand for meat, particularly in developed countries and emerging economies, has
continued to bolster an unsustainable globalized system of intensive production that threatens
biodiversity through a range of mechanisms (e.g. land use change, eutrophication), and
contributes to climate change 79. For example, global demand for meat has indirectly and
directly led to deforestation, forest degradation and expansion of pasture in Brazil and other
parts of the Amazon 80-82.
By forming unnaturally dense assemblages of often closely related individuals, livestock farming
has historically driven the emergence of pathogens within the domesticated species. However,
the increasing expansion of livestock and poultry production, the increase in the size and
acreage of farms, and in the number of individual animals at a site have led to increasing
potential for transmission of pathogens to people, e.g. the emergence of salmonellosis 83,
bovine spongiform encephalopathy (BSE) and variant Creutzfeldt-Jakob disease (CJD) 84-86 and
some strains of antimicrobial resistant pathogens 87-89. It has also led to pathogen emergence
across the wildlife-livestock-human interface 90-92. For example, the emergence of novel strains
of influenza has been linked to reassortment of viral genes following viral transmission among
large poultry flocks mixing with wild birds, pig herds and people 93-95. Rabies cases in Latin
America are linked to vampire bats feeding on cattle hosts 96-98. The emergence of Middle
Eastern Respiratory Syndrome (MERS) in people was due to transmission of a coronavirus that
is likely of bat origin 99-105, but became recently endemic in domesticated camels 106,107, allowing
repeated transmission to people 108-110.
The intensification of livestock production has also been linked to disease emergence. For
example, a lethal zoonotic disease caused by Nipah virus emerged in Malaysia in 1998 when
the virus spilled over from fruit bats into pigs 111,112. The emergence of this virus was enhanced
by specific intensive methods of pig production that led to extended transmission of the virus for
a two-year period 68. Outbreaks of a novel bat-origin coronavirus (SADS-CoV) caused the death
of over 25,000 pigs in southern China in 2017 113. This virus is able to infect human airway cells
in the lab, and represents a potential zoonotic disease 114. The expansion of wildlife farming for
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food and fur led to civets, raccoon dogs and other mammals becoming infected by SARS
coronavirus in Guangdong, China, and potentially acting as an amplification host that allowed
the virus to emerge in people in 2002 115. It is unknown if captive bred animals played a role in
the emergence of COVID-19, but after the virus spread globally through movement of people, it
infected mink farmed for fur in the Netherlands, Denmark and the USA, and in the Netherlands
was able to then cause further human cases 116,117.
Linkages among consumption, livestock farming, health, habitat destruction, climate change and
emerging diseases have led to a number of calls for taxation to act as an incentive to reduce
consumption and provide resources to tackle these negative consequences. These include calls
for: a ‘meat tax’ on traded meat or meat products to fund zoonotic disease surveillance and
prevention from a US Institute of Medicine Committee 118, and analysis of taxation options 119; a
tax on meat consumption to provide incentives to reduce climate change 120,121; a tax on red and
processed meat to reduce the direct health consequences of meat over-consumption 122; and a
review of a ‘livestock levy’ option to tackle infectious disease threats including the rise of
antimicrobial resistance and climate change 123.
Unsustainable consumption drives environmental change, leading to disease emergence
The proximate causes, or direct drivers, of biodiversity loss and disease emergence include
changes to land use (e.g. environmental degradation, deforestation and land conversion for
agricultural production), direct exploitation of organisms, climate change, pollution and invasion
of alien species, among others 124. They are caused by economic incentives, new patterns of
production and consumption, population pressures, culture, ethics and values 124-126. Cultural,
economic, and political aspects of globalization have created new patterns of consumption,
contributing to social and economic inequality 127. Global demand for specific commodities such
as meat, timber, wildlife products (e.g. fur) and others can be linked directly to disease
emergence and in some cases may be preferentially driven by consumption in developed
countries. For example, the global demand for palm oil drives substantial deforestation and
other land use changes in many tropical developing countries that have been linked to
increased mosquito abundance in disturbed land and rising cases of malaria 128,129. During the
SARS outbreak, raccoon dogs (Nyctereutes procyonoides) in live animal markets were found to
be infected, and are also receptive to SARS-CoV-2 infection 130. Raccoon dogs are legally bred
in many countries including China, mainly for fur that is exported to supply the fashion industry
in countries with high Gross Domestic Product in Europe, North America and other regions.
Invasive alien species introduction has been linked to disease emergence
The anthropogenic introduction of invasive alien species has been recognized as a cause of
disease introduction to new regions 131, and transmission to new hosts including wildlife 132,133,
livestock 134,135 and people 136. The globally significant wildlife disease, chytridiomycosis, has led
to amphibian declines and extinctions, and has been definitively linked to a series of
introductions and escapes 137,138 of amphibians moved internationally for the pet trade,
laboratory use, farming 71, or as biological control agents. Substantial efforts have been made to
reduce the risk of introduction or control invasive alien species to reduce their conservation
impact, and there are increasing efforts to focus on the risk of disease introduction 139,140.
Investing in conservation may avoid exponentially rising economic loss due to pandemics
In addition to widespread suffering and loss of human life, the global economic losses from
infectious disease outbreaks in the last decades have been significant 141, with the most
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vulnerable economic sectors being the worst affected 142. Assessments of the economic impact
of emerging diseases vary in their methodology and likely accuracy, but point to often significant
economic shocks, even for short, relatively regional outbreaks. In West Africa alone, the 2014
Ebola outbreak had an estimated economic impact larger than US$53 billion 143. The UNDP in
2017 calculated that the societal and economic cost of the Zika virus in South America and the
Caribbean was between US$7 and US$18 billion between 2015 and 2017 144. Estimates from
the Asian Development Bank suggest that the cost of a 3-6 month social distancing and travel
restrictions due to the COVID-19 pandemic could cost the global economy between US$5.8 and
US$8.8 trillion (6.4-9.7 per cent of global GDP) 145. While the economic damages from COVID19 are already substantial, they are likely to continue to rise significantly until vaccines are
widely available to contain transmission and reduce costly deaths and economic impacts. The
overall cost of pandemics will likely also rise significantly in the future due to the projected
increase in frequency of emerging infectious disease events 13, and the exponential increase in
economic costs associated with them 56,146-148. The true impact of COVID-19 on the global
economy can only be accurately assessed once vaccines are fully deployed and transmission
among populations is contained. However, it is likely to be in the tens of trillions of dollars, with
estimates of US$8-16 trillion globally by July 2020 141 and US$16 trillion in the US by a
presumed containment due to vaccination by the 4th quarter of 2021 149. If we assume similar
costs for other pandemics during the last 102 years (1918 influenza, HIV/AIDS and others) and
add the annual burden of large-scale emerging diseases (e.g. SARS, Ebola146 and others), as
well as the US$570 billion estimated annual cost of moderately severe to severe influenza
pandemics 150, the cost of zoonotic disease emergence is likely to exceed US$1 trillion
annually.
The economic damages from emerging diseases are similar in magnitude to those from climate
change 151, and can be used to provide a rationale for investing in conservation programmes.
For example, real options modelling of the rising cost of pandemics was used to identify an
urgent (by the year 2041) need to launch a global One Health strategy 152 to prevent pandemics
56
. The Organisation for Economic Cooperation and Development (OECD) estimated that the
total annual financial allocation for global biodiversity conservation was between US$78 and 91
billion per year (2015-17 average) 153, an investment that represents a fraction of the impact of
zoonotic emerging diseases. Estimates of the cost of global strategies to prevent pandemics
based on the underlying drivers of the wildlife trade and land use change, and increased One
Health surveillance, are between US$22 and 31.2 billion, decreased even further (US$17.7 26.9 billion) if benefits of reduced deforestation on carbon sequestration are calculated
141
– two orders of magnitude less than the damages pandemics produce. This provides a
strong economic incentive for transformative change to reduce pandemic risk.
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Figure 3: Airports around the world are putting in place measures amid the ongoing COVID-19
pandemic. Left, Social distancing measures in place at Heathrow Airport, London, where passenger
traffic fell by 97% in April 2020 in comparison to the same month of the previous year. Right, Airport
staff in protective gear walk through a quiet uncrowded airport terminal with a few tourists travellers
at John Fitzgerald Kennedy Airport, New York.

Reducing anthropogenic impacts in emerging disease hotspots could reduce pandemic risk,
protect biodiversity and ecosystem services
Wildlife and microbial diversity, human populations, domestic animals and landscapes are
strongly interconnected, with complex dynamic feedbacks that can drive or reduce pathogen
transmission. Microbes that exploit these interactions can infect any of these populations
separately, and sometimes more than one 53. Their emergence begins with anthropogenic
drivers, and their impacts can be exacerbated by human activities. For example the introduction
of cattle infected with the disease rinderpest into Africa led to infection of a wide range of wildlife
species, ecosystem disruption at a continental scale and disruption to human settlement 154.
The geographic concentration of disease emergence events in specific high biodiversity regions
suggests that a key way to control pandemic risk could be to reduce anthropogenic
environmental changes specifically in emerging infectious disease hotspots. This would benefit
global health, as well as conservation 53,141,155,156. However, there are significant challenges. The
business case for nature conservation as a protection against emerging diseases needs to be
made in all regions, with a major focus on countries that are under highest risk of disease
emergence and have high biodiversity, including many developing countries. It will be critical to
better quantify the economic costs of pandemic prevention, and the potential economic benefits,
as has been done for biodiversity conservation 157. Efforts to reduce environmental drivers might
affect poorer countries disproportionately through a larger requirement for conservation and
restoration thus reducing land use options. This could be addressed by a mechanism to
compensate biodiverse developing countries for avoiding anthropogenic environmental change.
Recent analysis shows that on average, the economic benefits of protecting 30% of the earth’s
natural assets outweighs the opportunity costs of alternative land uses 158. Furthermore,
reducing pandemic risks substantially through better management of environmental resources
would cost 1-2 orders of magnitude less than estimates of the economic damages caused by
global pandemics 141.
Protected area systems to conserve biodiversity could also reduce risk of disease emergence
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The cross species transmission that may lead to pandemics depends on contact among wildlife,
livestock and humans 14,159-161, and is increased when land use change drives encroachment of
communities into new regions, or livestock farms are set up in new areas, for example 13,68,162.
The reverse is also likely, that the formation of protected areas that prevent increased human
activities, settlement, encroachment or introduction of livestock farming, reduce contact and
therefore the risk of disease emergence 44,77,163. Yet, how to systematically prevent increased
human activities in or near protected areas remains a challenge given the diversity of social and
political contexts in which they are implemented 163,164.
There may be risks for increasing the flow of pathogens in some landscape conservation
approaches. For example, some modelling studies suggest that corridor building strategies to
improve wildlife movement may inadvertently increase the flow of pathogens among wildlife
leading to disease outbreaks that are a conservation threat 163,165. However other analyses
suggest that for different pathogen-host parameters, the benefits of conservation outweigh the
impact of disease spread among endangered species 166,167. Efforts to design landscape
conservation programmes that allow for increased wildlife movement, or patterns of agriculture
mixed with human settlements and wildlife conservation zones (‘mosaic’ landscapes) may drive
increased human-livestock-wildlife contact and zoonotic disease risk 77,168. Collaboration among
conservation biologists and epidemiologists should be strongly encouraged to provide scientific
guidance for measures to reduce risk in these cases, such as culling of non-native species that
host zoonoses 169, or launching disease surveillance programmes. Furthermore, empirical data
that test hypotheses on how different landscape conservation strategies affect pathogen
transmission are scarce, despite their potential value in informing conservation policy 170.

Section 2: land use and climate change as drivers of pandemic risk and
biodiversity loss
Here, land use change is defined as the full or partial conversion of natural land to agricultural,
urban and other human-dominated ecosystems, including agricultural intensification and natural
resource extraction, such as timber, mining and oil. Land use and climate change are two of the
five most important direct drivers of biodiversity loss 124, and are projected to cause significant
future threats to biodiversity and to continue driving the emergence of infectious diseases 124,171173
. Changes in land use practices have benefited people through economic and social
development, but have also damaged human health, driven biodiversity loss and impaired
ecosystem functions and the provision of ecosystem services124. Land use change has
increased exponentially since the industrial revolution, and through a ‘Great Acceleration’ of
Earth System indicators that is considered to mark the beginning of the Anthropocene 15.
Between 1992 and 2015, agricultural area increased by 3% (~35 million ha), mostly converted
from tropical forests 124. By 2015, human use directly affected more than 70% of global, ice-free
land surface: 12% converted to cropland, 37% to pasture and 22% as managed or plantation
forests. The remaining land with minimal human use consisted of 9% intact or primary forests,
7% of unforested ecosystems and 12% of rocky or barren land 174. With continued growth in
global human population (a 30% increase from 6 billion in 1999 to 7.7 billion in 2019 175) and
global consumption (a 70% increase in global GDP from US$84 trillion in 1999 to US$142 trillion
in 2019), the trend of increased land use change is expected to continue, with potentially 1
billion ha of land cleared globally by 2050 176.
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Figure 4: Illegal logging on Pirititi indigenous Amazon lands on May 8, 2018 (Photo: quapan/CC BY
2.0).

Land use change is a major global driver of pandemic risk
Land use change is a significant driver of the transmission and emergence of infectious
diseases 41,177-179. Land use change is cited as the cause of over 30% of emerging infectious
diseases, and correlates significantly with the emergence of novel zoonoses globally 13,180.
However, the mechanisms by which diseases emerge are context-specific and scaledependent. Land use change leads to the loss, turnover and homogenization of biodiversity 181183
; it causes habitat fragmentation, creates novel ecosystems and promotes the expansion of
human populations into landscapes where Indigenous Peoples and Local Communities have
often lived since historical times at relatively low density. These activities create new
opportunities for contact between humans and livestock with wildlife, increasing the risk of
disease transmission and the emergence of pathogens 34,59,60,184. Land use change has been
linked to outbreaks of EIDs, including Ebola 67 and Lassa fever 185 in Africa, Machupo virus in
South America 186, zoonotic malaria in Borneo 129, malaria in Brazil 128 and the emergence of
SARS-CoV-2 in China 9. Wildlife hosts of human pathogens occur at higher levels of species
richness and abundance in areas with secondary forest, agricultural and urban ecosystems
compared to undisturbed areas, with the strongest effects found in bats, rodents and passerine
birds 41,42. Human dominated habitats favour the invasion and expansion of rodents that are
reservoirs for plague, Bartonella spp. bacteria, hantaviruses and other zoonotic pathogens 40,187190
. Populations of reservoirs for Hantavirus Pulmonary Syndrome have increased following
deforestation in the Americas 191 and at regional and landscape levels in Central America 192.
Similarly, land use change is linked to increased transmission of vector-borne diseases (albeit
some of which are not pandemic threats) such as Dengue fever (with increasing urbanization),
Chagas disease 193, yellow fever, leishmaniasis 194,195, Brazilian spotted fever 196-198 and malaria
128,199
. Even the legacy of anthropogenic disturbance can serve as a mechanistic driver of
emergence by altering habitat and community structure in ways that shift disease dynamics in
wildlife creating novel scenarios for pathogens to jump from wildlife to people 200,201.
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Land use change leads to the loss of animal habitat and deforestation-related activities such as
road building contribute to the spread of disease vectors, lead to increased contact among
wildlife, people and livestock, and provide pathways for novel diseases to spread 128. The
economic drivers of land use change in tropical regions are often clearing of land for crop or
livestock production, or expansion of human settlements and illegal activities such as gold
mining or logging which affect traditional territories 202. This process brings people, livestock and
wildlife into closer proximity, increases the risk of spillover and spread of zoonoses 203,204 and
has been linked to specific emerging infectious diseases, e.g. Nipah virus 112. Global expansion
of livestock farming has been linked to the emergence of influenza, salmonellosis and bovine
tuberculosis 205. Intensive livestock or poultry production can act to reduce overall animal-human
contact because of lower number of workers per animal, however intensive production systems
are linked to outbreaks of some diseases (e.g. influenza, Nipah virus) and dense animal
populations can amplify these outbreaks 68,94,206. The trade-offs between low intensity production
(larger area used, more connectivity, lower density) and high intensity (smaller area, higher
density) are important but are often disease-specific. Reduction of this risk in the short-term will
likely rely on better surveillance and biosecurity around intensive farms, and efforts to distance
domestic animals from wildlife. Longer-term policy options that involve reducing consumption
and expansion of livestock production are addressed in section 5.

Figure 5: Drone photo of an oil palm plantation in Sabah, Malaysian Borneo. Trees are removed
periodically for re-planting, revealing the monoculture nature of palm oil production. Land use
change for palm oil in Borneo is linked to the emergence of zoonotic malaria 129 (Photo: EcoHealth
Alliance).
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Urbanization and emerging diseases
More than 50% of humanity now resides in cities, and by 2050, this may rise to 70% of the
human population 207. Urban dwelling, a form of land use, provides technological, social and
economic advantages to people, yet cities – no matter how protected, wealthy and powerful
they seem - may be particularly vulnerable to disease and climate impacts. Urban heat islands,
exacerbated by climate change, provide high-risk habitats for mosquito vectors of dengue in
Southeast Asia, Africa and Latin America and have driven cycles of significant outbreaks 208-212.
In northern latitudes vertebrate reservoirs in city parks and gardens such as hedgehogs, rats
and squirrels usually live in high densities in close proximity to people and present known
zoonotic disease or other health risks 213-220. In South America, urban areas represent a high
risk for autochthonous canine and human visceral leishmaniasis due to the presence of both the
sand fly vectors and large feral populations of dog hosts 221. Overlapping distribution of urban
and forest mosquitoes at the park edge increases the risk of arbovirus exchange via multiple
bridge vectors in Brazilian urban forest parks 222, perhaps explaining the local expansion of
disease in urban parks and more regional expansion 223. These risks are often countered by
enhanced disease control systems to protect, treat and help urban residents to recover from
infectious diseases in urban regions. However, despite this, the high density of people in urban
centres represents an intrinsic risk for disease outbreaks. For example, city apartments and
hotels in South China (including Hong Kong) became superspreading centres during SARS 224,
urban centres became a focus of rapid amplification of Ebola virus infection in West Africa 225,
and cities emerged as the central focus of outbreaks and impact of COVID-19 in the USA (e.g.
New York City), Europe (e.g. Madrid, Stockholm, Prague) and other regions.
Climate change as a driver of emerging infectious diseases (EIDs)
The Intergovernmental Panel on Climate Change (IPCC) concluded that human influence on
climate has been the dominant cause of observed warming since the mid-20th century, which is
unprecedented in rate and scale 174. Human and animal movements in response to climate
change 226 are likely to allow microbes to make contact with new hosts, to potentially invade new
niches 227 and to infect even relatively unrelated hosts 228-231. Microbial species’ capacity to
colonize new hosts (ecological fitting) may facilitate the rapid expansion of host range even by
ecologically specialized pathogens under climate change 232-234. Such climate change-driven
changes to microbial biogeography may have driven historical microbial evolutionary
diversification 234. Despite a lack of evidence that reports of emerging disease events from the
1960s to the early 2000s correlate significantly with measures of climate change 11,13, continued
climate change and the development of research focused on identifying long-term trends in
disease cases will likely identify future impacts 234,235. Climate change is projected to cause
shifts in host and vector ranges, alterations to life cycles of vectors and hosts under altered
climatic conditions and migration of people and domestic animals. Shifts in precipitation may
alter abundance of crop plants and affect population cycles of herbivores such as rodents, with
potential for shifts in reservoir distribution, population density and pathogen risk 236. Simulations
of climatically determined geographic range loss under global warming for >100,000 plant and
animal species indicate that warming of 2°C by 2100 would lead to projected bioclimatic range
losses of >50% in 18% (6–35%) of insect species, 8% (4–16%) of vertebrate species and 16%
(9–28%) of the plant species studied 237. Predicted shifts of this magnitude will also likely have
impacts on disease emergence.
Examples of diseases that have emerged due to climate change are few, likely because of the
intensive long-term ecological research needed to demonstrate this. Climate change has driven
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latitudinal and elevational shifts of biomes in boreal, temperate and tropical regions 238. This
likely led to the recent spread of bluetongue disease throughout Europe due to climate-induced
migration of its biting midge vector 239,240, the expansion of some species of ticks and tick-borne
diseases, e.g. the northern migration of tick-borne encephalitis in Scandinavia 69,70,229,241-244, and
migration to higher altitudes in mountains 245. Range expansion of several North American tick
species has also been observed, including the recent genetic evidence of the northern
expansion of the most important vector species for Lyme disease, the blacklegged tick (Ixodes
scapularis) 246,247. Climate change has also been implicated in increased hantavirus incidence in
Western Europe 248 and South America 249.
Temperature changes also allow occasional immigration of vectors to lead to persistence of
disease. For example, tick vectors of Crimean-Congo Haemorrhagic Fever virus, often carried
by migrating birds from Africa and Mediterranean countries to temperate Europe 213 and
Scandinavia 250 have been observed for the first time developing to adult stages in northern
Europe, likely due to milder winters 242,251. In tropical and temperate regions, rising temperatures
can lead to increased vector abundance, density, biting rates and decreased time between new
generations of vectors maturing, all driving increasing disease risk 252-254. The tick Ixodes ricinus
(the vector of Lyme disease and tick-borne encephalitis) has increased its rate of development
(oviposition, moulting and incubation rates) in northern Europe since the mid-20th century 255.
Changes in climate have also been implicated in the increasing impact and emergence of some
wildlife diseases 256-258.
Land use change can act together with climate change to exacerbate disease emergence
Both land use and climate change will likely create novel wildlife communities 259, new
relationships among wildlife, human and livestock populations and increased potential for crossspecies transmission 184. Arthropod vectors such as mosquitoes and ticks have been shown to
extend their geographical range as a consequence of both changing climate and land use. They
can enhance transmission of pathogens locally, lead to diseases spilling over, and help spread
them globally when mosquitoes are transported by ships and planes 260. The identification of
geographic regions, degraded ecosystems and species assemblages where these drivers
overlap 41, may provide a strategy to monitor for indicators of biodiversity change that could lead
to disease emergence 234. Shifts in host species ranges due to land use and climate change
could also be monitored to help better predict outbreaks.
Ecological restoration, land planning, green spaces and trade-offs among conservation and
health
Conservation programmes that aim to conserve intact habitat, reduce land use change by
sustainably managing land and reverse ecosystem degradation by restoring forest and other
intact habitats may reduce the risk of disease emergence if they also reduce contact among
people, livestock and wildlife. However, analysis of spatial patterns of emerging infectious
disease (EID) origins demonstrates that both deforestation and reforestation are correlated with
heightened disease emergence risk globally 13, suggesting that it is the disruption of landscape
ecology that drives changes in pathogen transmission dynamics and leads to disease
emergence across landscapes 184. Restoration programmes that are designed to increase
wildlife movement among patches of landscape (e.g. formation of wildlife corridors), or to create
‘mosaic’ landscapes of wildlife, livestock and human communities, could increase zoonotic
disease risk by increasing contact and microbial transmission among animals and people
163,168,169,261
. This is supported by modelling studies of corridor building and forest fragmentation
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165,262,263

, as well as empirical studies of fragmented habitat mosaics 13,38,264,265. However,
detailed empirical research on specific conservation programmes is largely lacking, and urgently
needed 266,267. It may be that the increased risk as habitat is lost, is due to the loss of predators
and the dominance of synanthropic species that also are reservoirs for specific diseases (e.g.
Lyme disease) 24,41,268,269. It may be possible that efforts to introduce previously extirpated
predators as part of conservation programmes, may have beneficial effects on disease risk by
reducing reservoir abundance 269,270. Analyses of the trade-offs and synergies between
infectious disease risk and conservation in these landscapes need to be undertaken urgently
163,271
. The risk of infectious disease spillover could be addressed substantially by increased
healthcare provision and community education around behavioural risk of spillover in these
landscapes. Conservation programmes could also be designed to include disease testing and
monitoring to help reduce risk of negative impacts through disease emergence.
The creation of green spaces in urban and peri-urban zones afford people areas for recreational
activities, help regulate climate and reduce the urban heat island effect, in some cases regulate
floods, and benefit welfare and mental health 272-274. These areas may also provide habitats that
support increased types and, or, prevalence of pathogens. Examples include urban hedgehogs
and ticks maintaining several tick-borne pathogens in a Budapest city park 213,214, ticks in
southern England which may support urban Borrelia transmission cycles and urban landscapes
with more aquatic plants and water in eastern China have higher mosquito densities 275,276.
Mosquito assemblages in species-poor urban green spaces in São Paulo, Brazil, are composed
largely of species considered vectors of human pathogens 277. Finally, there is substantial
evidence that suburban forest fragmentation in the USA, in the absence of top predators of the
vertebrate reservoir hosts for Lyme disease, has led to increased disease risk for people
24,269,278
. Analysis of trade-offs may provide strategic guidance to maximize the benefits of green
spaces, and heightened disease surveillance and public health education programmes may
help reduce risk.
Economic assessments of ecosystem services related to the maintenance of human health may
allow analysis of trade-offs that help achieve the UN 2030 Agenda for Sustainable Development
commitment of balancing “the three dimensions of sustainable development: economic, social
and environmental.” 279,280. The COVID-19 pandemic demonstrated that societal impacts of a
disease are driven by urban and suburban planning and individual space available to socially
distance while accessing green space 281. Some countries have already begun to witness a
move out of cities to escape perceived risk of COVID-19 transmission. As countries recover
from this pandemic, land use planning, adaptive management of ecosystems and adequate
conditions for human life may become a key to preventing disease spillover in the future 282.
There is a critical role for scientists to identify possible precautionary steps for decision makers
to prevent novel EID outbreaks including by standardized protocols to document, assess,
monitor and act to reduce risk 234. A cooperative effort of Indigenous Peoples and Local
Communities, citizen scientists, ecologists, virologists, physicians, veterinarians, social
scientists and decision makers is needed to switch from reactive to proactive behaviour. This is,
in essence, the approach called for by advocates of One Health (Figure 10) which aims to
foster close collaboration among human, animal, environmental health agencies, researchers
and practitioners 156,283-286. Some key organizations have begun the process of coordinating their
programmes around a One Health theme, including: the ‘Tripartite’ comprising WHO (World
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Health Organization), FAO (Food and Agriculture Organization of the United Nations) and OIE
(World Organization for Animal Health) 93,287; the CBD (Convention on Biological Diversity)
288,289
; the World Bank 152,285; and a wide diversity of civil society organizations 172,290-297. There
have also been calls for a One Health approach to COVID-19 control and response 290,298.
However, a great deal of further work is required to mainstream this approach 297,299.

Section 3: The wildlife trade, biodiversity and pandemics
The consumption of wild animals has occurred throughout human history, and is a critical
source of nutrition and welfare for Indigenous Peoples and Local Communities and many rural
communities in developing countries300-303. It is also a source of wild meat for consumption and
of acquisition of animal products (fur, trophies etc.) in many developed countries 304,305.
Regulation of and governmental support for sustainable harvesting of wild products have been
successfully used as a way to alleviate poverty in many countries and increase the sustainability
of the wildlife trade (https://www.cites.org/eng/prog/livelihoods). Sustainable trade has led to
better living conditions, welfare and health in some cases 306. There is significant evidence that
the wildlife trade is involved in the emergence of a range of diseases, particularly where the
trade is poorly regulated, and concerns mammals or birds (the most important reservoir hosts
for emerging zoonoses) 5,307-310. The legal regulated trade in wildlife has also led to the spread
and emergence of diseases and there is little comparative data with the health risks of the illegal
trade to date 311-313. For these reasons, and because of the links between COVID-19 and live
animal markets 10, there is a great deal of current interest in policy measures to reduce risk of
infectious disease in the wildlife trade. This section reviews existing information about trade
(legal, illegal, international and domestic) in live wildlife and wildlife commodities (including
farming of wildlife) in relation to their role in disease emergence and spread. It lays out evidence
that can be used by decision makers in assessing trade-offs between the clear conservation,
economic and welfare benefits in supporting a well-regulated and sustainable trade in wildlife,
with the risk of disease spread and emergence via trade pathways. Where available, scientific
analyses of data on the relative roles of legal and sustainable trade, versus unregulated and
illegal trade in the emergence of disease are provided. The goal is to inform a discussion of
trade-offs that may be timely and important given ongoing calls for, and effort to, change policy
on the wildlife trade following the emergence of COVID-19 314-321.
Trends in the wildlife trade
The trade in wild animals, their parts and products is common around the world through local
networks (e.g. a hunter trading directly with restaurants), through transport to urban centres
(e.g. live animal markets), via trade routes that cross national borders, or distribute to global
destinations (e.g. the international trade in wildlife as pets, driven largely by markets in Europe
and North America) 309,322. In line with the increase in land use change (Section 2), the wildlife
trade has expanded significantly in the last few decades. Although data are not fully available
for domestic trade, the international legal wildlife trade has increased 500% in value since 2005,
and 2,000% since the 1980s 322,323 (Figure 6), albeit that a proportion of this increase may
reflect enhanced sustainable captive breeding or ranching 324. This information, case study data
and analysis of trends suggest that the legal wildlife trade is, in many cases, unsustainable and
a continuing threat to biodiversity conservation 325,326. About a quarter of all wild terrestrial
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vertebrate species are traded globally 327. Although data are incomplete, it has been estimated
that the global illegal trade in wildlife is worth ~US$7–23 billion per year, equivalent to nearly
25% of the value of the legal market 328, (https://www.traffic.org/about-us/illegal-wildlife-trade/)329
327,330
. This may be an underestimate because illegal wildlife trade data are based on customs
seizures that do not account for domestic trade 331,332. Finally, the continued globalization of
trade routes, lack of sufficient reporting 333, the links between poverty and illegal hunting 334 and
insufficient or inadequate regulation throughout many trade pathways, suggest that the wildlife
trade will become more unsustainable in future 335.
Regulation of the wildlife trade is challenging due to its breadth, scale and the myriad species
and products involved. Since 1975, international trade in many wild species has been regulated
by the Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES) 336, a multilateral treaty with 183 signatory Parties (182 countries and the EU) that
provides a mechanism to regulate the legal trade of about 36,000 species of animals and plants.
CITES has had demonstrated success in reducing wildlife trade, driving up value of sustainably
traded species and products and promoting captive-breeding, ranching or farming as
alternatives to wild capture (https://www.cites.org/eng/prog/livelihoods). For example: CITES
listing of seahorses (Hippocampus spp.) led to reduced trade and an increase in their value in
the trade 337; CITES listing of eels (Anguilla spp.) and an EU ban dramatically reduced the trade,
although it then shifted to Indonesia 338 and North Africa 339. However, the international trade in
a large number of wild species – principally fisheries and forestry resources – are not regulated
under CITES, while the domestic use and trade of wildlife falls outside the purview of the
Convention.
Live animals

Animal products

Plants

1.2

Trade value (billion US dollars)

Year
2005
0.9

2019

60
10

40

0.6

5
20

0.3

0.0

0
Live
birds

Live
ornamental
fish

Live
primates

Live
reptiles
and
amphibians

0
Aquatic
animal
products

Edible
snails

Mammal
furs and
fur
products

Mammal
game meat

Reptile
and
amphibian
products

Medicinal
plants

Ornamental
plants

Figure 6: Monetary value of legally traded wildlife commodities has increased more than 500%
between 2005 and 2019 for all categories. Figures above bars = values in billions of US dollars. Data
for 2005 from 322; for 2019 from 323. Data for frog legs (‘reptile and amphibian products’ category) are
from 2014. Data for plants included for comparison, and because trade in plants has led to
introduction of disease vectors (e.g. tiger mosquitoes into USA, Netherlands 340,341). Data do not
include timber or commercial fisheries.

A number of countries have additional measures to regulate trade in wildlife—particularly
exports. National or regional (e.g. the European Union – EU) level controls for trade in native
and exotic species have been enacted for conservation purposes (e.g. the US Endangered
Species Act); to promote animal welfare (e.g. EU import bans on young Harp Seal Phoca
groenlandica and Hooded Seal Cystophora cristata skins, and on species trapped in ways that
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do not meet “international humane trapping standards”); for public or agricultural health
concerns (e.g. EU ban on wild bird imports to reduce spread of high pathogenicity H5N1 avian
influenza); and to reduce the risk of invasive alien species 322. The Balai directive
(https://lawlegal.eu/balai-directive/) has been enacted in the European Union to deal with some
health risks for some of the international trade in wildlife. However, law enforcement, legislation
and policing efforts are challenged by a rise in e-commerce 342-344, expansion of trade routes
343,345,346
and apparently increasing involvement of violent criminal elements in the illegal trade
347-349
.
Wildlife consumption patterns vary markedly among countries, with North America, Europe and
some parts of Asia being net importers and consumers, whereas countries in South America,
Africa, Southeast Asia and Oceania tend to be net suppliers, or may have a large domestic
trade, added to traditional consumption patterns 350-353. Domestic trade dominates in some
regions, e.g. West and Central Africa 302,354,355, the Neotropics 356-358 and some Southeast Asian
countries 301,359. Demand in Europe and China includes products for fashion (e.g. fur, leather). In
China, a growing wealthy middle class is often the main consumer of fashion products, of
wildlife for traditional Chinese medicine or of food with perceived health benefits 360,361. The EU
and USA are leading consumers of legally traded wildlife for pets 312,342,352,362. The USA is one of
the largest legal importers of wildlife globally with 10-20 million individual wild animals imported
each year, largely for the pet trade 309,312. The number of shipments rose from around 7,000 to
13,000 per month from 2000 to 2015 362. This trade has led to the introduction of monkeypox
virus (See Box 2) and the tick vector and causative agent of heartwater disease of cattle 363,
among other emerging disease threats.
In many regions, rural communities have traditionally depended on wild animal protein to
supplement their diet. In some regions, increased demand from the international trade, coupled
with poverty have resulted in growth of hunting and trade in illegal or legal wildlife 300,312,334,364-369.
Increased domestic trade in some countries is driven by rapid human population growth,
growing wealth, migration to urban centres, increased connectivity and transportation routes,
appreciation of wild meat for its taste, cultural connotations and as a luxury item and
globalization. Links have been reported between the illegal wildlife trade with Asia-driven
organized crime in South America in the last decade 370. In the USA, the legal wildlife trade
doubled between 2000 and 2013 312, and wild meat seizures in passenger baggage are
common in airports in the USA and Europe 312,331,368,369.
Wildlife farming
Wildlife farming is defined as the captive breeding of traditionally undomesticated animals in an
agricultural setting, for profit, to produce: animals to be kept as pets; commodities such as food
and traditional medicine; and materials like leather, fur and fibre 371 372,373. Wildlife farming may
offer an alternative source of wildlife products, particularly wild meat, economic development in
rural areas and biodiversity conservation by reducing hunting pressure on free-living
populations. This has led to a reduced consumption of wild individuals in some cases (e.g.
American alligators), and has alleviated poverty and improved health and welfare
(https://www.cites.org/eng/prog/livelihoods). However, surveys have reported that in many
regions wildlife farms are stocked repeatedly with wild-caught individuals that are largely
indistinguishable from those that are captive-bred, record keeping is often lax or non-existent
and enforcement of laws often poor 373,374. The increased availability of wild animals due to
captive breeding may increase consumer demand, put pressure on free-living populations for
31

founder stock because breeding capacity is unable to meet demand 373,375 and create
opportunities for laundering illegally-caught animals 376. A 2014 census in Vietnam documented
over four thousand wildlife farms producing nearly one million individuals of 182 wildlife species.
However, many farms had a high proportion of wild-caught animals (e.g. doves and bears) or
their stock was nearly all wild-caught (e.g. tiger, rabbit, squirrel) 377. Wildlife farming has
expanded substantially in China 378, where ‘non-traditional animal’ farming generated US$77
billion dollars and employed 14 million people in 2016 141,379.
The wildlife trade has led to a series of high-profile emerging diseases
The hunting and consumption of wildlife has been integral to human survival throughout history
and has developed as part of most community’s cultural heritage. The hunting, trading,
butchering and preparation of wildlife for consumption has led to a significant proportion of
known zoonoses, EIDs and pandemics such as Ebola virus disease, HIV/AIDS, Monkeypox,
SARS and COVID-19 (Box 2). These likely include many of the zoonoses now endemic in the
human population 308,380. The trade in wildlife is a particularly important risk factor for disease
emergence because it provides intimate contact among wildlife, livestock and humans,
facilitating the spillover of novel or known pathogens, their amplification and spread. Increased
numbers and density of farmed animals (both domestic and wild) allow infections to spread
more easily and drive bigger outbreaks. Increased volume of trade and efficiency of longdistance transport along the wildlife trade supply chain drive the movement of pathogens across
large distances to contact populations that may not have had prior infection by them.
The logistics involved in the wildlife trade supply chain may be a risk for increasing the
prevalence (percentage of animals infected) and the diversity of microbes, and allowing viral
recombination in animals that are in transit 381. A ten-year study of pangolins (Manis javanica)
seized at the country of origin revealed a complete lack of potentially zoonotic viruses 318,
whereas two different groups seized at the end of the trade route were found to contain
coronaviruses with genetic elements closely related to SARS-CoV-2, and others likely of
pangolin origin 315,382,383. Analyses of viral genetic data suggest that these animals were infected
with recombinant viruses that may have evolved due to contact with other species during
prolonged trade pathways 6,318. Detailed studies have not been conducted, but transmission
studies on captive animals demonstrate that many of the necessary logistical demands of the
wildlife trade likely enhance disease risk. For example, at different stages of a trade supply
chain, individual animals may be held at unnaturally high densities, which can increase the risk
of microbial transmission among them. Individuals from different geographic locations are often
housed together or close to each other in holding pens and containers, some in mixed species
assemblages, all of which increases the opportunity for microbial transmission. Stress due to
handling and the many other unnatural conditions in the trade, are likely to reduce fitness,
increase the likelihood of infection (i.e. prevalence), increase the shedding of microbes and
increase the risk of illness which may lead to enhanced transmission. All of these are inevitable
aspects of the logistics of trading animals, and likely can’t be completely eliminated by
guidelines on care, hygiene and welfare considerations. The factors that enhance likelihood of
pathogen shedding, transmission, cross-species spillover and illness are intensified in live
animal markets, where animals are often held for long periods of time in overcrowded
conditions, with poor hygiene practices, mixed with diverse species and in close contact with
large groups of people who travel regionally to purchase often live animals 301,384,385 359,381,386,387.
Thus, when SARS emerged from a likely bat origin through the live animal markets of southern
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China in 2002, it infected a range of other wild mammal species (raccoon dogs, civets, etc.) as
well as people 10.

Figure 7: Masked palm civets (Paguma larvata) were farmed for sale as a food item in the live
animal markets of South China. Civets were found to be infected with SARS-CoV at the live animal
markets where some of the earliest known human cases of SARS were identified, in Guangdong,
China, 2002 (Right photo: EcoHealth Alliance).

The wildlife trade may also lead to increased human activity in rural or uninhabited regions to
capture often increasingly rare species, driving new contact among people, animals and their
microbes. These activities are linked in many cases to land use change and the processes of
deforestation and forest degradation, timber extraction, mining, settlement and agricultural
expansion 50 388. The industrialization of the trade also puts increasing pressure on Indigenous
Peoples and Local Communities who have nutritional dependence on wildlife, when hunting
pressure to supply the trade reduces populations to unsustainable levels. Because live animal
markets are often a place where people congregate, the emergence of SARS-CoV-2 appears to
have been amplified among people within a live animal market in Wuhan, suggesting that live
animal markets may provide a mechanism for wildlife-to-human spillover of previously
undescribed pathogens and also their amplification 10.
The increasing complexity of wildlife trade networks, including wildlife farms, live animal markets
with mixed livestock and wildlife, long-distance bulk transport and international trade will likely
increase future risk of disease emergence. The industrialization of the wildlife trade provides
substantial opportunity for cross-species microbial transmission when diverse wildlife species
and livestock are held in close confinement for significant periods of time, with often little
surveillance, poor regulatory framework and poor law enforcement 389. Despite few studies of
the mechanisms that drive risk, recent data demonstrate that the percentage of bamboo rats
infected by coronaviruses increases through the wildlife trade value chain in Vietnam, from 6%
in rat farms, to 21% in large live animal markets, to 56% at the point of slaughter in restaurants
381
. Similarly, the trade appears to have enabled SARS-related coronaviruses to recombine
among species, leading to infections in pangolins by viruses with genes closely related to
SARS-CoV-2 315,318,382,383. These studies, taken together, suggest a role for the wildlife trade in
Southeast Asia in driving the emergence of SARS, COVID-19, and potentially a growing number
of future zoonotic coronaviruses and other zoonotic pathogens. Some bat-origin CoVs are
known to infect both people and livestock, e.g. MERS-CoV (bats, camels, people), SARS-CoV
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(bats, farmed raccoon dogs and civets, people), SARS-CoV-2 (bats, people, farmed mink,
raccoon dogs) and SADS-CoV (bats, pigs, high potential for human infection) 99,117,130,390,391.
Some elements of the wildlife trade also increase the risk of emergence of diseases that affect
animals farmed for food, highlighting their potential impact on food security as well as public
health.

Figure 8: Carcasses of confiscated frozen pangolins illegally imported into Indonesia in 2015 are
buried for safe disposal. Pangolins, which are threatened with extinction due to the illegal wildlife
trade, have recently been identified as hosts of coronaviruses closely related to SARS-CoV-2
(Photo: Earth Tree Images).

Box 2: Five emerging infectious diseases linked to wildlife trade and consumption
Ebola virus disease
Since its discovery in 1976, several epidemics of Ebola virus have been reported in Central and
West Africa, the largest of which began in Guinea in 2014 and lasted until 2016 225. Some Ebola
outbreaks are thought to have begun with an infected wildlife host (e.g. a gorilla, chimpanzee,
duiker, or fruit bat) that was either killed for food or harvested after dying of the disease 392.
Community transmission among people is associated with intimate contact with infected
individuals or bodily fluids during burial practices, caregiving, or habitation 393. Many Ebola virus
outbreaks have been limited to rural communities and therefore have remained small, usually
involving less than 400 cases 225. In the 2014 outbreak, failure to control transmission in the
early phases led to large numbers of infected people in two adjacent countries because of high
population mobility, strong connectivity of distant rural communities and densely populated
urban centres in the region 225. Hospital care and burials were important amplifiers of
transmission 394. The identity of the wildlife reservoir host of Ebola virus is uncertain. However,
based on partial sequences of Ebola virus genome detected in tissue samples and on
antibodies to Ebola virus in blood, the likely original host reservoirs are one or more bat species
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66,395,396

. This is supported by the fact that a related filovirus, Marburg virus, has a fruit bat
species (Egyptian rousette, Rousettus aegyptiacus) as original host reservoir 397.
HIV/AIDS
HIV-1 and HIV-2 were identified as causes of HIV/AIDS in 1983 398,399 and 1985 400,
respectively. Their origin is thought to be hunting and butchering a chimpanzee or gorilla (HIV-1)
or sooty mangabey (HIV-2) infected by related viruses in Central or West Africa 401. Such
infections have likely happened repeatedly throughout human history, and this is supported by
analysis of sequence data comparison from HIV and the related simian immunodeficiency
viruses. However, in the late 19th or early 20th century, human communities in central and west
Africa were expanding and becoming more connected due to land use change and road
construction. These circumstances probably allowed rapid spread within the region 402. Global
spread was facilitated by increased airline and ship travel and the outbreak achieved pandemic
status 403. Analysis of viral gene sequences suggests the date of transmission that led to the
pandemic is the early years of the twentieth century for HIV-1 404 and the middle of the twentieth
century for HIV-2 405.
Monkeypox
Monkeypox is caused by a poxvirus originally described in a colony of captive non-human
primates, and is endemic in West and Central Africa where it causes serious outbreaks with a
case fatality rate as high at 10% 406,407 . In 2003, 71 cases of human monkeypox were reported
in five states of the USA 311. This was the first known report of monkeypox in the Western
Hemisphere. The virus was imported into the US within a shipment of Gambian pouched rats
(Cricetomys gambianus) for sale as pets, and these also infected captive prairie dogs, an
endemic USA rodent, although the disease did not become endemic in the USA 408,409. No
deaths were reported. No human-to-human transmission was found, although it is known in
Africa 409,410. All cases involved direct contact with infected prairie dogs. The presence of this
potentially serious infection within the wildlife trade led to the USA Centers for Disease Control
and Prevention using emergency authority to ban the trade in rodents from African countries
and the USA Food and Drug Administration to ban the sale of prairie dogs, despite there being
uncertain legal authority to do either 411. The ban on African rodent importation into the USA is
still in place (https://www.cdc.gov/poxvirus/monkeypox/african-ban.html).
SARS
SARS emerged in the Guangdong province, China, in November 2002. That province had
shown 38% population growth in the previous 10 years (the most rapid in China) and a 138%
increase in GDP per capita in previous 10 years (5th highest in China). As a result, consumption
of wildlife had increased in the province in the previous 20 years, with 95% of the inhabitants of
the major city in Guangdong province, Shenzhen, having eaten wildlife, and wild-caught or farmraised masked palm civets (Paguma larvata) being a popular meal. The first case clusters
included restaurant owners and chefs who bought wildlife from large live animal markets in
Guangzhou 412,413. Evidence of infection was found in masked palm civets (Paguma larvata),
Chinese ferret badgers (Melogale moschata) and raccoon dogs (Nyctereutes procyonoides) in
one live animal market 414. However, these animals were likely infected during transit in the
wildlife trade, and the true reservoir hosts are insectivorous bats (Rhinolophus spp. and others)
that are commonly eaten in South China, and were traded widely in live animal markets at the
time 415. Initial spread was mainly to family members and to medical staff at hospitals where
they were cared for 412, then via an infected doctor to Hong Kong 416. Subsequent global spread
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resulted in just under 8,000 confirmed cases, about 10% of whom died. Due to strict public
health measures and most viral transmission occurring after noticeable symptoms, the
pandemic was stopped by July 2003 417. A temporary ban of wildlife hunting and trade in
southern China was issued, with particular focus on the quarantine of farmed or traded civets.
Additionally, some of the larger live animal markets were temporarily closed. In January 2004,
when new SARS cases were diagnosed again and linked to the wild animals in Guangzhou 418,
the authorities ordered culling of wildlife in the markets419. In total, 838,500 wild animals were
reported being confiscated from the live animal markets in Guangzhou city 420. These measures
were relaxed months following the outbreak.
COVID-19
The timing, geography and source of infection for the first human cases of COVID-19 are still
not fully known, but the earliest known cases occurred in November 2019 in Hubei province,
China. The majority (27/41, 66%) but not all of an initial cluster of infected people visited a
seafood market in Wuhan and it is probable they either were infected by wildlife traded there, or
from other people who were already infected in another part of China 10,421,422. The animal
species from which people contracted the causative agent, SARS-CoV-2, is not known, but the
closest relatives are found in horseshoe bats (Rhinolophus spp.) from Yunnan province 6.
SARS-CoV-2 spread among family members and hospital staff in Wuhan and disseminated
rapidly to other provinces in China, partly due to extensive travel for Chinese New Year and
because Wuhan is a major transport hub 423. Subsequently, it spread by travellers to Southeast
Asia, then the Middle East, Europe, the USA and elsewhere. COVID-19 has since become a
very significant pandemic, largely because of its relatively high mortality compared to seasonal
flu or recent outbreaks of pandemic flu (e.g. H1N1, 2009) 424.
The live animal market that was considered being associated with the first cluster of cases was
closed down in December 2019 425, and Chinese authorities issued national urgent notices to
strengthen wild animal market supervision, enforce the law on illegal wildlife trade and prohibit
the trade of wild animals in January 2020. In February 2020, the central government issued a
permanent ban on wildlife consumption for food 314. As a result, many wildlife farms across the
country were closed, and animals were ordered to be culled, transferred to be used for
medicine, or released into the wild as instructed by the government. Revisions of major state
laws for wildlife protection and animal epidemic prevention are also undergoing. A survey
among 74,040 Chinese citizens (largely from urban centres) after the main outbreak of COVID19 in China showed 94% were supportive of more stringent policy and legislation on wildlife
trade, and the majority of respondents intended to cease wildlife consumption for food 316.
Similar public opinion was reported in Japan, Myanmar, Thailand and Vietnam 317. Similar
changes in attitude were observed in China after outbreaks of SARS and avian influenza during
2002-2004 426, however there is no published evidence that this led to a long-term reduction in
the number of live animal markets or to a change wildlife consumption patterns. A deeper
understanding of cultural incentives for wildlife consumption would likely be required to
implement long-term behaviour change and successfully reduce wildlife trade 427.
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There are significant gaps in policies to control disease emergence through wildlife trade
The World Organisation for Animal Health (OIE) is the primary international agency with a
remit to protect animal health globally by providing a mechanism to reduce risk of disease
spread through animal trade (Box 3). OIE has established a list of notifiable terrestrial and
aquatic animal diseases that are considered as specific hazards to livestock health, human
health and the environment. The OIE list is the reference for international sanitation for
animal diseases by the World Trade Organization under its Agreement on Sanitary and
Phytosanitary Measures (SPS), making adherence to trade measures based on this list
internationally enforceable 428,429. OIE member countries are obliged to report semi-annually
and annually on OIE listed diseases and immediately on the new occurrence of an OIE listed
disease or an unusual epidemiological event in animals, regardless of the species affected,
whether domestic, wild, captive wild or feral, and on the measures taken to reduce risk.
Between 1900 and 2014, 73 OIE-listed terrestrial animal diseases were reported in wildlife
(defined as wild animals, captive wild animals and feral animals 313), with 528 wild animal
species that are documented hosts of at least one of these 313. These include zoonotic
diseases caused by Japanese encephalitis virus, Nipah virus, Coxiella burnetii, Rift valley
fever virus, Francisella tularensis and West Nile virus. Trade in wildlife has been cited as
causing the spread of OIE-listed pathogens responsible for zoonoses or livestock outbreaks
in 30 peer-reviewed papers 430. This included spread through the wild meat trade, the
introduction of non-native or invasive alien species, human encroachment or habitat
alteration, migration or expansion of habitat, trade in wild animal parts, or a combination of
these 430. Despite the OIE’s proven reporting system and legal framework, regulatory
responsibility for wildlife is often unclear 313. In many countries, wildlife is regulated by
agencies dedicated to the management of natural resources and is not under the purview of
human or agricultural health officials. This leads to lack of health expertise in managing
wildlife and exotic animals, making it difficult to organise appropriate health surveillance and
risk assessment protocols. Most trade in wildlife had no veterinary oversight, compared to
that for domesticated animals and their diseases (e.g. foot and mouth disease) 309,312. As a
result, there is a lack of organization and funding for wildlife health policy in many countries,
and policies that are reactionary rather than precautionary, leading to increased risk and
costs of mitigation and control 308,309.
Box 3: International mechanisms and organizations of potential importance in
regulating the role of wildlife trade in zoonotic disease spread
The World Organization for Animal Health (OIE)
The OIE was originally created as the Office International des Epizooties through an
international Agreement signed in 1924. It was renamed in 2003 as the World Organisation
for Animal Health but kept its historical acronym OIE. OIE is the intergovernmental
organisation responsible for providing a mechanism and guidelines to track, monitor and
control disease threats to animal health that arise through trade in animals and their
products. It is focused primarily on livestock trade and health but has a remit to include
diseases that threaten the environment and covers many diseases that are zoonotic by
nature. OIE is recognized as a reference organisation by the World Trade Organization
(WTO) and its 182 Member Countries (2018 data) and has regional and sub-regional offices
on each continent.
OIE operations are managed through headquarters based in Paris, that implement
resolutions passed by an international committee and developed with the support of
Commissions elected by OIE Delegates. Work is supported by annual contributions from
Member Countries, supplemented by voluntary contributions.
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The OIE provides the rationale, and detailed mechanism for countries to monitor and control
the risk of disease spread in wildlife trade via the setting up of groups of experts. These
groups assess whether a disease should be ‘notifiable’ by countries due to the threat it
represents to the trade, to animal health (primarily livestock, captive-bred or ranched
species) in a country and to the environment. Signatory countries are then mandated to
report annually on the presence of the disease in the country, whether the disease is absent
within their country and on measures they are taking to control the disease. At the time of
writing (2020), it is mandatory to report on 117 animal diseases, infections and infestations,
and voluntary to report on another 55 diseases that affect wild animals. Countries can
designate disease-free zones within their national boundaries that they can trade from and
into, but trade is restricted or blocked for notifiable diseases outside these zones.
The Convention on International Trade in Endangered Species of Wild Fauna and
Flora (CITES)
CITES is a multilateral treaty that provides a mechanism for countries to monitor and control
international trade in species covered by the Convention. Its aim is to ensure that
international trade in specimens of wild animals and plants does not threaten their survival. It
entered into force in 1975 and is legally binding for all 183 signatory Parties (182 countries
and the EU). CITES regulates international trade in species covered by the Convention and
requires Parties to enforce the provisions of the Convention by requiring them to adopt
measures that prohibit trade that would violate the Convention, penalize illegal trade and the
possession of illegally traded specimens; and provide for the confiscation of such
specimens. International trade is managed by the national management authority,
designated by each Party to the Convention, typically a ministry or agency responsible for
environment, forests, wildlife or agriculture. The trade is monitored through the submission of
annual reports to the Secretariat by each Party. CITES secretariat activities are supported by
national contributions. The Review of Significant Trade monitoring mechanism monitors the
sustainability of international trade. CITES does not conduct the monitoring of domestic
(within-country) trade, and this is funded and organized by national governments, usually
working through their wildlife, environment or forestry ministries or agencies. Procedures for
addressing compliance matters have been established under the Convention with the
Standing Committee responsible for overseeing such matters by adopting recommendations,
aimed to assist the Party to come into compliance. As a last resort, the Committee may
recommend that trade be suspended with the concerned Party until the Party has addressed
the matter.
CITES Parties agree to controls (both export and import) on international trade in species
that are listed in one of the Convention’s three Appendices: Appendix I species are
considered to be threatened with extinction and international trade for primarily commercial
purpose is always prohibited; non-commercial trade can be allowed for certain purposes
under certain conditions only (e.g., zoos, scientific research, movement of personal effects),
and the trade in sport-hunted trophies is allowed because it is considered not primarily for
commercial purposes. Appendix II species are species that are not necessarily threatened
but may become so unless trade is subject to strict regulation. It also includes species that
are so similar when traded to other CITES-listed species, that their trade must also be
regulated. Appendix III species are those that require the co-operation of other countries to
prevent unsustainable or illegal trade in native species 322. CITES Appendix I currently lists
687 animal species (325 mammals, 155 birds) and 395 plant species; Appendix II contains
5,056 animal species (523 mammals, 1,279 birds) 32,364 plant species; and Appendix III
lists 202 animal species (46 mammals, 27 birds) and 202 plant species 431. A number of
pandemics and emerging diseases have originated in species that are included in the
Appendices of CITES (Table 1, appendix). At the time of writing, CITES Parties have not
yet discussed how the Convention may contribute in reducing risks posed by zoonotic
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diseases, but this could include the adoption of dedicated Resolutions and Decisions and
new or strengthened partnerships with relevant organizations.
Unsustainable and illegal wildlife trade has multiple implications for health
The loss of biodiversity due to unsustainable or unregulated wildlife trade may directly affect
the health of communities who rely on wildlife as a source of food, nutrition and traditional
medicine 172. Indirect health effects may also occur due to replacement of declining species
by others that may carry disease risks, or with processed food. Analyses of how sustainable
the wildlife trade is depend on the quantification of its impacts on wild populations. However,
data are lacking, particularly for domestic trade. For example, in Brazil, commercial hunting
is illegal and subsistence hunting, hunting for controlling wildlife populations, hunting for
scientific purposes, and recreational/sport hunting are regulated and require a permit, which
is costly and time-consuming to obtain 432. Most non-commercial hunting therefore occurs
without license, and 70% of wild animals are traded domestically 433, through informal
networks and not documented or captured in government statistics 364. Secondly, data on
shipments and annual reports submitted by member states to the CITES Secretariat concern
only species listed in the appendices, which comprise a small percentage of traded wildlife.
Data for importation of non-CITES listed species are often incomplete, for example rarely
including the species name or number of specimens shipped 434. Over 50% of live wildlife
imports and exports in the USA between 2000 and 2006 were identified only to animal class
(e.g. birds, fishes) 309,435. Thirdly, most of the importation data available for analysis do not
account for illegal trade, which has been documented as a risk for importation of zoonoses
436,437
. Illegal trade intercepted by enforcement officials provides a crude and unreliable
measure of overall illegal activity 438. Finally, there have been significant reported
discrepancies between data reported to different agencies and with survey data 439-441.
It is challenging to assess how sustainable the global trade in wildlife is, because the
population dynamics of many traded taxa are understudied, and there is a lack of
coordinated, systematic data collection within the trade 442. In Southeast Asia for example,
~30 million individuals of ~300 wild-caught species were traded over a 10-year period, while
population numbers for many taxa were lacking 333. The effectiveness of CITES is
undermined by non-compliance, overreliance on regulation, lack of knowledge and
monitoring of listed species, challenges from overwhelming market forces, and influence
among CITES stakeholders 336,443. Consideration of the totality of wildlife trade, including
domestic and international, legal and illegal trades suggests that much of it is unsustainable,
i.e. with demonstrated evidence that it is driving the loss of abundance, biodiversity and
increasingly threatened status of traded species. For example, analysis of CITES and IUCN
databases show that traded wildlife species are in higher threat categories than non-traded
species (especially among mammals and birds) 327. Of those listed as threatened or nearthreatened, 72% (6,241) have been over-exploited for commerce, recreation or subsistence
125
. This has occurred historically throughout much of North America and Europe and other
regions that were deforested and modified over the preceding centuries 444. More recently,
hunting has led to documented local extirpations and ecological extinctions in West and
Central Africa, Southeast Asia and Neotropical forests 303,333,445,446. Hunting for meat alone
has placed 113 wildlife species at risk in Southeast Asia (13% of all threatened mammals
occur to the east of India and to the south of China), 91 in Africa (8%), 61 in the rest of Asia
(7%), 38 in Latin America (3%) and 32 in Oceania (7%) 446. Hunters are now increasingly
targeting smaller species, following declines in nearly 60% of larger biomass mammals 446,
that has led to ecosystem-wide effects in Central African rainforests 447, with impacts
particularly significant among primates 448,449. African elephants have declined by 30-fold
over the last century (from 12 million to ~400,000), with more than 100,000 elephants killed
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by poachers between 2010 and 2012 450,451. Rhino poaching in South Africa increased 77fold between 2007 and 2013 (https://www.worldwildlife.org/threats/illegal-wildlife-trade), and
seizures of pangolin scales increased 10-fold between 2014 and 2018 452. The rapid
expansion of the Belt-and-Road Initiative that links China through land and sea trade routes
to Europe, the rest of Asia and Africa, has led to calls for strengthening of biodiversity
safeguards 453, and strategies to reduce risk of microbial spread 454. In a study of wildlife
seizures in Central and South America representing 1,038 individual wild felids, the numbers
of jaguars seized annually increased by an estimated 200-fold between 2012 and 2018 455.
In Latin America, the illegal wildlife trade is considered the primary threat to the survival of
several endangered large felids, parrots, primates and other taxa 366. Increasing numbers of
confiscations of high-value neotropical species such as jaguar, Andean bear and anteater
have been reported 366,455.
Programmes to reduce wildlife trade demand may also reduce disease risk
The majority of interventions implemented to combat illegal wildlife trade and support
sustainable trade in wildlife are conservation-driven. However, some measures specifically
target public health risk. For example, research demonstrates that live animal market closure
effectively reduces the risk of zoonotic transmission of highly pathogenic avian influenza
456,457
. A temporary ban was imposed on hunting, trading and transporting wild animals in
South China after the SARS outbreak, and quarantine procedures have been proposed for
the wildlife trade following the emergence of COVID-19 to reduce risk of zoonotic pathogen
emergence, and to improve biosecurity in live animal markets 458. Designing effective
policies is hindered by the diversity of motivating factors behind wildlife trade and
consumption and the complexity of zoonotic disease emergence 319. A blanket ban in a
country or region is unlikely to stop the spillover of zoonotic pathogens, because it may
stimulate the trade in bordering countries, or encourage illegal trade and consumption.
Blanket bans may also threaten food security, nutritional welfare and the livelihood and
economic development of local communities reliant on wildlife, which are often Indigenous
Peoples and Local Communities459.
Targeted interventions to reduce disease risk in the wildlife trade value chain have been
designed mainly for farms and live animal markets to reduce avian influenza risk from poultry
456,457
. Measures include increased numbers of days with live animal market closures,
increased cleaning out of live animal cages, increased testing at intensive farms and
backyard production facilities and promotion of other sanitation measures 93,94,206. Few
programmes to specifically target interventions around wildlife trade have been
implemented, despite numerous calls for research, intervention design and policy measures
308,359,389
.
Efforts to reduce unsustainable trade include programmes to identify underlying motivating
factors in culture and tradition and use these to promote behaviour change 427. Campaigns
against overconsumption or illegal wildlife trade have been implemented globally, regionally
and nationally (e.g. a relatively successful campaign to combat the ivory trade in China
460,461
). However, their impact on changes of consumption behaviour or species conservation
has been evaluated for only a few of these 462. Furthermore, the lack of detailed
understanding of incentives for wildlife consumption likely undermines their efficacy 463. Even
with demonstrated success and effectiveness, community engagement programmes face
challenges in engaging high-level policy for implementation 464. Community-based
ecotourism that uses a “Payments for Ecosystem Services” approach has successfully
reduced local wildlife trade in Laos and Cambodia 465,466, but outcomes were mixed in other
contexts that required improved institutional basis for implementation 467,468.
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Section 4: Controlling pandemics relies on, and affects, biodiversity
An understanding of the biodiversity of microbes in nature is critical to controlling pandemics
Substantial aspects of the development of modern medicine are historically and currently
dependent on biodiversity. The 3.5 billion years of evolution of life on Earth have led to tens
to thousands of genes, each producing proteins that serve specific functions 469,470. Microbial
diversity is extraordinary 471: for instance, it moderates infection in plant ecosystems 472 and
free-living viruses drive species composition dynamics in marine ecosystems 473. Microbes
compete among each other for space and nutrition, leading to selection for strategies to kill
or inhibit other microbes, replicate, and respond to chemical and physical stimuli, all of
potential benefit to fighting infection. Natural or naturally derived compounds account for
around 75% of approved antimicrobial drugs 474. For example, there may be 12 million fungal
species 475, one of which was the source of penicillin used to control bacterial infections and
revolutionize medicine 476. The antiparasitic drug ivermectin was derived from the bacterium
Streptomyces avermitilis and the antimalarial artemisinin from the plant Artemisia annua,
sweet wormwood 477. Diagnosis of infectious agents with polymerase chain reactions (PCR),
now being used to detect hundreds of thousands of SARS-CoV-2 infections daily, is
dependent on the heat-resistant Taq polymerase enzyme discovered in a thermophilic
bacterial organism Thermus aquaticus from hot springs 478. CRISPR (clustered regularly
interspaced short palindromic repeats) is a family of DNA sequences discovered in bacterial
and archaeal genomes 479. These sequences are derived from bacteriophages, viral
parasites of bacteria, and used to detect and destroy subsequent bacteriophage infections
along with Cas-protein enzymes. CRISPR-Cas systems are now utilized to engineer
probiotic cultures for yogurts, to improve crop yields and drought tolerance, and to produce
malaria-resistant mosquitoes 480. CRISPR has been used for diagnostic testing with high
levels of sensitivity 481,482, including for SARS-CoV-2 483.
The health sector also uses digital sequence information on genetic resources, for example,
for the design of diagnostic tests for infectious disease agents, detection of pathogens in
contaminated food for disease prevention and discovery of new therapeutics 484. Given that
less than 1% of known species have been utilized by people, discovery of further
compounds that help develop therapeutics and diagnostic agents is highly likely 485.
Genomic advances are now bringing insights into how other species, such as bats, may
resist or tolerate infections, potentially leading to mechanisms of infection control 486-488.
Biodiversity is therefore a fundamental resource for health. However, it is difficult to predict
which genes, species, or ecosystems will become valuable for bioprospecting in the future
489
highlighting the need to conserve as much biodiversity as possible 490. Similarly, the rapid
and comprehensive scientific sharing of the wide array of pathogens found in animals and
humans is crucial for public health preparedness 491. However, there is limited capacity to
predict which pathogens may cause outbreaks and may be used in the development of
necessary life-saving (and, potentially commercially valuable) countermeasures, such as
vaccines 14.
Therapeutics to fight pandemics have their origins in biodiversity and have been identified
through indigenous and local knowledge and traditional medicine
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Indigenous Peoples and Local Communities have had a long relationship with nature that
has had a lasting impact on the landscapes people live in today 492-494. They have also
demonstrated that nature can provide a source of medicines with significant benefits to
public health 495. Common therapeutics, such as aspirin, can be dated back to traditional
knowledge in ancient Egypt 496. The first effective modern treatment for malaria came from
quinine from the bark of the cinchona tree 497. Tu Youyou’s Nobel winning artemisinin
malaria discovery was possible because Artemisia annua is an herb employed in traditional
Chinese medicine 477,495,498. Traditional medicine products are being used as potential
therapeutics against COVID-19 499 and the pandemic has increased demand for traditional
medicine. Traditional knowledge systems highlight the importance of equitable “access and
benefit sharing” (ABS) 500. Of around 270,000 known terrestrial plants, 10,000 are used
medicinally 498,501. There are many potential benefits (medicinal and others) that remain to be
discovered within plant species 474, and the genetic information present in wild species thus
represents substantial ‘future opportunity’. Natural products have been the source of more
than 50% of therapeutics approved by the USA Food and Drug Administration (FDA) over
the past three decades 502. Given that only a fraction of the world’s biodiversity has so far
been tested for its biological activity, the challenge remains how to access this natural
chemical diversity and how to do so ethically, equitably and sustainably.
Understanding access and benefit sharing policies is critically important to the supply of
vaccines and therapeutics that rely on sampling the diversity of pathogens in the wild.
The sharing of the benefits from biodiversity must be equitable, but equally, if such benefits
are to be realized globally, frameworks for sharing benefits need to also protect nature and
enable access to genetic resources. The development of diagnostics, drugs and other
therapeutics, and vaccines from biological resources, including pathogen and cell cultures
and genetic or tissue samples from people, livestock and wildlife all typically require
international material transfer agreements to source and move. The accessing and transfer
of these genetic resources are also governed by international law, in particular, the
Convention on Biological Diversity and its Nagoya Protocol on Access to Genetic Resources
and the Fair and Equitable Sharing of Benefits Arising from their Utilization (The Convention
on Biological Diversity of 5 June 1992 (1760 UNTS 79)) 503. The CBD and the Nagoya
Protocol both recognize states’ sovereignty over the genetic resources within their borders
and were adopted to address the inequitable exploitation of biodiverse countries’ genetic
resources 491. The Convention and the Nagoya Protocol provide for states to require prior
informed consent to accessing their genetic resources and, through bilateral arrangements
negotiated on mutually agreed terms, aim to ensure that state receives the equitable sharing
of benefits from the use of such resources. In addition, the Nagoya Protocol contains
provisions to ensure prior informed consent for accessing genetic resources held by
Indigenous Peoples and Local Communities, and equitably sharing the benefits of
Indigenous Peoples and Local Communities’ genetic resources and their traditional and local
knowledge 503.
With the exception of resources covered by specialized international instruments, such as
the International Treaty on Plant Genetic Resources for Food and Agriculture, the CBD and
Nagoya Protocol both default to bilateral arrangements for access and benefit sharing.
However, the time required to negotiate these agreements has led to the unintended
consequence of sometimes hampering research in biodiversity hotspots 504, while the
evidence of financially significant benefits to local and traditional owners is lacking 504.
Furthermore, this has led to reported delays in the sharing of pathogens for outbreak
response 505.
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With the exception of pandemic influenza (discussed below), there is no specialised
international instrument that streamlines accessing pathogen samples and the equitable
sharing of benefits arising from their use. The WHO’s International Health Regulations (IHR)
506
require states to notify the WHO within 24 hours of events that are a potential Public
Health Emergency of International Concern (PHEIC), and following notification, must
continue to share timely, accurate and sufficiently detailed public health information relating
to the notified event. However, neither pathogen samples nor their genetic sequences are
expressly included in the definition of public health information required to be shared under
the IHR 491. While the CBD and Nagoya Protocol expressly acknowledge the IHR, and the
Nagoya Protocol contains provisions for special considerations such as public health
emergencies, the sharing of genetic resources for therapeutic development, including
compounds and pathogens, is subject to the bilateral arrangements, with one notable
exception. In 2011, WHO Member States adopted the Pandemic Influenza Preparedness
(PIP) Framework 507, to ensure access to influenza viruses with human pandemic potential
and the sharing of benefits arising from their use, including vaccines. The PIP Framework is
a nonbinding resolution adopted while parallel negotiations under the CBD’s Conference of
Parties for the Nagoya Protocol were occurring, and it expressly acknowledges state
sovereignty over genetic resources and incorporates access and benefit sharing 491.
Although the PIP Framework has not yet been formally recognized as a specialised
international instrument, there is ongoing formalised collaboration between the WHO and the
CBD Secretariat on these issues.
Increasingly, the development of diagnostics, therapeutics and vaccines relies upon the use
of genetic sequence data from biological materials. However, the CBD, Nagoya Protocol,
and as noted above, the IHR, do not currently expressly cover genetic sequence data (digital
sequence information) 508. Increasing reliance on sequence data will reduce the need to
access physical samples of biological materials, which may undermine the equitable sharing
of benefits from biological resources, while imposing similar access and benefit sharing
arrangements on sequence data has been criticised as potentially imposing unnecessary
and inefficient burdens 509. Despite the lack of clear legal obligation, China publicly shared
full genomic data for SARS-CoV-2 within two weeks of the reported date of sample
acquisition (https://virological.org/t/novel-2019-coronavirus-genome/319). There are public
and voluntary initiatives to encourage immediate sharing, such as GenBank and the Global
Initiative on the Sharing of All Influenza Data (GISAID). However, it is clear that issues
relating to intellectual property (IP), access and benefit sharing, microbial genomes and
therapeutic and vaccine development have and may further hamper pandemic control efforts
if they lead to delays in data sharing (Box 4).
Box 4: Intellectual property, biodiversity and global vaccine development and
distribution
Intellectual property (IP) rights are critical to any discussion about benefits arising from the
use of genetic resources, as research and development (R&D) based on genetic resources
and associated traditional knowledge may eventually be subject to some form of IP
protection, such as patents. While ABS regimes recognize states’ sovereign rights over
genetic resources, intellectual property rights recognize inventors’ rights to exclusively
control the use of an invention for a period of time. IP rights may be expressly included as
benefits shared in mutually agreed terms under Nagoya Protocol compliant material transfer
agreements, or they may be asserted completely separately to any sovereignty claim. This
may result in conflicts between claims and perceptions of ownership over genetic resources,
delaying access to genetic resources or products developed using them.
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IP laws such as patents purport to incentivise R&D by granting inventors exclusive rights to
control the use of a product or method developed for specific period of time, typically 20
years depending on domestic laws. However, this exclusivity may limit the amount of a
product available and its affordability. While the patentability of genetic resources may differ
between jurisdictions, patents may claim genetic resources or a part of their composition,
including as part of a therapeutic, diagnostic, or vaccine. This may prevent or delay vaccine
development from genetic resources, while cost may make distribution inequitable between
and within countries.
Domestic laws may also permit governments to issue compulsory licenses over patented
medicines, so that additional manufacturers can produce the medicine. Under the World
Trade Organization’s Agreement on Trade-Related Aspects of Intellectual Property Rights
(TRIPS) these flexibilities are codified as minimum standards, however there are additional
processes that generally must be first fulfilled. These flexibilities were reaffirmed in the Doha
Declaration on the TRIPS Agreement and Public Health, recognizing the importance of
access to essential medicines, including during emergencies.
Scientists may facilitate keeping technology and medicines “open” without IP restrictions by
sharing their research and data openly. The voluntary uptake of open science around a
COVID vaccine has been immense, with many global companies having pledged to keep
their science free and open (https://opencovidpledge.org/). Other initiatives facilitate the
sharing of IP through pooling and licensing to permit certain uses while retaining underlying
IP rights. The World Health Organization (WHO) has launched the COVID-19 Technology
Access Pool (C-TAP) to compile pledges of commitment made under the Solidarity Call to
Action to voluntarily share COVID-19 health technology related knowledge, intellectual
property and data.
Vaccines
The political, economic and social demands on vaccine development and manufacture
during pandemics highlight the fragility and discriminatory nature of vaccine development
510,511
. Prior to the Ebola Virus Disease epidemic in West Africa in 2013-2016, the existing
R&D environment delayed manufacture of vaccination because of a perceived lack of
profitability 512. This delay in manufacturing is particularly critical when the affected
population is largely within developing countries512-514. In 2003, more than 95% of the world’s
influenza vaccines were produced in only nine countries and more than 65% of all doses
came from five Western European countries. Overall, the nine vaccine producing countries
used 62% of the world's vaccines, yet they accounted for only 12% of the world’s population.
The remaining 38% of all doses were used in countries that have little or no capacity to
produce influenza vaccines on their own 515. There is no global organisation responsible for
financing or organising vaccine manufacture for any communicable disease leading to
barriers to development 511, including during a pandemic 513. This inequality is mirrored in
other areas, such as OIE Reference laboratories that characterise wildlife-related infections
516
.
The Coalition for Epidemic Preparedness Innovations (CEPI) is a public-private partnership
focused on selecting and funding vaccine R&D projects in an effort to prevent outbreaks of
infectious diseases. In January 2020, CEPI entered into agreements to provide financial
support for the development of three different types of vaccines for SARS-CoV-2 (COVID19). The financial commitment came less than two weeks after Chinese scientists first made
a sequence of COVID-19 available through a public database. CEPI supports the Access to
COVID-19 Tools (ACT) Accelerator, a consortium organized through WHO that has raised
US$58 billion.

44

Even if a vaccine or a number of vaccines were to be manufactured, it is unclear if supply
will meet demand at low and sustainable prices. Mobilizing public funds for pharmaceutical
development has not yielded clear pricing guidelines 517. These issues are compounded by
other global inequalities including the lack of manufacturing plants in developing countries
and, in some cases, unequal access to constant refrigeration and temperature control 518.
The pharmaceutical industry appropriately states that the high price of new therapeutics
reflects the cost of R&D for those and the other candidates that failed during the many,
expensive stages of research, clinical trials and manufacturing. However, the inequities
between developing countries and the countries that pay for R&D in the availability and
affordability of vaccines and therapeutics are striking, and have relevance for biodiversity
when samples collected in developing countries ultimately lead to novel lines of R&D.
Policies implemented to control outbreaks can directly affect biodiversity conservation
Infection control policies have the potential to benefit or harm biodiversity and conservation.
Some historical measures to reduce disease risk to people or livestock have led to
substantial, global impacts on biodiversity. Wetland drainage has been a long-used method
of infection control, despite its detrimental environmental impacts 519,520. To control sleeping
sickness in Africa in the 1950s and 60s wildlife was killed, including endangered black
rhinoceros (Diceros bicornis) 521. However, control methods were not only physical: the
application of Dichlorodiphenyltrichloroethane (DDT) provides a classic example of the
impacts of chemicals used to control insect vectors for infections like malaria. DDT and its
metabolites not only ultimately had human health issues, but seriously impacted aquatic
systems and bioaccumulated in animals to cause the massive decline of many birds,
causing serious population declines in species such as the iconic bald eagle (Haliaeetus
leucocephalus) 522.
Identifying the wildlife reservoir of an emerging viral disease, for example, may lead to efforts
to control them as pests, ultimately leading to population declines and biodiversity loss. Bats
are hosts to a high diversity of coronaviruses, including the closest relatives of SARS-CoV,
SARS-CoV-2 6,415 and other highly pathogenic zoonotic viruses 64,66,395,523. Evidence has
emerged of bats being targeted for roost removal or culling in an effort to prevent the spread
of SARS-CoV-2, despite the virus spreading globally among people 524-528. There is a
substantial literature that suggests culling is usually ineffective in reducing, and may actually
increase disease risk to people or livestock (e.g. bovine tuberculosis and badgers 529-531),
may lead to immigration of animals from nearby populations, or otherwise increase the
transmission or prevalence of pathogens, leading to increased risk to people and livestock
532,533
. Bats play a critical role in ecosystems, including providing ecosystem services such
as pollination and pest control 534, and these services are under pressure from
anthropogenic change 535. Culling of vampire bats occurs regularly in Peru in an effort to
control rabies and Rousettus spp. fruit bats have been culled to control Marburg virus, a
relative of Ebola virus, in Uganda, both leading to increased viral prevalence and risk of
disease transmission 96,536. Similar disturbance, habitat destruction and killing have been
reported for birds after influenza outbreaks, including wetland drainage and killing of nesting
birds 537,538.
Disinfection of environmental surfaces was used in the first few months of the COVID-19
pandemic, to attempt reduction in transmission and spread of SARS-CoV-2 via
contaminated surfaces. As a result, countries across the world have extensively used
disinfectants on “high-touch” surfaces in non-health care settings, both in indoor and outdoor
spaces, and in urban and rural areas, including homes, schools, businesses, streets.
However, disinfection has also included public beaches and disinfectants are used in
biodiversity rich areas such as urban parks, wetlands and green spaces. This approach to
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disease control often takes place without guidelines for monitoring its effects on either
human or environmental health and with limited evidence for its efficacy. Based on available
evidence, WHO clearly advises that in indoor spaces, routine application of disinfectants to
environmental surfaces by spraying or fogging is not recommended for COVID-19, nor is it
recommended to spray or fumigate outdoor spaces, such as streets or marketplaces, to kill
the SARS-CoV-2 virus or other pathogens 539. Nevertheless, many countries continue to
spray disinfectants not following the scientific evidence. The overuse of disinfectants poses a
significant threat to the urban environment and wildlife. There are documented toxicological
effects of disinfectants on terrestrial and aquatic animals 540, potentially contaminating food
and water resources 541 or roosting habitats of free-living animals 542,543. However, limited
information exists on the ecological consequences of disinfectants in urban environments
and on biodiversity 544.
Finally, there is evidence that poor control of pandemics can impact biodiversity. For
example, HIV/AIDS has led to increased poaching, morbidity and death of park rangers and
conservation workers and reduction of funds for conservation 545. The impact of disease on
households can lead to food insecurity and increased reliance on and use of natural
resources 546-548. Similarly, non-pharmaceutical interventions adopted to combat COVID-19
such as social distancing and travel restrictions have significantly reduced ecotourism
demand, leading to lay-offs of park rangers and guides and anecdotally reported increase in
poaching.
Pandemic diseases can move from people into wildlife
Microbes or pathogens of people have been reported to cause disease in wildlife, leading
them to be called anthroponoses or reverse zoonoses 549. These can have significant
impact550. The global pandemic of H1N1 influenza virus in 2009 involved a strain derived
from a recombination among human, pig and avian strains, indicating regular movement of
influenza strains among people and these groups of animals 95,551. During the H1N1
pandemic, there was virus spread from humans to farmed pigs, turkeys, and mink, to pet
dogs, cats, and ferrets, and to both captive and free-living wild animal species, including
cheetah, American badger, giant panda and striped skunk 552,553. Human respiratory
infections have infected great apes, leading to significant illness 554,555. Yellow fever virus has
spread from wildlife in Africa to people and back to wildlife in South America, causing regular
outbreaks and die-offs in primates 556-559. Cross-species transmission is not limited to
viruses, for example a Salmonella subtype in New Zealand infected multiple species,
including wild birds 560. Wild non-human primates have also been infected by parasites of
human origin 561,562. Thus, failure to control human disease can lead directly to wildlife health
issues. The panglobal spread of COVID-19 has led to concerns that it may spread to and
possibly become endemic in other animal species. SARS-CoV-2 has caused die-offs in
farmed mink, which have in turn infected people, leading to large-scale culling 116,117. The
virus has also been reported from domesticated and zoo animals, all thought to be infected
by close contact with people 116,563,564. It is also possible that SARS-CoV-2 will be able to
infect bats outside its natural host range, leading to measures to reduce human-bat contact
in the USA and other countries 565. There have also been concerns about potential infection
by COVID-19 of wild rodents, 566, non-human primates 567, following infection of related
species in the laboratory.
Measures to control outbreaks can indirectly affect biodiversity conservation
The response to COVID-19 has led to a global “pause” in human activity, as a partial or full
movement restriction for large parts of the world are being imposed 568. Like previous
disasters, the impacts on biodiversity can be many and complex 569. On a macroeconomic
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scale, the global economic slowdown has decreased the demand for many industrially
produced commodities and thus reduced direct extractive pressures on the environment 569.
In Peru commercial fishing dropped 80% following the onset of the pandemic 570. High seas
commercial fishery landings were reduced by just 6.5%, with the highest impact on small
scale fisheries, potentially affecting livelihoods of more poor people 571. Reduction in travel
and pollution may have increased turtle breeding success 568, and anecdotally have allowed
increased abundance and short-term population recovery for some wildlife species 572.
Environmental pollution may have declined by up to 30% due largely to travel restrictions
and reduced oil demand 573. Limitations to social and economic activities 574 improved air
quality noticeably in China 575, and by 30-60% in India 576, Malaysia 577, Italy 578 and Brazil 579,
although these are likely temporary effects. Continued restrictions in power demand from
industry, aviation, transport and residential activities may lead to measurable reduction in
global CO2 emissions trends 580. However, these changes are likely temporary, with the
advent of a vaccine likely to allow relatively full employment and industrial production 575.
They are also likely to lead to a negligible decrease in global climate change, albeit that an
economic recovery tilted towards green stimulus and reductions in fossil fuel investments
could avoid future warming of 0.3 °C by 2050 581. The restrictions also highlight the human
value of green space in cities, essential for physical and mental health and wellbeing of
people 582,583 and that rapid behaviour change are possible if people are convinced of its
value to their health and wellbeing.
On the other hand, movement and work restrictions, as well as illness-related work
absences, have reduced conservation work and enforcement against illegal resource
extraction 584,585, severely reduced incomes and employment, leading to increased hunting
and poaching of wildlife, including of endangered species like tigers and leopards 586. The
global economic impact of H1N1 on tourism was around US$55 billion 587. The Ebola virus
disease epidemic reduced tourism to East Africa for over two years after the epidemic ended
588
. Tourism fees are the principal source of funding for national parks worldwide 589. They
are also particularly important for low-income countries where, for example, US$142 million
of park fees were paid in Africa alone in 2013 589. Indeed, low-income countries with high
biodiversity tourism and hotspots are particularly vulnerable. Nature-based tourism
represents more than 10% of the economies of Kenya, Tanzania, South Africa and Namibia
569
, while nineteen small island nations source more than 20% of their GDP directly from
tourism 590. The sudden loss of income has forced the loss of employment of rangers in
Zimbabwe and other countries 585,591. Loss of tourism has been linked to increased illegal
logging in Tunisia 592, and poaching in India 593 and Africa, including rhinoceros and elephant
poaching 594,595. The use of dried bear bile for COVID-19 as having potential health benefits
is untested by appropriate clinical trials and, even if farmed, has ethical and conservation
implications 596.
Preventive measures to control the spread of infectious diseases include the use of
disposable masks and gloves and other equipment. During the COVID-19 pandemic, global
surges in the use of disposable plastic equipment has led to a rise in medical waste 597. This
represents a significant source of microplastic fibres in the environment 598 that threatens
wildlife and contaminates the human food chain 599. The increase in plastic waste with the
temporary relaxation on use of single-use plastic may also alter consumer behaviour on
recycling and banning single-use plastics 600. Proper medical and plastic waste management
treatment during and after COVID-19 crisis, along with social responsibility and corporate
action will be critical 601.
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Strategies to recover economically from COVID-19 could have significant effects on
biodiversity
Efforts to stimulate national and global economies and trade after COVID-19 shutdowns 569
may reinforce the activities that drive pandemic emergence and spread, such as air travel,
construction and road building 602-604. Governments have so far deployed US$9 trillion
globally in financial support to compensate for financial losses during the pandemic,
including stimulus packages 605. Funds could be used to support communities affected by
COVID-19 in biodiversity hotspots. For example, the EU recovery plan was agreed on 21
July 2020, comprising €1,824.3 billion to help to rebuild societies and economies in the
region and will support investment in the green and digital transitions. Of this budget, €750
billion is allocated for recovery efforts 606. The biodiversity strategy, in line with the European
Green Deal, is a central element of this recovery plan and provides immediate business and
investment opportunities for restoring the EU's economy post COVID-19 crisis 607.
Building ‘green’ and resilient economic systems in which the value of nature is included, will
be a vital element for human health and wellbeing as well as environmental health. To
achieve this, several international organizations and the IPBES Global Assessment
recognized the role of nature-based solutions for contributing to biodiversity conservation
and overall climate change adaptation and mitigation effort in addition to providing other
substantial benefits to people and nature 124. Nature-based solutions are defined by the
IUCN as “actions to protect, sustainably manage and restore natural or modified ecosystems
that address societal challenges effectively and adaptively, simultaneously providing human
well-being and biodiversity benefits” 608. Nature-based solutions have been included in the
draft of the post-2020 Global Biodiversity Framework to be considered by the Parties to the
Convention on Biological Diversity at its 15th meeting, with measuring the trend and use of
nature-based solutions suggested as part of nationally determined contributions 609. The role
of nature-based solutions in the prevention of pandemics has not yet been calculated, but is
likely to be significant, through informed environmental management and dedicated
conservation efforts that reduce pandemic risk.
Impact of COVID-19 control policies on women and Indigenous Peoples and Local
Communities
Women are disproportionately affected by climate change, environmental degradation and
biodiversity loss, lowering their ability to adapt–in particular in developing countries where it
is often their responsibility to provide water, food and fuel for their families, usually from the
surrounding environment. Pandemic control measures also have a higher negative impact
on women, who are already at greater risk of COVID-19 impact. Women represent 70% of
health care and social workers globally, exposing them to a greater risk of infection from
COVID-19, and increasing societal reliance on them in the workforce during this pandemic
610
. Additionally, COVID-19 has exposed layers of social, political and economic vulnerability
and intensified pre-existing inequalities and discrimination confronted by women 611. Nonpharmaceutical interventions (restriction on movement, social distancing etc.) mean that
women face multiple challenges including accessing reproductive and sexual health
services, and bigger risks for labour and domestic abuse and gender-based violence 612.
Women also encounter increased burden of care work for household and childcare duties
due to school and workplaces closure 613 that may negatively affect their ability to work from
home and influencing their academic productivity 614. Seventy per cent of the world's poor
are women, and many women live in crowded spaces with poor ventilation, or have limited
or lack access to clean water and food, which puts them at elevated risk of COVID-19
infection in developing countries and within marginalized communities in high income
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countries 611. Pandemic control policies and recovery programmes to be transformative
should be gender responsive and inclusive and ensure women are equally represented in
decision making processes, so that gender is not neglected and that decisions made
adequately address the impediments women face in pandemics.
Indigenous Peoples and Local Communities are under particular threat from COVID-19
615,616
. Past pandemics and emerging disease outbreaks have had a disproportionately
higher impact on Indigenous Peoples, often because, due to geographical isolation, there is
a lack of herd immunity to diseases that emerge in urban centres of Europe and other
developed countries 617. The 1918 influenza pandemic killed Māori at seven times the rate of
Europeans 618, and this disproportionate impact has been repeated through history, with the
2009 H1N1 influenza pandemic causing four-times greater mortality in Native Americans
(including indigenous Alaskans) than the general USA population 619. Much of this imbalance
is due to health and social inequity that are a legacy of invasion and colonization, driven by
intergenerational concentration of poverty, transport and housing inequities, domestic and
family violence and poor access to healthcare and in particular to culturally-relevant
healthcare 615. This precariousness is amplified by the frequent brutality of contacts with
national society, inappropriate policies such as the distribution of food or financial aid that
have led the Indigenous Peoples and Local Communities to travel to the cities where they
are infected, and the sharp distinctions between their community-based model of life and
social distancing measures that help avoid infection. These impacts are heightened by travel
restrictions under COVID-19, wherein smaller communities, separated from urban centres
and living in remote, rural settings are at even higher risk due to reduced access to primary
healthcare clinics. These impacts on Indigenous Peoples and Local Communities
demonstrate the interconnectedness of pandemic causes and impacts: Pandemics are
driven largely by unsustainable consumption of richer developed and emerging countries,
but their impacts are particularly felt by the Indigenous Peoples, and those living in poverty
who cannot afford to avoid work to social distance.
Pandemic control measures and human values
Human dimensions research is essential for managing biodiversity and understanding the
societal consequences of pandemic control and response 620,621. In some respects, the
current pandemic has had a positive impact on people’s values towards nature. For
example, it has been estimated that outdoor recreational activity increased by 291% in
Norway during lockdown 622, and there has been anecdotal evidence of similar increases
around the world. Time in nature can increase a person’s understanding of human
interconnectedness with all other living things (‘Nature Relatedness’) and contribute to
positive values towards nature and biodiversity 623. However, numerous reports have been
published of reduced physical activity due to closure of schools, universities and offices
624,625
. This has resulted in efforts to increase access to green spaces and countryside during
the pandemic 626,627. Human dimensions research for zoonoses of pandemic potential is
sparse 620. Values vary geographically, so that pandemic control and response polices may
have unpredicted impact on people’s attitudes towards biodiversity 628. On the other hand,
top-down laws and policies prioritizing conservation can perpetuate negative attitudes
towards biodiversity, decreasing meaningful implementation 629-632. Lack of trust can reduce
compliance with management strategies and disease risk alone may be insufficient to foster
behaviours that promote compliance 620, and enforceable laws may not be complied with
when they are implemented with little community support 633. Such an approach can also
create knowledge gaps and other discrepancies on the ground. Top-down policies can,
particularly in developing countries, ignore local conditions around poverty, food insecurity,
drought and other issues that affect local ability to implement policy. Policies that make the
human-environment connection to zoonotic transmission and pandemics clear can increase
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support for biodiversity conservation, especially for emotive subjects like the commercial
trade in wildlife and deforestation 634. For example, surveys conducted during the COVID-19
pandemic in China showed that the desire to eat wild meat in the future was significantly
reduced among respondents, particularly younger cohorts 635.

Figure 9: Drone photo of deforestation in the Bolivian Amazon. Forest has been cleared for the
production of soybeans. There has been a significant increase in demand for soybeans as part of
a globalized system of livestock production and trade (photo: Rhett A. Butler).

Section 5: Policy options to foster transformative change towards preventing
pandemics
Transformative Change: Preventing Pandemics
Throughout the COVID-19 pandemic, the term ‘pandemic preparedness’ has been
highlighted as a critical approach for governments to deal with the threat of pandemics.
However, despite its forward positioning, pandemic preparedness in most countries involves
traditional public health measures, e.g. building surge capacity in hospitals, stockpiling
personal protective equipment, bulk purchasing of antibiotic and antiviral therapeutics. These
are all actions that involve responding to a pandemic after it has emerged. Yet, the research
reviewed in sections 1-3 suggests that there is growing knowledge available that provides a
pathway to predicting and preventing pandemics. This includes work that predicts
geographic origins of future pandemics 11,13, identifies key reservoir hosts and the pathogens
most likely to emerge 307,636-639 and demonstrates how environmental and socioeconomic
changes correlate with disease emergence 13,41,42,178,232,380. Pilot projects, often at large scale
(e.g. PREDICT 14, VIZIONS 640, ProMED 641-643) have demonstrated that this knowledge can
be used to effectively target viral discovery, surveillance and outbreak investigation. The
urgency of the public health impact of COVID-19, and of HIV/AIDS, Ebola, Zika, influenza,
SARS and many other emerging diseases; suggest a critical need for policies that will
promote pandemic prevention, based on this growing knowledge.
In this section, potential policy options are put forward that represent fundamental
transformative change to address the Pandemic Era by preventing pandemics. These
build on the evidence from sections 1-3, and therefore many of the citations and data are not
repeated here. Scientific proof-of-concept for some of the policy options is also cited here,
and in the preceding sections. In some cases, agencies and organizations are identified that
already conduct some of the activities or that might be involved in these policy options. In
most cases, a One Health approach is used as a guiding principle for pandemic prevention
policy options. One Health leverages work across the animal health, human health and
environmental health landscapes (Figure 10). The goal of this section is to identify solutions
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that could take us beyond the business-as-usual approach to pandemics, so that even while
still in the throes of COVID-19, the hard work can begin to prevent the next pandemic.
Furthermore, these policy options should be considered in light of all dimensions of health
and cognizant of the multiple interlinkages between biodiversity and health 288,289. The
section begins with policy options that could: 1) provide critical high-level enabling
mechanisms to assess, set targets for and reduce pandemic risk; 2) increase sustainability
and reduce pandemic risk due to land use change and agricultural expansion; 3) reduce
pandemic risk through the wildlife trade; 4) bridge critical knowledge gaps; and 5) foster the
involvement of all sectors of society in reducing pandemic risk.

Figure 10: One Health is a system of tackling key health issues (e.g. the emergence of
pandemics) by recognizing that the health of people, animals and the environment are often
inextricably linked; and by leveraging work in all three sectors to better address the proximal and
underlying causes of health issues. Figure left from 644. Figure right shows how disease
emergence across wildlife, livestock and people are linked through anthropogenic drivers that
involve global environmental changes which also drive biodiversity loss, from 53.

1) Enabling mechanisms
Launching a high-level intergovernmental council/panel on pandemic prevention:
Pandemic prevention is a complex and multidisciplinary One Health challenge that will likely
require coordination and collaboration among sectors and agencies nationally and
internationally. However, these agencies are separated by their mandates and their funding
mechanisms, which may fragment efforts to coordinate pandemic prevention. One option to
enhance such coordination could be the establishment of a high-level intergovernmental
council or panel that would provide for cooperation among governments to: 1) provide
policy relevant scientific information on the emergence of diseases, predict high risk
areas, evaluate economic impact of potential pandemics, highlight research gaps; and 2)
coordinate the design of a monitoring framework, and lay the ground work for an
agreement on goals and targets to be met by all partners for implementing the One Health
approach 283, and reducing the activities that drive pandemic risk such as land use change,
unsustainable consumption, expansion and intensification of livestock production and the
wildlife trade.
A high-level coordinating structure that is stable over time, funded by country contributions,
and with a clear mandate to use One Health approaches to prevent pandemics, could
ensure the necessary synergies to institutionalize a global strategy to break free of the
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Pandemic Era. This "high level council" could work at the crossroads of the activities and
actions of the three Rio conventions, while having strong links with the other biodiversity
conventions, including CITES and the Ramsar Convention on Wetlands of International
Importance especially as Waterfowl Habitat. An international registry of commitments and
actions taken by countries to reduce pandemic risk could help drive common action. This
council could act as a focal point to alert governments, the private sector, and civil society,
on near-term pandemic risks to human, livestock and environmental health. It could act as a
central coordinating mechanism or clearing house of information to identify critical changes
that forecast pandemic risk and inform the targeting of pandemic prevention, outbreak
investigation and intervention and control measures. It could provide annual One Health
assessments that include evaluation of the economic impact of potential pandemics, the cost
of prevention programmes and data on how One Health has leveraged actions, providing a
key incentive for support. It could provide a pathway for work on antibiotic resistance,
endemic zoonoses like rabies and known threats like avian influenza.
Over a longer timeframe, this approach might lead to countries setting mutually agreed
goals or targets within a multilateral framework, similar to the Paris Agreement. A
broad intergovernmental agreement on pandemic prevention and the underlying drivers of
pandemics could provide benefits for humans, animals and ecosystems.
Nascent intergovernmental One Health collaborations have been formed, e.g. the WHOOIE-FAO tripartite, the OIE Wildlife Working Group and the WHO-CBD partnership.
However, true complementarity has not been fully achieved, and a clear mandate for
pandemic prevention not given. The Global Health Security Agenda (GHSA) initiated Joint
External Evaluations (JEE) of a country’s capacity to achieve goals of the WHO International
Health Regulations 645,646. However, a possible high-level intergovernmental council could
provide a more specific focus on risk reduction programmes that address environmental
change and socioeconomic drivers and go beyond the animal-human health agenda of the
JEE. The high-level council could work in conjunction with multilateral environmental
agreements and intergovernmental platforms, and bring together key intergovernmental
organisations for each One Health sector (e.g. WHO and the Global Health Security Agenda
for human health; OIE, FAO, IUCN Wildlife Health Specialist Group for animal health; UNEP
for environmental health), UNDP, with those of relevance for trade (e.g. CITES, OIE, WTO),
land use change (e.g. the Global Environment Facility, World Bank), pandemic control (e.g.
WHO R&D blueprint) and biodiversity (e.g. CBD). It could act to raise awareness of policy
recommendations already adopted under the CBD (on, among other things, promoting
interagency cooperation, health impact assessments, monitoring) and help advance their
implementation. Financing could be through earmarked contributions to participating
organizations or via a special fund directly supplemented by voluntary contributions.
Institutionalizing One Health within national governments: The One Health approach calls for
cooperation among human, wildlife, livestock health and environmental sectors. Within
national governments, agencies tasked with each of these are usually separate and funded
by separate budgets. This has led to poor uptake of the One Health approach in most
countries. Notable exceptions exist, and One Health platforms are active in Rwanda 647,
Bangladesh 648, Bhutan 293, Uganda 649, Tanzania 650, Guinea, Sierra Leone, Liberia 651 and
others. National governments could form One Health taskforces or cross-cutting working
groups focused on pandemic prevention, that foster collaboration among ministries of health,
agriculture, and environment, with strong interaction with ministries of finance. They could
have a key role in alerting national agencies to upcoming pandemic threats, identifying
research gaps, liaising with the private sector to ensure appropriate supply of diagnostics,
acting as national focal points for an intergovernmental high-level taskforce or council on
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pandemic prevention (above). Critically, they could build capacity within the agencies for
practical, on-the-ground surveillance and outbreak investigation in the face of an emerging
disease. Coordination of One Health pandemic prevention could be managed at the central
government level, to ensure effective collaboration.
Mainstreaming the economic cost of pandemics into consumption, production and
government policies and budgets: Integrating the externalities from future pandemics into
consumption, production and government budgets could also be an important way to reduce
future pandemic risk. For example, mainstreaming pandemic costs within the finance sector,
via assessments of dependencies, could help to reduce risks and subsequent costs.
Mainstreaming pandemic costs into government budgets and policies across a range of
economic sectors could ensure co-benefits which result in increased resources for
biodiversity. Mainstreaming pandemic costs into national development plans could provide a
strong argument for achieving greater policy coherence and correspondingly higher
efficiency of resource use.
Generating new green corporate or sovereign bonds: New investment tools like green
corporate or sovereign bonds, and blended finance to support resource mobilization for
biodiversity conservation and pandemic risk reduction could increase fund allocation for
biodiversity and pandemic risk. These bonds could link the cost of the debt to progress in
protecting biodiversity and reduce pandemic risk. They could help reduce the economic
impact from the crisis produced by Covid-19 and simultaneously be consistent with
environmental and health global ambitions. It has been noted that zoonotic outbreaks also
threatened the stability of the financial system. Central banks could therefore target and buy
debt that supports biodiversity conservation and pandemic risk reduction programmes as
part of their objectives 652.
Designing a green economic recovery from COVID-19: Emerging infectious diseases are not
easily contained by borders. More efficient global mechanisms could help to provide the
necessary funds to invest not only in recovery response after disease outbreaks (e.g. the
Pandemic Emergency Financing Facility) 653 but also in increasing capacity for disease
prevention based on global risks (e.g. the Global Environment Facility) 654. These global
mechanisms could serve as an insurance to provide an immediate response during
outbreaks while mobilizing more resources to developing countries. Investing in postCOVID-19 economic and social recovery efforts in low-income countries could be a priority,
and these funds would help to lower the risk and economic impact to high-income countries
from future pandemics.
2) Increasing sustainability and reducing pandemic risk due to land use change and
agricultural expansion
While the global community concentrates its efforts on the immediate health and economic
threats from COVID-19, it is critical to take into account the long run risks and economic
costs arising from future pandemics. To date many of the economic policies launched to
recover from COVID-19 have not included synergistic biodiversity conservation or climate
change goals 655. A good starting point could be to include in any recovery efforts the
necessary investments in biodiversity conservation and sustainable use to reduce the risk
and build human and economic resilience from future pandemics 656. In order to accomplish
this, support for a new post-2020 global biodiversity framework that promotes a transition to
One Health, and implementation of an ambitious strategic approach that includes the
efficient allocation of funds and resource mobilization would be vital 657. The following
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measures are identified as having potential to generate benefits for both pandemic
prevention, economic development and biodiversity conservation:
Incorporating considerations of health impacts into protected area policies, restoration
programmes and land use planning: Programmes to conserve intact habitat, reduce land use
change by sustainably managing land, and reverse ecosystem degradation by restoring
forest and other intact habitats may also affect disease transmission dynamics by altering
wildlife-livestock-human contact. This is both a risk and an opportunity. Where planning
specifically identifies a likely reduction of disease risk, these positive linkages to human
health could be used to identify added societal and economic value to the policy. These
benefits could inform the work under multilateral environmental agreements, such as the
United Nations Convention to Combat Desertification (UNCCD), the United Nations
Framework Convention on Climate Change (UNFCCC) and its associated agreements, the
Convention on Biological Diversity (CBD) and the Ramsar Convention on Wetlands 288,658.
Some have already incorporated ecosystem health reviews, e.g. Ramsar Convention on
Wetlands77,659,660. Ambitious global targets have been set to restore degraded ecosystems
(e.g. 350 million ha of forest restoration by 2030), and these may leverage the public health
benefits of reduced EID risk to promote their uptake. Similarly, efforts to drive sustainable
agricultural practices, reduce negative impacts of conventional agriculture practices on
biodiversity and improve the provisioning of ecosystem services could be leveraged to
balance the needs of food security for local communities and improve human, animal and
ecosystem health.
More directly, the consequences of programmes that restore habitat, create corridors, or
otherwise alter landscapes include changes in human-livestock-wildlife contact that may
promote or reduce disease emergence 40,77,154,184,280,661. Such programmes could include
efforts to monitor disease prevalence and the potential for emergence of novel pathogens.
This is particularly relevant for protected area policies that include “mosaic” strategies that
encourage juxtaposition of agriculture and conservation zones, green corridors to enhance
wildlife movement, patterns of land use that allow increased human activity in or near
protected areas and others 267. Where large programmes are planned, resources to build
healthcare provision, and community education around behavioural risk of spillover in these
landscapes could reduce risk. They could also be designed to include health surveillance
and disease monitoring in wildlife, livestock and people in these landscapes to enable
modifications that reduce disease risk and increase conservation benefits. Surveillance
could be considered one of the benefits of conservation programmes to local communities,
offsetting perceived loss of capacity to develop land. Enforcement of regulations that avoid
human encroachment would likely also have a benefit in reducing disease risk, as
recommended by the CBD 288,289.
Reforming financial aid for land use so that benefits to health are recognized and explicitly
targeted: The Global Environment Facility (GEF), Green Climate Fund (GCF), World Bank,
Asian Infrastructure Investment Bank (AIIB), other multilateral development banks and
relevant international financing funds and agencies could incorporate in their current
programmes measures to simultaneously reduce pandemic risk and biodiversity loss.
Grantees, contractors and national focal points could work with these agencies to encourage
programmes that affect land use to be redesigned to reduce pandemic risk among wildlife,
livestock and people (e.g. by better enforcement of hunting bans or reducing encroachment
of settlements in protected areas). National governments could consider removing subsidies
for activities that involve deforestation, forest degradation and land use change.
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Mandating pandemic risk health impact assessments for major development projects: Major
development projects often require environmental impact assessments, and some require
health impact assessments before being allowed to begin. Agencies, national governments
and international organizations could draft guidance on pandemic risk impact assessments,
and enforce a requirement for projects greater than a certain size, cost or geographic range,
to conduct this assessment, roll out measures that would simultaneously reduce pandemic
risk and biodiversity loss, and monitor and evaluate disease emergence risk and biodiversity
maintenance throughout the life of the project. This could be considered a high-priority issue,
considering the continued expansion of agricultural land, human settlements, urban sprawl,
coupled with exponential growth of road-building, high-speed rail connections, air travel and
shipping trade. EID risk assessments could also determine the risk for impact on wildlife and
livestock, providing a One Health approach that might give a greater return-on-investment
due to the potentially high cost of agricultural and environmental health impacts.
Enabling transformative change in the types of consumption, globalized agricultural
expansion and trade that have led to pandemics: Unsustainable patterns of global
consumption drive globalized agricultural expansion and trade, and are linked to pandemic
risk, as well as land use change, biodiversity loss and climate change. Increasing available
knowledge on the economic benefits of more sustainable consumption and agricultural
development could be used to drive an added incentive in a shift to agriculture that focuses
on provisioning of ecosystem services, while responding to the needs of food security for
local communities and encouraging human, animal and ecosystem health. Developing a
better understanding of the specific links between consumption patterns in developed and
developing countries; demand for meat, products of mining and expansion of agriculture in
EID hotspots; and the risk of disease emergence, could drive transformative change to
reduce pandemics. Efforts could include:
• Identifying, ranking and labelling high pandemic risk consumption patterns to provide
incentives for alternatives
• Designing certification programmes for low-pandemic risk consumption, e.g.
programmes to label products that reduce dependency on land use change from
agriculture to re-established natural ecosystems
• Steps to increase efficiency of agricultural processes, while balancing with
sustainability, to meet food requirements from currently available land and
subsequently reduced land areas
• Promoting a transition to healthier and more sustainable and diverse diets, including
responsible meat consumption.
• Promoting food security to reduce the ad hoc consumption of wildlife
• Where there is a clear link to high pandemic risk, consideration of taxes or levies on
meat consumption, production, livestock production or other forms of consumption,
as proposed previously by the USA Institute of Medicine Committee 118, UK Royal
Institute of International Development 122, academic reports 119-121 and others 123.
These activities will need to balance the commitments of developing countries for economic
development, the nutritional requirements for Indigenous Peoples and Local Communities
that depend on natural food sources, the need to maintain, restore, or sustainably use
biodiversity and the need to protect global health by reducing pandemic risk.
3) Reducing pandemic risk due to the wildlife trade
Building a new intergovernmental health and trade partnership to identify zoonotic
disease risks in the international wildlife trade: Despite examples of domestic and
international trade in wildlife driving known (e.g. monkeypox introduction to the USA in the
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pet trade) and novel (e.g. emergence of SARS) zoonotic diseases, surveillance for
potentially zoonotic or other threatening pathogens in the wildlife trade is woefully
inadequate to protect against future disease emergence. The task of conducting disease
surveillance in animal trade (e.g. livestock) falls on agencies within the importing nation,
unless pre-border surveillance protocols have been agreed. For livestock, countries’
ministries of agriculture usually have a clear mandate and budget for disease testing,
shipment seizure, quarantine and control measures including culling during outbreaks. For
wildlife, there is often no mandate for ministries of environment, forestry, or fish and wildlife,
to conduct health tests on animals within a shipment of wildlife, whether for the pet trade or
consumption.
Two international mechanisms have been used effectively for different aspects of this
challenge: CITES has raised the profile of the wildlife trade as a threat to biodiversity,
enabled a system of checks and balances to identify species that should not be traded, that
should be traded under a quota system, or are free to be traded. The system works and has
been widely adopted. However, the convention does not currently provide a mechanism for
health testing. In fact, CITES requirements may delay the movement of emergency
diagnostic samples from Appendix I & II species, thus preventing timely identification of
causes of disease outbreaks and response activities 662. Detailed proposals on how CITES
could be amended to monitor the risk of disease spread through the wildlife trade have been
published (https://endwildlifecrime.org/cites-amendments/), and other papers have proposed
an expansion of CITES to cover health issues 141,663. The OIE provides assessments of
pathogens in animals in the context of the health of animals, humans and the environment
as well as the distribution and potential spread of the pathogen. Diseases that threaten
animal or human health, or the environment, can be listed as ‘notifiable’, whereby the OIE
member countries are mandated to then report semi-annually and annually on OIE listed
diseases and immediately on the new occurrence of an OIE listed disease or an unusual
epidemiological event in animals. They are also requested to identify measures of its impact
and plans for its control. Importantly, OIE provides for countries to designate internal regions
as ‘disease-free’ so that trade into and out of these regions is allowed. This mechanism
might have relevance for monitoring disease risk to domestic trade in wildlife that otherwise
is not covered by existing rules under CITES.
Effective surveillance for known and potential zoonoses (and diseases that threaten
livestock and wildlife) in the wildlife trade is crucial. The building of strong national wildlife
health programmes would increase surveillance capacity and enhance reporting to OIE 664.
For international trade, a strong partnership between OIE and CITES could provide a legal
mandate to inspect shipments, take biological samples, and test for presence of high-risk
pathogen groups in internationally traded species. Nations could expand their protocols for
inspections currently conducted under CITES and use the reporting mechanisms in place
through the OIE to report annually on the level of disease importation found. For wide
surveillance to control pandemics, this could include species listed in CITES appendices as
well as all other traded species, and measures they are taking to reduce it, as is mandated
for OIE notifiable diseases. An expert group set up as an ad hoc group under the OIE could
be established, which could provide guidelines on monitoring and testing. This partnership
could provide a legal basis for seizure, culling or quarantine during outbreaks and for
banning the trade in high-risk species. It could be linked to the WTO through OIE. An
umbrella partnership among representatives of OIE, CITES, the International Air Transport
Association, the United Nations Conference on Trade and Development, the IUCN Species
Survival Commission Wildlife Health Specialist Group, CBD, WHO and other agencies of
relevance, could provide expert guidance and act as a key intergovernmental focal point.
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Funds would need to be raised, likely from country contributions, for the work that the
partnership would do, and for the expanded mandates for OIE, CITES and others. To
effectively contribute to pandemic risk reduction, this partnership would need to include
coverage of species not regulated by CITES. In addition, funds would be required for staff,
logistics and materials for the sampling, testing and reporting of infectious disease
monitoring programmes. While these would represent new expenditures for countries, the
cost savings when outbreaks are prevented, are likely to be substantial, perhaps with an
order of magnitude or higher return on investment, as calculated recently 141. A similar
proposal to designate a global authority for wildlife disease that would have a remit to
include traded species has been made by the IUCN SSC Wildlife Health Specialist Group
co-chairs (https://www.iucn.org/crossroads-blog/202009/it-time-a-global-wildlife-healthauthority).
Reducing the volume of high EID-risk wildlife in the trade: Birds 665, mammals 11,666, and in
particular bats, rodents and primates are a key risk for viral spillover 307,667. Reducing their
traded volume or banning specific high-risk taxa from the trade could be considered as a
simple and rapid way of reducing risk. Defining these high-risk taxa would need to be based
on expert advice, but they would likely include species known to harbour high diversity and
prevalence of potentially or known zoonotic RNA viruses that are a high risk for potential
zoonotic emergence 307. Reducing the overall diversity of animals within live animal markets
could also reduce the risk of future disease emergence, but further research is needed on
how diversity in the trade relates to risk, and how policies to increase biosecurity could work
synergistically with selective bans to reduce risk and provide for sustainable trade.
Enhancing welfare and sanitation in farms, traders and live animal markets: A range of
tactics are available to reduce disease transmission risk at live animal markets, and have
been proposed in reports by FAO, WHO and OIE. They include combinations of live animal
market closure and clean-out days, education programmes to highlight the risk of pathogen
exposure to workers butchering and handling meat, improving and increasing sanitary
regulations at all stages of the supply chain, separating butchering and sale of meat to
consumers, biosecurity enhancements in wildlife trade like the testing of wildlife hunters,
farmers, traders for known and novel pathogens. Disease surveillance of high-risk people
like wildlife traders would likely provide information on viruses currently in the process of
beginning to spill over.
Analysing incentives to consume wildlife, designing behaviour change programmes:
Educational activities to reduce consumption of wildlife or domestic animals that is
unsustainable or has a high risk of leading to zoonotic spillover depend on understanding
the incentives that lead people to consume wildlife. Analyses of these incentives are needed
to provide baseline data to develop behaviour change programmes that nudge towards
adoption of more sustainable use of wildlife, and the avoidance of consumption patterns that
have a particularly high-risk of zoonotic spillover. These could be co-designed with the
support of local communities, based on scientific principles and data and an understanding
of cultural practices and norms.
Reducing high-risk international wildlife trade: Efforts to better regulate international trade
from the point of view of pandemic risk are urgently required. While CITES focuses solely on
species that are, or may, become threatened by international trade, the OIE has a partial
mandate, and the experience, to include international risk assessment of the emergence of
diseases from wildlife.
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Providing cold chain infrastructure: One perceived rationale behind the habit of purchasing
live animals at market to be taken home and butchered, is to maintain freshness in the
absence of adequate cold storage. The development of cold chain infrastructure that leads
to large-scale refrigeration at wildlife markets may help foster a cultural shift from live to
killed and refrigerated/frozen meat, and a significant reduction in pandemic risk. Potential
impacts of refrigeration on climate change could be offset by using Liquefied Natural Gas
cold chain facilities. Educational programmes that push and nudge behaviour change away
from the purchase of live animals or those killed and butchered at point of sale could begin
with the younger generation in some countries where they have been found to be less
interested in wildlife consumption.
4) Bridging knowledge gaps
There are fundamental knowledge gaps on the linkages among biodiversity, anthropogenic
environmental changes, and pandemic risk that will be critical to enacting policy changes to
prevent pandemics. These are compounded by uncertainties due to the inherent complexity
of the socio-ecological systems through which diseases emerge, and the value laden and
stakeholder dependent nature of solutions. This section proposes some of the key
knowledge gaps but does not consider health research goals such as data on prevalence of
disease, spillover rates and disease incidence, that are already addressed in this report
around enhancing surveillance, for example.
Social sciences and humanities:
Assessing economic cost and benefits of preventing pandemics: Efficient policy decisions
could be enabled by measures of how much a specific policy would cost, how much it would
reduce disease risk, the savings in morbidity, mortality, days off work or school these would
lead to, as well as reductions in economic impact. National agencies could support analytical
research supported by field-based ground truthing of assumptions for economic damages
during outbreaks. Trials of policies/measures could be set up to test their efficacy, cost and
the savings and then scaled up for an estimate of return-on-investment. Measurable health
indicators could include reduction in disease incidence or seroprevalence of spillover
pathogens in a high-risk cohort over time.
Analysing behavioural risk in communities, co-designing programmes to reduce risk: Key
drivers of disease spillover are activities and behaviours that provide opportunities for
increased contact among people, wildlife and livestock. The risk for spillover varies widely
within all communities, with some exposed more heavily than others due to occupation,
habits and behaviours (e.g. wildlife market workers 359,668). These are often deeply
embedded in cultures around the world, particularly around food or medicine (e.g. butchering
of wildlife 669, drinking of uncooked blood as a health measure 670). They represent not only a
pathway for disease emergence, but also an opportunity for risk reduction. Qualitative and
quantitative social science research into these behaviours would help to identify the
incentives that drive high-risk activities, so that programmes to reduce risk can be designed,
trialled and rolled out.
Valuing Indigenous Peoples and Local Communities’ engagement and knowledge in
pandemic prevention programmes: EID hotspots are primarily in countries with relatively
high biodiversity, often in remote regions that may also be managed by Indigenous Peoples
and Local Communities. The development of successful strategies and policies may
therefore benefit from collaboration with Indigenous Peoples and Local Communities to
bridge the knowledge gap across cultures. There is an extensive accumulated knowledge in
these communities that can play a much bigger role in the future prevention and prediction of
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pandemics 671. Collaborating with Indigenous Peoples and Local Communities in the
development of strategies and policies in the respect of equitable “access and benefit
sharing” (ABS) or other instruments as the Consultation Protocols established by the
Indigenous Peoples and Local Communities, would enhance their success. Linking the
different levels of management (from international organizations to national governments,
local authorities, NGOs, research institutions, citizen scientists, local communities etc.) is
also considered crucial. Developing effective pandemic prevention programmes in these
regions will be enhanced by efforts to enhance secure land tenure and ownership rights for
Indigenous Peoples and Local Communities.
Biological, ecological and evolutionary sciences:
Increasing knowledge of microbial diversity in wildlife: Pandemics emerge due to the
spillover of diverse microbes in wildlife reservoirs, driven by anthropogenic change.
Estimates of microbial diversity suggest less than 0.1% of microbes available for future
emergence have been discovered to date 22. Discovery of the background microbial diversity
in wildlife is urgently needed, particularly for viruses and antimicrobial resistant microbes.
National agencies from EID hotspot countries could work with donor countries to fund
programmes that aim to identify, triage, characterize, and monitor the high-risk microbes in
wildlife that have high potential to act as zoonotic reservoirs. A series of programmes to
identify country-level viral diversity in wildlife (“National Virome Projects”)22 could be
coordinated to assess the global potential for future disease emergence, and target funds to
the regions, communities and pathogens of highest risk. These programmes would need to
be matched with research projects that assess the risk of emergence for newly discovered
viruses, as was done for SARS-related coronaviruses prior to COVID-19 638,639. While much
of the work on microbial diversity has focused on their risk for disease, there have been
repeated calls for conservation programmes that include microbial biodiversity in their goals
672-674
. Microbial diversity surveys could enhance their effectiveness by assessing which
microbes should be prioritized for conservation.
Mapping within-country EID hotspots: The risk of disease emergence has been mapped at a
global scale 13, but within-country production of risk maps are hindered by unequal
surveillance and reporting, and are currently lacking. Accurate, high-resolution mapping of
risk would allow resource allocation to the regions and communities most likely to be at the
frontline of a novel emerging disease. Efforts to quantify fine scale hotspots of disease
emergence could be supported by donor countries, the WHO and others, to identify regions
for enhanced surveillance.
Analysing the role of pathogen evolution in disease emergence: Research to better
understand the evolutionary underpinnings of host shifts that are involved in zoonotic
disease spillover and the adaptation of emerging pathogens to new host species may
provide key strategies to predicting patterns of spillover risk. Prior work on viral emergence
in particular could be enhanced and used to better focus viral discovery, research and
surveillance 20,21,675,676.
Analysing EID risk within freshwater and marine ecosystems: As people turn to marine
ecosystems in the future for food and energy resources, tourism, and transportation
pathways, people will likely come into increasing contact with aquatic species, leading to
disease emergence that could affect public health and food security. Examples include
influenza strains in seals with zoonotic potential, diseases of marine fish driven by human
activity, or conservation threats due to livestock diseases moving into aquatic ecosystems,
including antimicrobial resistant pathogens.
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Analysing the importance of vector-borne disease risk and migratory species in disease
spread: Emerging disease spread across continents can be enhanced by the mobility of
arthropods (including their capacity for anthropogenic spread due to air travel and climate
change) and by migratory species. Risk analyses of potential for future spread of arthropodborne pathogens and those carried by migratory species would provide potentially critical
information in pandemic prevention. This is particularly important because of the relatively
recent international spread of West Nile and Zika viruses and avian influenza through these
mechanisms.
Identifying evidence of climate change impacts on disease emergence: There is a paucity of
evidence that climate change has already driven the emergence of infectious diseases, and
this is often limited to vector-borne diseases that have clearly shifted in range, rather than
increased in incidence. Policies to build knowledge on further incursions of novel diseases or
expanding cases of known diseases due to climate change would help drive policy changes
to anticipate and reduce further health impacts.
Transdisciplinary knowledge:
Obtaining and disseminating critical data on the wildlife trade and disease risk: There is a
striking paucity of data on certain important aspects of the wildlife trade that could be used
directly to enable policies to reduce risk of disease emergence and spread, including:
• The relative risk of disease emergence and spread in illegal, unregulated and
regulated trade in wildlife
• The relative risk of disease emergence and spread in international vs. domestic
(within-country trade)
• The relative importance of farmed wildlife in the emergence and spread of infectious
diseases
• How the wildlife trade supply chain alters disease risk, from capture through to
market and slaughter, and how this differs depending on diversity of wildlife and
livestock, and density of animals in the trade
• Species, number, diversity and time spent for each species in the wildlife trade
• Analysis of how risk alters across the value chain
• Maps of live animal markets within countries
• Volume of trade within-country
• Volume of illegal wildlife trade
• Attitudes to consumption of wildlife among different age classes and social structures
and over time
Analysing trade-offs between biodiversity conservation and disease transmission within
landscape conservation and restoration programmes: There is a paucity of empirical data on
how large-scale conservation programmes that restore habitat, create corridors, or otherwise
alter landscapes affect disease transmission, despite evidence from limited studies and
modelling that they can promote or reduce disease risk 77,154,184,280,661,677. Long-term studies
of how changing land use patterns in conservation programmes affect host-microbe species
assemblages, and transmission among species and into humans and livestock may provide
vital knowledge that could be used to better assess the impact of corridors, mosaic
landscapes, and other conservation tools on health. It will be critical to conduct studies at
multiple scales, relevant to the transmission dynamics, ecological changes and behaviours
and activities that drive emergence, as well as the scales targeted by conservation and
restoration programmes.
Supporting One Health science: The promotion of One Health science would provide an
overarching mechanism to enable closing of knowledge gaps. This would likely need to
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begin with transdisciplinary academic training in faculties of medicine, veterinary medicine,
public health, and social, ecological and environmental sciences, both in develop and
developing countries. In many countries, an overwhelming proportion of the infectious
disease research budget is allocated to vaccine and therapeutic development, rather than
preventative approaches that involve collaboration among animal, human and environmental
sectors. A One Health framework could be considered to provide research and collaboration
among programmes on ecological interactions of wildlife, livestock and people across
gradients of land use; social science of behavioural risk for pandemics; pathological
analyses of wildlife disease outbreaks to identify potential zoonotic pathogens in wildlife.
This work is particularly important in biodiverse countries which are often relatively resourcepoor. Donors from developed countries could support research in these key EID hotspots.
5) Foster a role for all sectors of society to engage in reducing risk of pandemics
Sharing knowledge among all communities in EID hotspots of the health risks associated
with some wildlife trade: Culturally sensitive knowledge sharing and behaviour change
programmes could be co-designed by the communities that are engaged in occupational risk
of exposure (e.g. wildlife traders) and other experts, based on the behavioural risk surveys
described in the knowledge gaps section. Trials of specific, targeted, single-issue behaviour
change programmes could be enacted to measure success. For example, programmes to
share knowledge with hunters on the risk of Ebola by picking up dead primates for
consumption, or on how to reduce contact with bats. Programmes could begin with
information on how important wildlife is in driving contributions to people’s welfare and other
ecosystem services in the local region.
Enhancing a focus on education and communication with the next generation on the drivers
of pandemics: It is essential that future leaders understand the importance of biodiversity
and the risks that anthropogenic activities have on this diversity and the ecosystem services
it provides, and how these if left uncontrolled can lead to more recurrent pandemic episodes.
International organizations such as UNESCO, UNEP, IUCN and the International Science
Council (ICS) could, with the necessary resources, lead and coordinate education strategies
in countries that have the fewest resources and are often at the frontline of disease
emergence. Education and public awareness campaigns in developed countries could be
targeted around the consumption practices that drive pandemic risk, as laid out in section 2
and 3. Education programmes in all countries could tackle the growing misinformation and
conspiracy theories around the origins, impact and treatment of infectious diseases,
including racially-motivated accusations around the geography of pandemic origins and the
cultural or ethnic identities of the people first affected.
Building partnerships among the public, private sector and civil society to reduce
anthropogenic change that drives pandemics: Many of the companies involved in land use
change in EID hotspots (e.g. mining, palm oil producers, timber extraction, agricultural
development) have a global customer base that could be leveraged to push for corporate
social responsibility by engaging in public, public-private and civil society partnerships.
Another leverage point would be those commercial sectors most directly affected by
pandemic risk either positively (e.g. information technology (IT), pharmaceutical, insurance)
or negatively (airlines, tourism, hotels). Programmes to reduce risk, increase profits in the
face of pandemics, or identify key risks to specific industries would help provide economic
incentives for the private sector to support resilience and sustainability. Transformative
change in agriculture and food systems, health research and development and consumer
needs will require strong involvement of the private sector. Goal 17 of the SDGs actively
advocates for countries to “Encourage and promote effective public, public-private and civil
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society partnerships, building on the experience and resourcing strategies of partnerships”
678
. Some partnerships have successfully addressed agricultural 679,680 and health challenges
681
. Unitaid is a hosted partnership of WHO and has leveraged over US$3 billion since 2006
for HIV/AIDS, tuberculosis and malaria innovations for prevention, diagnosis and treatment.
Funding for Unitaid has come mainly from the solidarity levy on airline tickets implemented
first by France and later several other countries 682.
Reducing high pandemic-risk consumption in developed countries: Unsustainable
consumption of palm oil, sugar cane, tropical forest hardwood, rare earth elements for
electronic equipment, meat and other livestock products, wildlife products (e.g. fur for the
fashion industry) and wild animals for the pet trade, all play a role in driving land use change
and the wildlife trade, and increasing pandemic risk. More sustainable consumption in
developed countries could be promoted by better labelling of products, and campaigns to
raise awareness of the connections between consumption and emerging disease risk,
biodiversity loss, and climate change. For example, labelling fur trims in the fashion industry
with the species name and origin may provide a nudge towards alternative consumption.
Likewise, governments could enforce the labelling of captive wildlife for sale as pets as
either “wild-caught” or “captive-bred” with information on the country it was bred or captured
in. Campaigns for shade-grown coffee, sustainable palm oil, and deforestation-free beef,
have been successful in driving sustainable consumption, and could be adapted for
pandemic risk. A significant step could be to establish internationally accepted and required
processes for tracing the sources of these consumer-driven products. Success in this area
could eventually eliminate clandestine, illegal and environmentally destructive activities
which threaten biodiversity as the market and trading platforms supporting these would
eventually not be viable.
Raising global awareness of the nexus between biodiversity, health and pandemic risk:
Concerted efforts could reinforce the findings of this report that anthropogenic environmental
change drives pandemics. This may encourage reduced consumption, use of sustainable
alternatives and reduction in people’s global ecological footprint as a way of combatting
pandemic risk. Individual behaviour could be leveraged through media campaigns, for
example by highlighting the major role of tourists in consuming wildlife. During the COVID-19
pandemic, trusted voices in many countries such as medical doctors, civil and religious
leaders have led the campaign to gain public support for health measures. These leaders
could play a role in heightening awareness of the linkages to global environmental change
and biodiversity loss and help promote pandemic prevention programmes.

Concluding comments
Pandemics represent an existential threat to the health and welfare of people across the
planet, and their emergence, impact and control are deeply embedded in biodiversity and
the major causes of biodiversity loss. New diseases emerge largely in tropical or subtropical
countries with high wildlife biodiversity. The first people to be infected are often from
communities in remote or rural regions, in developing countries with lower capacity to rapidly
diagnose and treat novel diseases, and control and contain pandemic spread. Land use
change and the wildlife trade (especially unsustainable, illegal or poorly regulated wildlife
trade) are key drivers of pandemic emergence, including the recent emergence of COVID19. Pandemics, such as COVID-19, underscore both the indivisible interconnectedness of
the world community and the rising threat posed by global inequality to the health, wellbeing
and security of all people: Exponential growth in consumption of products from land use
change and globalized trade, often driven by developed countries, have led to the repeated
emergence of diseases from developing countries with high biodiversity, and thus conditions
that increase potential for zoonotic emergence. Mortality and morbidity may ultimately be
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higher in developing countries, due to economic constraints affecting healthcare access.
However, for large-scale pandemics such as COVID-19, economic impacts can be severe in
the developed countries that depend on globalized economies. Furthermore, without
effective vaccines or therapeutics, per capita mortality rates from COVID-19 appear to be
highest at this point in some of the developed countries such as the USA and others in
Europe, perhaps reflecting data inconsistencies as well as differences in the abundance of
predisposing conditions 683.
Pandemics are becoming more frequent, driven by a continued rise in the underlying
emerging disease events that lead to them 13,56. The continued rise in human population
density, consumption, encroachment into wildlife habitat, degradation of ecosystems,
industrialization of the wildlife trade, climate change and intensification of agricultural
production are driving the current Pandemic Era. Without predictive and preventative
strategies, pandemics will emerge more often, spread more rapidly, kill more people and
crash the global economy more often and with more devastating impact than ever. The
current pandemic strategy relies largely on responding to pandemics after they have
emerged with public health measures and technological solutions, in particular the rapid
design and rollout of novel vaccines and therapeutics. However, the COVID-19 pandemic
has progressed along a slow and uncertain path, and as the world waits for vaccines to
become available, true pandemics cost societies dearly, in lives lost, sickness endured,
unemployment and economic collapse. All of these affect the global poor and Indigenous
Peoples and Local Communities far greater than most.
Reducing the frequency and impact of pandemics will require the types of transformative
changes called on for conservation and restoration of nature (biodiversity and ecosystem
processes) and its benefits to people 124. These include shifts in societal paradigms, goals
and values that replace unsustainable consumption and overuse of biodiversity and
strategically reduce the underlying drivers of pandemics. The IPBES Global Assessment of
Biodiversity and Ecosystem Services concluded last year124 that such transformative
changes were necessary to reach global biodiversity conservation and sustainability goals
for 2030. While many of these potential policies are costly, difficult to execute, and their
success uncertain, their cost is dwarfed by the impact of just the current COVID-19
pandemic, let alone the rising tide of future diseases. In fact, the cost of implementing these
measures is likely to be between US$22 and 31.2 billion, decreased even further (US$17.7 26.9 billion) if benefits of reduced deforestation on carbon sequestration are calculated,
while the annualized cost of emerging diseases (including COVID-19) is likely to exceed
US$1 trillion of dollars annually 141. All of the evidence in this report demonstrates that the
spillover of novel pathogens is accelerating, just like the impacts of climate change. For both
issues, there is an optimal time to initiate new global policies for prevention, after which it
becomes extremely difficult to mitigate. Research demonstrates that the optimal time is now
56
, and that these policy options may provide a pathway for transformative change to
prevent pandemics.
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Appendix
Table 1: Animals identified as hosts of pathogens that have emerged through the wildlife
trade in Box 2, with their CITES 431 or IUCN 684 status
Animal Host
Chimpanzee
Pan troglodytes
Gorilla
Gorilla gorilla;
Gorilla beringei
Sooty mangabey
Cercocebus atys
Gambian pouched rat
Cricetomys gambianus
Prairie dog
Cynomys spp.

IUCN Red
List **
EN

CITES List
Appendix I

VU

Poaching, habitat loss
and degradation, disease
Poaching, disease,
habitat degradation and
destruction, climate
change, civil unrest
Poaching, habitat loss

Appendix II

HIV-2

LC

None known

None

LC

Some species
endangered due to
habitat loss
Poaching, habitat loss

None

Monkeypox
virus
Monkeypox
virus

Appendix I (1);
Appendix II (5)

Ebola virus

Ebola virus

CR

Appendix I

Duiker
Cephalophus spp.
Philantomba spp.
Elaphodus cephalophus

EN (2); VU
(2); NT (4);
LC (10);

Fruit bats
Myonycteris spp.;
Hypsignathus monstrosus;
Eidolon helvum

EN (1); LC
(3)
LC
NT

Habitat loss, hunting and
trapping

Masked palm civets*
Paguma larvata
Raccoon dog*
Nyctereutes procyonoides
Pangolin
Manis spp.

LC

Overharvest, habitat
reduction
Hunting and trapping

None (only
Acerodon spp.
and Pteropus
spp. on the
list)
Appendix III
(India)
None

Hunting and poaching

Appendix I

Horseshoe bats
Rhinolophus spp.

Zoonotic
pathogens
HIV-1;
Ebola virus
HIV-1;
Ebola virus

Threats

LC
CR (3); EN
(3); VU (2)

SARS-CoV
SARS-CoV;
Rabies virus
SARS
relatedCoVs
SARS
relatedCoVs

CR (1); EN
Habitant loss, in-cave
None
(13); VU (4); disturbance
NT (9); LC
(57); DD
(15)
*Animals that are known to be captive and/or bred for commercial use.
**IUCN Categories (from most to least threatened): Extinct (EX); Extinct in The Wild (EW); Critically
Endangered (CR;) Endangered (EN); Vulnerable (VU); Near Threatened (NT); Least Concern (LC);
Data Deficient (DD).

64

References
1

2
3
4

5
6
7
8
9

10
11
12
13
14
15

16
17
18
19
20
21
22
23

24

25

Morens, D. M., Daszak, P. & Taubenberger, J. K. Escaping Pandora's Box - Another Novel
Coronavirus. New England Journal of Medicine 382, 1293-1295, doi:10.1056/NEJMp2002106
(2020).
Morens, D. M., Daszak, P., Markel, H. & Taubenberger, J. K. Pandemic COVID-19 Joins
History's Pandemic Legion. mBio 11, e00812-00820, doi:10.1128/mBio.00812-20 (2020).
Daszak, P. Anatomy of a pandemic. Lancet 380, 1883-1884, doi:Doi 10.1016/S01406736(12)61887-X (2012).
Boni, M. F. et al. Evolutionary origins of the SARS-CoV-2 sarbecovirus lineage responsible for
the COVID-19 pandemic. Nature Microbiology 5, 1408-+, doi:10.1038/s41564-020-0771-4
(2020).
Zhou, P. et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin.
Nature 579, 270-273, doi:10.1038/s41586-020-2012-7 (2020).
Latinne, A. et al. Origin and cross-species transmission of bat coronaviruses in China. Nat
Commun 11, 4235, doi:10.1038/s41467-020-17687-3 (2020).
Li, H. et al. Human-animal interactions and bat coronavirus spillover potential among rural
residents in Southern China. Biosafety and Health 1, 84-90 (2019).
Li, H. et al. A qualitative study of zoonotic risk factors among rural communities in southern
China. International Health 12, 77-85, doi:10.1093/inthealth/ihaa001 (2020).
Rulli, M. C., D'Odorico, P., Galli, N. & Hayman, D. Land Use Change and Coronavirus
Emergence Risk. medRxiv, 2020.2007.2031.20166090, doi:10.1101/2020.07.31.20166090
(2020).
Huang, C. et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan,
China. Lancet 395, 497-506, doi:10.1016/S0140-6736(20)30183-5 (2020).
Jones, K. E. et al. Global trends in emerging infectious diseases. Nature 451, 990-993,
doi:10.1038/nature06536 (2008).
Morse, S. S. in Emerging Viruses (ed S.S. Morse) 10-28 (Oxford University Press, 1993).
Allen, T. et al. Global hotspots and correlates of emerging zoonotic diseases. Nat Commun 8,
1124, doi:10.1038/s41467-017-00923-8 (2017).
Morse, S. S. et al. Zoonoses 3 Prediction and prevention of the next pandemic zoonosis. Lancet
380, 1956-1965, doi:Doi 10.1016/S0140-6736(12)61684-5 (2012).
Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O. & Ludwig, C. The trajectory of the
Anthropocene: The Great Acceleration. Anthropocene Review 2, 81-98,
doi:10.1177/2053019614564785 (2015).
Daszak, P., Keusch, G. T., Phelan, A. L., Johnson, C. K. & Osterholm, M. T. Infectious disease
threats: from rebound to resilience. Health Affairs (In review).
Daszak, P. We are entering an era of pandemics - it will end only when we protect the
rainforest. The Guardian (2020).
Cutler, D. New Rules for the Pandemic Era. JAMA 324, 1023-1024,
doi:10.1001/jama.2020.15526 (2020).
Burke, D. S. in Pathology of emerging infections (eds A.M. Nelson & C.R. Horsburgh) 1-12
(American Society for Microbiology, 1998).
Holmes, E. C. What can we predict about viral evolution and emergence? Curr. Opin. Virol. 3,
180-184, doi:10.1016/j.coviro.2012.12.003 (2013).
Parrish, C. R. et al. Cross-species virus transmission and the emergence of new epidemic
diseases. Microbiol. Mol. Biol. Rev. 72, 457-470, doi:10.1128/MMBR.00004-08 (2008).
Carroll, D. et al. The Global Virome Project. Science 359, 872-874,
doi:10.1126/science.aap7463 (2018).
Carlson, C. J., Zipfel, C. M., Garnier, R. & Bansal, S. Global estimates of mammalian viral
diversity accounting for host sharing. Nat Ecol Evol 3, 1070-1075, doi:10.1038/s41559-0190910-6 (2019).
LoGiudice, K., Ostfeld, R. S., Schmidt, K. A. & Keesing, F. The ecology of infectious disease:
Effects of host diversity and community composition on Lyme disease risk. Proceedings of the
National Academy of Sciences 100, 567-571, doi:10.1073/pnas.0233733100 (2003).
Dobson, A. Population dynamics of pathogens with multiple host species. Am Nat 164 Suppl 5,
S64-78, doi:10.1086/424681 (2004).

65

26

27
28
29

30

31

32

33
34

35
36

37

38
39

40
41
42

43
44

45

46
47

48

Roche, B., Dobson, A. P., Guegan, J. F. & Rohani, P. Linking community and disease ecology:
the impact of biodiversity on pathogen transmission. Philos. Trans. R. Soc. B-Biol. Sci. 367,
2807-2813, doi:10.1098/rstb.2011.0364 (2012).
Roche, B., Rohani, P., Dobson, A. P. & Guegan, J. F. The impact of community organization on
vector-borne pathogens. Am Nat 181, 1-11, doi:10.1086/668591 (2013).
Swaddle, J. P. & Calos, S. E. Increased avian diversity is associated with lower incidence of
human West Nile infection: observation of the dilution effect. PLoS One 3, e2488 (2008).
Ezenwa, V. O., Godsey, M. S., King, R. J. & Guptill, S. C. Avian diversity and West Nile virus:
testing associations between biodiversity and infectious disease risk. Proceedings of the Royal
Society B-Biological Sciences 273, 109-117, doi:10.1098/rspb.2005.3284 (2006).
Tersago, K. et al. Population, environmental, and community effects on local bank vole (Myodes
glareolus) Puumala virus infection in an area with low human incidence. Vector Borne Zoonotic
Dis. 8, 235-244, doi:10.1089/vbz.2007.0160 (2008).
Luis, A. D., Kuenzi, A. J. & Mills, J. N. Species diversity concurrently dilutes and amplifies
transmission in a zoonotic host-pathogen system through competing mechanisms. Proceedings
of the National Academy of Sciences 115, 7979-7984, doi:10.1073/pnas.1807106115 (2018).
Ostfeld, R. S. & Keesing, F. Effects of host diversity on infectious disease. Annual Review of
Ecology, Evolution, and Systematics, Vol 43 43, 157-182, doi:10.1146/annurev-ecolsys102710-145022 (2012).
Ostfeld, R. S. Biodiversity loss and the ecology of infectious disease. Lancet Planet Health 1,
e2-e3, doi:10.1016/S2542-5196(17)30010-4 (2017).
Randolph, S. E. & Dobson, A. D. Pangloss revisited: a critique of the dilution effect and the
biodiversity-buffers-disease paradigm. Parasitology 139, 847-863,
doi:10.1017/S0031182012000200 (2012).
Rohr, J. R. et al. Towards common ground in the biodiversity-disease debate. Nat Ecol Evol 4,
24-33, doi:10.1038/s41559-019-1060-6 (2020).
Faust, C. L. et al. Null expectations for disease dynamics in shrinking habitat: dilution or
amplification? Philos. Trans. R. Soc. Lond. B Biol. Sci. 372, 20160173,
doi:10.1098/rstb.2016.0173 (2017).
Salkeld, D. J., Padgett, K. A. & Jones, J. H. A meta‐analysis suggesting that the relationship
between biodiversity and risk of zoonotic pathogen transmission is idiosyncratic. Ecology letters
16, 679-686 (2013).
Keesing, F. et al. Impacts of biodiversity on the emergence and transmission of infectious
diseases. Nature 468, 647-652, doi:10.1038/nature09575 (2010).
Lafferty, K. D. & Wood, C. L. It’sa myth that protection against disease is a strong and general
service of biodiversity conservation: Res ponse to Ostfeld and Keesing. Conserv. Biol 14, 722728 (2013).
Guo, F., Bonebrake, T. C. & Gibson, L. Land-use change alters host and vector communities
and may elevate disease risk. EcoHealth 16, 647-658 (2019).
Gibb, R. et al. Zoonotic host diversity increases in human-dominated ecosystems. Nature, 1-5
(2020).
Johnson, C. K. et al. Global shifts in mammalian population trends reveal key predictors of virus
spillover risk. Proceedings of the Royal Society B-Biological Sciences 287, 20192736,
doi:ARTN 2019273610.1098/rspb.2019.2736 (2020).
Muylaert, R. L. et al. Spatiotemporal Dynamics of Hantavirus Cardiopulmonary Syndrome
Transmission Risk in Brazil. Viruses 11, doi:10.3390/v11111008 (2019).
Hosseini, P. R. et al. Does the impact of biodiversity differ between emerging and endemic
pathogens? The need to separate the concepts of hazard and risk. Philosophical Transactions
of the Royal Society B: Biological Sciences 372, 20160129 (2017).
Dobson, A. P. & Carper, E. R. Infectious diseases and human population history - Throughout
history the establishment of disease has been a side effect of the growth of civilization.
Bioscience 46, 115-126, doi:Doi 10.2307/1312814 (1996).
Düx, A. et al. Measles virus and rinderpest virus divergence dated to the sixth century BCE.
Science 368, 1367-1370, doi:10.1126/science.aba9411 (2020).
Li, Y. et al. On the origin of smallpox: Correlating variola phylogenics with historical smallpox
records. Proc. Natl. Acad. Sci. U. S. A. 104, 15787-15792, doi:10.1073/pnas.0609268104
(2007).
Cardona, P. J., Catala, M. & Prats, C. Origin of tuberculosis in the Paleolithic predicts
unprecedented population growth and female resistance. Sci. Rep. 10, 42, doi:ARTN
4210.1038 s41598-019-56769-1 (2020).
66

49

50

51
52
53

54
55
56

57
58
59

60

61
62
63
64
65
66
67

68

69
70

71

72

Schuenemann, V. J. et al. Ancient genomes reveal a high diversity of Mycobacterium leprae in
medieval Europe. PLoS Pathog. 14, e1006997, doi:ARTN
e100699710.1371/journal.ppat.1006997 (2018).
Smith, K. F. & Guegan, J. F. Changing Geographic Distributions of Human Pathogens. Annual
Review of Ecology, Evolution, and Systematics, Vol 41 41, 231-250, doi:DOI 10.1146/annurevecolsys-102209-144634 (2010).
Teeling, E. C. et al. A molecular phylogeny for bats illuminates biogeography and the fossil
record. Science 307, 580-584, doi:307/5709/580 [pii] 10.1126/science.1105113 (2005).
Drexler, J. F. et al. Bats host major mammalian paramyxoviruses. Nat Commun 3, 796,
doi:ARTN 79610.1038/ncomms1796 (2012).
Daszak, P., Cunningham, A. A. & Hyatt, A. D. Emerging infectious diseases of wildlife--threats
to biodiversity and human health. Science 287, 443-449, doi:10.1126/science.287.5452.443
(2000).
Weiss, R. A. & McMichael, A. J. Social and environmental risk factors in the emergence of
infectious diseases. Nature Medicine 10, S70-S76 (2004).
Hudson, P. J., Rizzoli, A., Grenfell, B. T., Heesterbeek, J. & Dobson, A. P. The ecology of
wildlife diseases. (Oxford University Press, 2002).
Pike, J., Bogich, T. L., Elwood, S., Finnoff, D. C. & Daszak, P. Economic optimization of a
global stategy to reduce the pandemic threat. Proceedings of the National Academy of
Sciences, USA 111, 18519-18523 (2014).
Dirzo, R. et al. Defaunation in the Anthropocene. Science 345, 401-406,
doi:10.1126/science.1251817 (2014).
Bar-On, Y. M., Phillips, R. & Milo, R. The biomass distribution on Earth. Proc. Natl. Acad. Sci.
U. S. A. 115, 6506-6511, doi:10.1073/pnas.1711842115 (2018).
Goldberg, T. L., Gillespie, T. R., Rwego, I. B., Estoff, E. L. & Chapman, C. A. In Forest
Fragmentation as Cause of Bacterial Transmission among Primates, Humans, and Livestock,
Uganda (vol 14, pg 1375, 2008). Emerg. Infect. Dis. 14, 1825-1825 (2008).
Rwego, I. B., Isabirye-Basuta, G., Gillespie, T. R. & Goldberg, T. L. Gastrointestinal Bacterial
Transmission among Humans, Mountain Gorillas, and Livestock in Bwindi Impenetrable
National Park, Uganda. Conserv. Biol. 22, 1600-1607, doi:10.1111/j.1523-1739.2008.01018.x
(2008).
Foley, J. A. et al. Global consequences of land use. Science 309, 570-574,
doi:10.1126/science.1111772 (2005).
Convention on Biological Diversity (CBD). Biodiversity & infectious diseases. Questions &
answers. (2020).
Lourenço, S. & Palmeirim, J. Can mite parasitism affect the condition of bat hosts? Implications
for the social structure of colonial bats. J. Zool. 273, 161-168 (2007).
Fagre, A. C. & Kading, R. C. Can bats serve as reservoirs for arboviruses? Viruses 11, 215
(2019).
Cui, J., Li, F. & Shi, Z. L. Origin and evolution of pathogenic coronaviruses. Nature Reviews
Microbiology 17, 181-192, doi:10.1038/s41579-018-0118-9 (2019).
Leroy, E. M. et al. Fruit bats as reservoirs of Ebola virus. Nature 438, 575-576,
doi:10.1038/438575a (2005).
Rulli, M. C., Santini, M., Hayman, D. T. S. & D'Odorico, P. The nexus between forest
fragmentation in Africa and Ebola virus disease outbreaks. Sci. Rep. 7, 41613, doi:ARTN
4161310.1038/srep41613 (2017).
Pulliam, J. R. C. et al. Agricultural intensification, priming for persistence and the emergence of
Nipah virus: a lethal bat-borne zoonosis. Journal of the Royal Society Interface 9, 89-101,
doi:10.1098/rsif.2011.0223 (2012).
Daniel, M. et al. Increased Relative Risk of Tick-Borne Encephalitis in Warmer Weather.
Frontiers in Cellular and Infection Microbiology 8, doi:10.3389/fcimb.2018.00090 (2018).
Smura, T. et al. Recent establishment of tick-borne encephalitis foci with distinct viral lineages
in the Helsinki area, Finland. Emerg Microbes Infect 8, 675-683,
doi:10.1080/22221751.2019.1612279 (2019).
Schloegel, L. M. et al. Novel, panzootic and hybrid genotypes of amphibian chytridiomycosis
associated with the bullfrog trade. Mol. Ecol. 21, 5162-5177, doi:10.1111/j.1365294X.2012.05710.x (2012).
Schloegel, L. M., Daszak, P., Cunningham, A. A., Speare, R. & Hill, B. Two amphibian
diseases, chytridiomycosis and ranaviral disease, are now globally notifiable to the World

67

73

74
75
76
77
78
79

80

81

82

83
84
85
86
87

88

89
90

91

92

93

94

Organization for Animal Health (OIE): an assessment. Diseases of Aquatic Organisms 92, 101108, doi:10.3354/dao02140 (2010).
Berger, L. et al. Chytridiomycosis causes amphibian mortality associated with population
declines in the rain forests of Australia and Central America. Proc. Natl. Acad. Sci. U. S. A. 95,
9031-9036 (1998).
Wombwell, E. L. et al. Detection of Batrachochytrium dendrobatidis in Amphibians Imported into
the UK for the Pet Trade. Ecohealth 13, 456-466, doi:10.1007/s10393-016-1138-4 (2016).
Martel, A. et al. Wildlife disease. Recent introduction of a chytrid fungus endangers Western
Palearctic salamanders. Science 346, 630-631, doi:10.1126/science.1258268 (2014).
Scheele, B. et al. Amphibian fungal panzootic causes catastrophic and ongoing loss of
biodiversity. Science 363, 1459-+, doi:10.1126/science.aav0379 (2019).
Wu, T. et al. Protection of wetlands as a strategy for reducing the spread of avian influenza from
migratory waterfowl. Ambio 49, 939-949, doi:10.1007/s13280-019-01238-2 (2020).
Kilpatrick, A. M. et al. Predicting the global spread of H5N1 avian influenza. Proc. Natl. Acad.
Sci. U. S. A. 103, 19368-19373, doi:10.1073/pnas.0609227103 (2006).
McMichael, A. J., Powles, J. W., Butler, C. D. & Uauy, R. Energy and health 5 - Food, livestock
production, energy, climate change, and health. Lancet 370, 1253-1263, doi:10.1016/S01406736(07)61256-2 (2007).
VanWey, L. K., Spera, S., de Sa, R., Mahr, D. & Mustard, J. F. Socioeconomic development
and agricultural intensification in Mato Grosso. Philos. Trans. R. Soc. B-Biol. Sci. 368,
20120168-20120168, doi:ARTN 2012016810.1098/rstb.2012.0168 (2013).
DeFries, R., Herold, M., Verchot, L., Macedo, M. N. & Shimabukuro, Y. Export-oriented
deforestation in Mato Grosso: harbinger or exception for other tropical forests? Philos. Trans. R.
Soc. Lond. B Biol. Sci. 368, 20120173, doi:10.1098/rstb.2012.0173 (2013).
Walker, N. F., Patel, S. A. & Kalif, K. A. B. From Amazon pasture to the high street:
deforestation and the Brazilian cattle product supply chain. Tropical Conservation Science 6,
446-467, doi:Doi 10.1177/194008291300600309 (2013).
Baumler, A. J., Hargis, B. M. & Tsolis, R. M. Tracing the origins of Salmonella outbreaks.
Science 287, 50-52, doi:10.1126/science.287.5450.50 (2000).
Anderson, R. M. et al. Transmission dynamics and epidemiology of BSE in British cattle. Nature
382, 779-788, doi:10.1038/382779a0 (1996).
Bruce, M. E., et al. Transmissions to mice indicate that “new variant” CJD is caused by the BSE
agent. Nature 389, 498 (1997).
Collinge, J. Variant Creutzfeldt-Jakob disease. The Lancet 354, 317-323, doi:10.1016/s01406736(99)05128-4 (1999).
Alban, L., Ellis-Iversen, J., Andreasen, M., Dahl, J. & Sonksen, U. W. Assessment of the Risk to
Public Health due to Use of Antimicrobials in Pigs - An Example of Pleuromutilins in Denmark.
Frontiers in Veterinary Science 4, doi:10.3389/fvets.2017.00074 (2017).
European Food Safety Authority and European Centre for Disease Prevention and Control. The
European Union summary report on antimicrobial resistance in zoonotic and indicator bacteria
from humans, animals and food in 2017. EFSA Journal 17, doi:10.2903/j.efsa.2019.5598
(2019).
Marshall, B. M. & Levy, S. B. Food animals and antimicrobials: impacts on human health. Clin.
Microbiol. Rev. 24, 718-733, doi:10.1128/CMR.00002-11 (2011).
Leibler, J. H. et al. Industrial Food Animal Production and Global Health Risks: Exploring the
Ecosystems and Economics of Avian Influenza. Ecohealth 6, 58-70, doi:10.1007/s10393-0090226-0 (2009).
Murray, K. A., Allen, T., Loh, E., Machalaba, C. & Daszak, P. in Food Safety Risks from Wildlife:
Challenges in Agriculture, Conservation, and Public Health (eds Michele Jay-Russell & P.
Michael Doyle) 31-57 (Springer International Publishing, 2016).
Newell, D. G. et al. Food-borne diseases - The challenges of 20 years ago still persist while
new ones continue to emerge. International Journal of Food Microbiology 139, S3-S15,
doi:10.1016/j.ijfoodmicro.2010.01.021 (2010).
Anderson, T. et al. FAO-OIE-WHO joint technical consultation on Avian Influenza at the humananimal interface. Influenza Other Respi. Viruses 4, 1-29, doi:10.1111/j.1750-2659.2009.00114.x
(2010).
Cristalli, A. & Capua, I. Practical problems in controlling H5N1 high pathogenicity avian
influenza at village level in Vietnam and introduction of biosecurity measures. Avian Dis. 51,
461-462, doi:Doi 10.1637/7564-033106r.1 (2007).

68

95
96

97

98
99
100
101

102

103

104
105
106

107

108

109

110
111
112
113
114

115
116

117

Garten, R. J. et al. Antigenic and genetic characteristics of swine-origin 2009 A(H1N1) influenza
viruses circulating in humans. Science 325, 197-201, doi:10.1126/science.1176225 (2009).
Streicker, D. G. et al. Ecological and anthropogenic drivers of rabies exposure in vampire bats:
implications for transmission and control. Proceedings of the Royal Society B-Biological
Sciences 279, 3384-3392, doi:10.1098/rspb.2012.0538 (2012).
Gomes, M. N., Monteiro, A. M., Lewis, N., Goncalves, C. A. & Filho Vde, S. Landscape risk
factors for attacks of vampire bats on cattle in Sao Paulo, Brazil. Prev. Vet. Med. 93, 139-146,
doi:10.1016/j.prevetmed.2009.10.006 (2010).
Salmón-Mulanovich, G. et al. Human rabies and rabies in vampire and nonvampire bat species,
southeastern Peru, 2007. Emerging Infectious Diseases 15, 1308-1310 (2009).
Memish, Z. A. et al. Middle East respiratory syndrome coronavirus in bats, Saudi Arabia.
Emerg. Infect. Dis. 19, 1819-1823, doi:10.3201/eid1911.131172 (2013).
Ithete, N. L. et al. Close Relative of Human Middle East Respiratory Syndrome Coronavirus in
Bat, South Africa. Emerg. Infect. Dis. 19, 1697-1699, doi:10.3201/eid1910.130946 (2013).
Lau, S. K. et al. Genetic characterization of Betacoronavirus lineage C viruses in bats reveals
marked sequence divergence in the spike protein of pipistrellus bat coronavirus HKU5 in
Japanese pipistrelle: implications for the origin of the novel Middle East respiratory syndrome
coronavirus. J Virol 87, 8638-8650, doi:10.1128/JVI.01055-13 (2013).
Corman, V. M. et al. Rooting the phylogenetic tree of middle East respiratory syndrome
coronavirus by characterization of a conspecific virus from an African bat. J. Virol. 88, 1129711303, doi:10.1128/JVI.01498-14 (2014).
Corman, V. M. et al. Characterization of a novel betacoronavirus related to middle East
respiratory syndrome coronavirus in European hedgehogs. J. Virol. 88, 717-724,
doi:10.1128/JVI.01600-13 (2014).
Wang, Q. H. et al. Bat origins of MERS-CoV supported by bat coronavirus HKU4 usage of
human receptor CD26. Cell Host Microbe 16, 328-337, doi:10.1016/j.chom.2014.08.009 (2014).
Yang, L. et al. MERS-related betacoronavirus in Vespertilio superans bats, China. Emerg Infect
Dis 20, 1260-1262, doi:10.3201/eid2007.140318 (2014).
Elfadil, A. A. et al. Epidemiological study of Middle East respiratory syndrome coronavirus
infection in dromedary camels in Saudi Arabia, April-May 2015. Rev. Sci. Tech. 37, 985-997,
doi:10.20506/rst.37.3.2901 (2018).
Reusken, C. B. E. M. et al. Middle East respiratory syndrome coronavirus neutralising serum
antibodies in dromedary camels: a comparative serological study. Lancet Infect. Dis. 13, 859866, doi:10.1016/S1473-3099(13)70164-6 (2013).
Dr, A. et al. Efficient replication and shedding of MERS CoV from the upper respiratory tract of
experimentally infected dromedary camels. European Journal of Molecular & Clinical Medicine
2, 131, doi:10.1016/j.nhtm.2015.07.056 (2015).
Briese, T. et al. Middle East respiratory syndrome coronavirus quasi-species that include
homologues of human isolates revealed through whole genome analysis and virus cultured
from dromedary camels in Saudi Arabia. mBio 5, e01146-01114, doi:10.1128/mBio.01146-1429
(2014).
Azhar, E. I. et al. Evidence for camel-to-human transmission of MERS coronavirus. The New
England journal of medicine 370, 2499-2505, doi:10.1056/NEJMoa1401505 (2014).
Chua, K. B. et al. Fatal encephalitis due to Nipah virus among pig-farmers in Malaysia. Lancet
354, 1257-1259 (1999).
Chua, K. B. et al. Nipah virus: a recently emergent deadly paramyxovirus. Science 288, 14321435, doi:10.1126/science.288.5470.1432 (2000).
Zhou, P. et al. Fatal swine acute diarrhoea syndrome caused by an HKU2-related coronavirus
of bat origin. Nature 556, 255-+, doi:10.1038/s41586-018-0010-9 (2018).
Edwards, C. E. et al. Swine acute diarrhea syndrome coronavirus replication in primary human
cells reveals potential susceptibility to infection. Proceedings of the National Academy of
Sciences 117, 26915-26925 (2020).
Wang, L.-F. & Eaton, B. T. in Wildlife and emerging zoonotic diseases: the biology,
circumstances and consequences of cross-species transmission 325-344 (Springer, 2007).
Oreshkova, N. et al. SARS-CoV-2 infection in farmed minks, the Netherlands, April and May
2020. Eurosurveillance 25, 2-8, doi:Artn 200100510.2807/1560-7917.Es.2020.25.23.2001005
(2020).
Oude Munnink, B. B. et al. Jumping back and forth: anthropozoonotic and zoonotic transmission
of SARS-CoV-2 on mink farms. bioRxiv, 2020.2009.2001.277152,
doi:10.1101/2020.09.01.277152 (2020).
69

118

119
120

121
122

123
124

125
126
127
128

129

130
131
132
133
134

135

136

137
138

139

140

Keusch, G. T., Pappaioanou, M., Gonzalez, M. C., Scott, K. A. & Tsai, P. Sustaining Global
Surveillance and Response to Emerging Zoonotic Diseases. (The National Academies Press,
Washington, D.C., 2009).
Espinosa, R., Tago, D. & Treich, N. Infectious diseases and meat production. Environ Resour
Econ (Dordr) 76, 1019-1044, doi:10.1007/s10640-020-00484-3 (2020).
Springmann, M. et al. Health-motivated taxes on red and processed meat: A modelling study on
optimal tax levels and associated health impacts. PLoS One 13, e0204139,
doi:10.1371/journal.pone.0204139 (2018).
Springmann, M. et al. Options for keeping the food system within environmental limits. Nature
562, 519-525, doi:10.1038/s41586-018-0594-0 (2018).
Wellesley, L., Happer, C. & Froggatt, A. Changing climate, changing diets. Pathways to lower
meat consumption. Chatham House Report. (The Royal Institute of International Affairs,
London, UK, 2015).
FAIRR Farm Animal Initiative Risk & Return. The Livestock Levy. Are regulators considering
meat taxes? , (2017).
IPBES. Global assessment report on biodiversity and ecosystem services of the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. E. S.
Brondizio, J. Settele, S. Díaz, and H. T. Ngo (editors). IPBES secretariat, Bonn, Germany.
(2019).
Maxwell, S. L., Fuller, R. A., Brooks, T. M. & Watson, J. E. Biodiversity: The ravages of guns,
nets and bulldozers. Nature 536, 143-145, doi:10.1038/536143a (2016).
Barbier, E. B., Burgess, J. C. & Folke, C. Paradise lost?: the ecological economics of
biodiversity. Vol. 2 (Routledge, 2019).
Chan, K. M. A. et al. Levers and leverage points for pathways to sustainability. People and
Nature 2, 693-717, doi:10.1002/pan3.10124 (2020).
MacDonald, A. J. & Mordecai, E. A. Amazon deforestation drives malaria transmission, and
malaria burden reduces forest clearing. Proc. Natl. Acad. Sci. U. S. A. 116, 22212-22218,
doi:10.1073/pnas.1905315116 (2019).
Fornace, K. M. et al. Environmental risk factors and exposure to the zoonotic malaria parasite
Plasmodium knowlesi across northern Sabah, Malaysia: a population-based cross-sectional
survey. Lancet Planetary Health 3, E179-E186, doi:Doi 10.1016/S2542-5196(19)30045-2
(2019).
Freuling, C. M. et al. Susceptibility of raccoon dogs for experimental SARS-CoV-2 infection.
Emerg. Infect. Dis. 26, doi:10.3201/eid2612.203733 (2020).
Cunningham, A. A., Daszak, P. & Rodríguez, J. P. Pathogen pollution: defining a parasitological
threat to biodiversity conservation. Journal of Parasitology 89, S78-S83 (2003).
Walker, S. F. et al. Invasive pathogens threaten species recovery programs. Current Biology
18, R853-R854 (2008).
Wikelski, M., Foufopoulos, J., Vargas, H. & Snell, H. Galapagos birds and diseases: Invasive
pathogens as threats for island species. Ecology and Society 9 (2004).
Fulford, G. R., Roberts, M. G. & Heesterbeek, J. A. The metapopulation dynamics of an
infectious disease: tuberculosis in possums. Theor. Popul. Biol. 61, 15-29,
doi:10.1006/tpbi.2001.1553 (2002).
Coleman, J. D. Distribution, prevalence, and epidemiology of Bovine Tuberculosis in Brushtail
Possums, Trichosurus-Vulpecula, in the Hohonu Range, New Zealand. Australian Wildlife
Research 15, 651-663 (1988).
Singer, A., Kauhala, K., Holmala, K. & Smith, G. C. Rabies in Northeastern Europe-the threat
from invasive raccoon dogs. J. Wildl. Dis. 45, 1121-1137, doi:Doi 10.7589/0090-3558-45.4.1121
(2009).
Cunningham, A. A. et al. Surveillance emerging disease in UK amphibians. Vet. Rec. 176, 468468, doi:10.1136/vr.h2264 (2015).
Beard, K. H. & O'Neill, E. M. Infection of an invasive frog Eleutherodactylus coqui by the chytrid
fungus Batrachochytrium dendrobatidis in Hawaii. Biological Conservation 126, 591-595,
doi:10.1016/j.biocon.2005.07.004 (2005).
Ogden, N. H. et al. Emerging infectious diseases and biological invasions: a call for a One
Health collaboration in science and management. R Soc Open Sci 6, 181577,
doi:10.1098/rsos.181577 (2019).
Springborn, M. R. et al. Integrating invasion and disease in the risk assessment of live bird
trade. Divers Distrib 21, 101-110, doi:10.1111/ddi.12281 (2015).

70

141

142

143
144

145
146
147

148

149
150
151
152
153
154
155

156
157
158
159
160
161

162

163

164
165
166

Dobson, A. P. et al. Ecology and economics for pandemic prevention Investments to prevent
tropical deforestation and to limit wildlife trade will protect against future zoonosis outbreaks.
Science 369, 379-+, doi:10.1126/science.abc3189 (2020).
Smith, K. M., Machalaba, C. C., Seifman, R., Feferholtz, Y. & Karesh, W. B. Infectious disease
and economics: The case for considering multi-sectoral impacts. One Health 7,
doi:10.1016/j.onehlt.2018.100080 (2019).
Huber, C., Finelli, L. & Stevens, W. The economic and social burden of the 2014 Ebola
outbreak in West Africa. J. Infect. Dis. 218, S698-S704, doi:10.1093/infdis/jiy213 (2018).
United Nations Development Programme. A socio-economic impact assessment of the Zika
virus in Latin America and the Caribbean: with a focus on Brazil, Colombia and Suriname.
(2017).
Cyn-Young Park et al. An Updated Assessment of the Economic Impact of COVID-19. (Asian
Development Bank (ADB), 2020).
Berry, K. et al. The economic case for a pandemic fund. Ecohealth 15, 244-258 (2018).
Berry, K. & Finnoff, D. Choosing between adaptation and prevention with an increasing
probability of a pandemic. Journal of Economic Behavior & Organization 132, 177-192,
doi:10.1016/j.jebo.2016.06.007 (2016).
Berry, K., Finnoff, D., Horan, R. D. & Shogren, J. F. Managing the endogenous risk of disease
outbreaks with non-constant background risk. Journal of Economic Dynamics & Control 51,
166-179, doi:10.1016/j.jedc.2014.09.014 (2015).
Cutler, D. M. & Summers, L. H. The COVID-19 Pandemic and the $16 Trillion Virus. JAMA 324,
1495-1496, doi:10.1001/jama.2020.19759 (2020).
Fan, V. Y., Jamison, D. T. & Summers, L. H. The inclusive cost of pandemic influenza risk.
(National Bureau of Economic Research, Cambridge, MA, 2016).
Tol, R. S. The economic impacts of climate change. Review of Environmental Economics and
Policy 12, 4-25 (2018).
The World Bank. People, Pathogens, and Our Planet: Economics of One Health. (Washington
DC, June 2012).
Organisation for Economic Cooperation and Development (OECD). A comprehensive overview
of global biodiversity finance. (2020).
Dobson, A. P. & May, R. M. in Conservation Biology: The Science of Scarcity and Diversity
Chapter 16 (ed M. Soule) 345-365 (Sinauer Assoc. Inc., 1986).
Kilpatrick, A. M., Salkeld, D. J., Titcomb, G. & Hahn, M. B. Conservation of biodiversity as a
strategy for improving human health and well-being. Philos. Trans. R. Soc. B-Biol. Sci. 372,
20160131, doi:10.1098/rstb.2016.0131 (2017).
Atlas, R. et al. One health—attaining optimal health for people, animals, and the environment.
Microbe 5, 383-389 (2010).
Kumar, P. The economics of ecosystems and biodiversity: ecological and economic
foundations. (UNEP/Earthprint, 2010).
Waldron, A. et al. Protecting 30% of the planet for nature: costs, benefits and economic
implications. (2020).
Woolhouse, M. & Gaunt, E. Ecological origins of novel human pathogens. Critical reviews in
microbiology 33, 231-242, doi:10.1080/10408410701647560 (2007).
Woolhouse, M. E. & Gowtage-Sequeria, S. Host range and emerging and reemerging
pathogens. Emerg. Infect. Dis. 11, 1842-1847, doi:10.3201/eid1112.050997 (2005).
Woolhouse, M. E. J., Haydon, D. T. & Antia, R. Emerging pathogens: the epidemiology and
evolution of species jumps. Trends Ecol. Evol. 20, 238-244, doi:10.1016/j.tree.2005.02.009
(2005).
Patz, J. A. et al. Unhealthy landscapes: Policy recommendations on land use change and
infectious disease emergence. Environ. Health Perspect. 112, 1092-1098,
doi:10.1289/ehp.6877 (2004).
Terraube, J., Fernandez-Llamazares, A. & Cabeza, M. The role of protected areas in supporting
human health: a call to broaden the assessment of conservation outcomes. Current Opinion in
Environmental Sustainability 25, 50-58, doi:https://doi.org/10.1016/j.cosust.2017.08.005 (2017).
Milner-Gulland, E. J. Interactions between human behaviour and ecological systems. Philos.
Trans. R. Soc. B-Biol. Sci. 367, 270-278, doi:10.1098/rstb.2011.0175 (2012).
Hess, G. Disease in metapopulation models: Implications for conservation. Ecology 77, 16171632, doi:Doi 10.2307/2265556 (1996).
Simberloff, D. & Cox, J. Consequences and costs of conservation corridors. Conserv. Biol. 1,
63-71, doi:10.1111/j.1523-1739.1987.tb00010.x (1987).
71

167
168

169

170
171

172

173

174

175
176

177
178
179
180
181
182

183
184

185

186
187

188

189

McCallum, H. & Dobson, A. Disease, habitat fragmentation and conservation. Proceedings of
the Royal Society B-Biological Sciences 269, 2041-2049, doi:10.1098/rspb.2002.2079 (2002).
Caron, A., Cornelis, D., Foggin, C., Hofmeyr, M. & de Garine-Wichatitsky, M. African buffalo
movement and zoonotic disease risk across transfrontier conservation areas, Southern Africa.
Emerg. Infect. Dis. 22, 277-280, doi:10.3201/eid2202.140864 (2016).
Millins, C. et al. Effects of conservation management of landscapes and vertebrate communities
on Lyme borreliosis risk in the United Kingdom. Philos. Trans. R. Soc. Lond. B Biol. Sci. 372,
20160123, doi:10.1098/rstb.2016.0123 (2017).
Terraube, J. Can protected areas mitigate Lyme disease risk in Fennoscandia? Ecohealth 16,
184-190, doi:10.1007/s10393-019-01408-4 (2019).
Balvanera, P. et al. Chapter 2.1.Status and trends –drivers of change. Global assessment
report of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services. (May 2019).
World Health Organization and Secretariat of the Convention on Biological Diversity.
Connecting global priorities: biodiversity and human health: a state of knowledge review.
(2015).
United Nations Environment Programme and International Livestock Research Institute.
Preventing the Next Pandemic: Zoonotic diseases and how to break the chain of transmission.
Nairobi, Kenya. (2020).
IPCC. Summary for Policymakers. In: Climate Change and Land: an IPCC special report on
climate change, desertification, land degradation, sustainable land management, food security,
and greenhouse gas fluxes in terrestrial ecosystems. (2019).
Population Division of the Department of Economic and Social Affairs of the United Nations
Secretariat. World Population Prospects 2019. (2019).
Tilman, D., Balzer, C., Hill, J. & Befort, B. L. Global food demand and the sustainable
intensification of agriculture. Proc. Natl. Acad. Sci. U. S. A. 108, 20260-20264,
doi:10.1073/pnas.1116437108 (2011).
Myers, S. S. et al. Human health impacts of ecosystem alteration. Proc. Natl. Acad. Sci. U. S. A.
110, 18753-18760, doi:10.1073/pnas.1218656110 (2013).
Gottdenker, N. L., Streicker, D. G., Faust, C. L. & Carroll, C. Anthropogenic land use change
and infectious diseases: a review of the evidence. EcoHealth 11, 619-632 (2014).
Faust, C. L. et al. Pathogen spillover during land conversion. Ecol. Lett. 21, 471-483,
doi:10.1111/ele.12904 (2018).
Loh, E. H. et al. Targeting transmission pathways for emerging zoonotic disease surveillance
and control. Vector Borne Zoonotic Dis. 15, 432-437, doi:10.1089/vbz.2013.1563 (2015).
Newbold, T. et al. Global effects of land use on local terrestrial biodiversity. Nature 520, 45,
doi:10.1038/nature14324 (2015).
Newbold, T. et al. Widespread winners and narrow-ranged losers: Land use homogenizes
biodiversity in local assemblages worldwide. PLoS Biol. 16, e2006841,
doi:10.1371/journal.pbio.2006841 (2018).
Gossner, M. M. et al. Land-use intensification causes multitrophic homogenization of grassland
communities. Nature 540, 266-+, doi:10.1038/nature20575 (2016).
Murray, K. A. & Daszak, P. Human ecology in pathogenic landscapes: two hypotheses on how
land use change drives viral emergence. Curr. Opin. Virol. 3, 79-83,
doi:10.1016/j.coviro.2013.01.006 (2013).
Gibb, R., Moses, L. M., Redding, D. W. & Jones, K. E. Understanding the cryptic nature of
Lassa fever in West Africa. Pathog Glob Health 111, 276-288,
doi:10.1080/20477724.2017.1369643 (2017).
Aguilar, P. V. et al. Reemergence of Bolivian hemorrhagic fever, 2007-2008. Emerg. Infect. Dis.
15, 1526-1528, doi:10.3201/eid1509.090017 (2009).
Mendoza, H., Rubio, A. V., García-Peña, G. E., Suzán, G. & Simonetti, J. A. Does land-use
change increase the abundance of zoonotic reservoirs? Rodents say yes. European Journal of
Wildlife Research 66, 6 (2020).
Young, H. S. et al. Declines in large wildlife increase landscape-level prevalence of rodentborne disease in Africa. Proc. Natl. Acad. Sci. U. S. A. 111, 7036-7041,
doi:10.1073/pnas.1404958111 (2014).
Young, H. S., Parker, I. M., Gilbert, G. S., Sofia Guerra, A. & Nunn, C. L. Introduced species,
disease ecology, and biodiversity-disease relationships. Trends Ecol. Evol. 32, 41-54,
doi:10.1016/j.tree.2016.09.008 (2017).

72

190

191

192
193

194
195
196

197
198

199

200

201

202

203

204
205
206

207
208

209

210
211

Salzer, J. S. et al. Effects of anthropogenic and demographic factors on patterns of parasitism
in African small mammal communities--corrigendum. Parasitology 142, 523-526,
doi:10.1017/S0031182014001796 (2015).
Rubio, A. V., Avila-Flores, R. & Suzan, G. Responses of small mammals to habitat
fragmentation: epidemiological considerations for rodent-borne Hantaviruses in the Americas.
Ecohealth 11, 526-533, doi:10.1007/s10393-014-0944-9 (2014).
Suzán, G. et al. Epidemiological considerations of rodent community composition in fragmented
landscapes in Panama. Journal of Mammalogy 89, 684-690 (2008).
Gottdenker, N. L., Calzada, J. E., Saldana, A. & Carroll, C. R. Association of anthropogenic land
use change and increased abundance of the Chagas disease vector Rhodnius pallescens in a
rural landscape of Panama. Am. J. Trop. Med. Hyg. 84, 70-77, doi:10.4269/ajtmh.2011.10-0041
(2011).
Walsh, J. F., Molyneux, D. H. & Birley, M. H. Deforestation - effects on vector-borne disease.
Parasitology 106, S55-S75, doi:Doi 10.1017/S0031182000086121 (1993).
Wilcox, B. A. & Ellis, B. Forests and emerging infectious diseases of humans. Unasylva 57, 1118 (2006).
Dias, T. C. et al. Habitat selection in natural and human-modified landscapes by capybaras
(Hydrochoerus hydrochaeris), an important host for Amblyomma sculptum ticks. PLoS One 15,
e0229277, doi:10.1371/journal.pone.0229277 (2020).
Luz, H. R. et al. Epidemiology of capybara-associated Brazilian spotted fever. PLoS Negl. Trop.
Dis. 13, e0007734, doi:10.1371/journal.pntd.0007734 (2019).
Polo, G., Labruna, M. B. & Ferreira, F. Satellite hyperspectral imagery to support tick-borne
infectious diseases surveillance. PLoS One 10, e0143736, doi:10.1371/journal.pone.0143736
(2015).
Pattanayak, S. K. & Yasuoka, J. Deforestation and malaria: Revisiting the human ecology
perspective. Human health and forests: a global overview of issues, practice and policy, 197217 (2008).
Gillespie, T. R., Chapman, C. A. & Greiner, E. C. Effects of logging on gastrointestinal parasite
infections and infection risk in African primates. J. Appl. Ecol. 42, 699-707, doi:10.1111/j.13652664.2005.01049.x (2005).
Gillespie, T. R. & Chapman, C. A. Prediction of parasite infection dynamics in primate
metapopulations based on attributes of forest fragmentation. Conserv Biol 20, 441-448,
doi:10.1111/j.1523-1739.2006.00290.x (2006).
Ellwanger, J. H. et al. Beyond diversity loss and climate change: Impacts of Amazon
deforestation on infectious diseases and public health. An Acad Bras Cienc 92, e20191375,
doi:10.1590/0001-3765202020191375 (2020).
Wiethoelter, A. K., Beltran-Alcrudo, D., Kock, R. & Mor, S. M. Global trends in infectious
diseases at the wildlife-livestock interface. Proc. Natl. Acad. Sci. U. S. A. 112, 9662-9667,
doi:10.1073/pnas.1422741112 (2015).
Zambrana-Torrelio, C., Murray, K. & Daszak, P. in Improving Food Safety Through a One
Health Approach: Workshop Summary. (National Academies Press (US)).
Morand, S. Emerging diseases, livestock expansion and biodiversity loss are positively related
at global scale. Biol. Conserv. 248, 108707, doi:10.1016/j.biocon.2020.108707 (2020).
Sims, L. D. & Peiris, M. in One Health: The Human-Animal-Environment Interfaces in Emerging
Infectious Diseases: The Concept and Examples of a One Health Approach Vol. 365 Current
Topics in Microbiology and Immunology (eds J. S. Mackenzie, M. Jeggo, P. Daszak, & J. A.
Richt) 281-298 (2013).
Zlotnik, H. in New Forms of Urbanization 43-64 (Routledge, 2017).
Akhtar, R., Gupta, P. T. & Srivastava, A. K. in Climate Change and Human Health Scenario in
South and Southeast Asia Advances in Asian Human-Environmental Research (ed R. Akhtar)
99-111 (2016).
Zahouli, B. Z. J. et al. Urbanisation in Cote d'Ivoire increases Aedes mosquito hatching rate and
contributes to dengue and yellow fever outbreaks by selecting Aedes aegypti. Tropical Medicine
& International Health 20, 112-112 (2015).
Ooi, E. E. The re-emergence of dengue in China. BMC Med. 13, 99, doi:10.1186/s12916-0150345-0 (2015).
Sang, S. W. et al. Predicting local dengue transmission in Guangzhou, China, through the
influence of imported cases, mosquito density and climate variability. PLoS One 9, e102755,
doi:10.1371/journal.pone.0102755 (2014).

73

212

213
214

215

216
217

218

219
220

221

222

223
224

225

226
227

228

229

230

231
232

Rogers, D. J., Wilson, A. J., Hay, S. I. & Graham, A. J. The global distribution of yellow fever
and dengue. Advances in Parasitology, Vol 62 62, 181-220, doi:10.1016/S0065-308x(05)620064 (2006).
Foldvari, G. et al. Candidatus Neoehrlichia mikurensis and Anaplasma phagocytophilum in
urban hedgehogs. Emerg. Infect. Dis. 20, 496-498, doi:10.3201/eid2003.130935 (2014).
Foldvari, G. et al. Ticks and the city: ectoparasites of the Northern white-breasted hedgehog
(Erinaceus roumanicus) in an urban park. Ticks Tick Borne Dis. 2, 231-234,
doi:10.1016/j.ttbdis.2011.09.001 (2011).
Himsworth, C. G., Parsons, K. L., Jardine, C. & Patrick, D. M. Rats, cities, people, and
pathogens: a systematic review and narrative synthesis of literature regarding the ecology of
rat-associated zoonoses in urban centers. Vector-Borne and Zoonotic Diseases 13, 349-359,
doi:10.1089/vbz.2012.1195 (2013).
Rizzoli, A. et al. Ixodes ricinus and its transmitted pathogens in urban and peri-urban areas in
Europe: new hazards and relevance for public health. Frontiers in public health 2, 251 (2014).
Rothenburger, J. L., Himsworth, C. H., Nemeth, N. M., Pearl, D. L. & Jardine, C. M.
Environmental factors and zoonotic pathogen ecology in urban exploiter species. Ecohealth 14,
630-641 (2017).
Strand, T. M. & Lundkvist, Å. Rat-borne diseases at the horizon. A systematic review on
infectious agents carried by rats in Europe 1995–2016. Infection ecology & epidemiology 9,
1553461 (2019).
Szekeres, S. et al. Prevalence and diversity of human pathogenic rickettsiae in urban versus
rural habitats, Hungary. Exp. Appl. Acarol. 68, 223-226, doi:10.1007/s10493-015-9989-x (2016).
Szekeres, S. et al. Road-killed mammals provide insight into tick-borne bacterial pathogen
communities within urban habitats. Transbound. Emerg. Dis. 66, 277-286,
doi:10.1111/tbed.13019 (2019).
Thomaz-Soccol, V. et al. Hidden danger: unexpected scenario in the vector-parasite dynamics
of leishmaniases in the Brazil side of triple border (Argentina, Brazil and Paraguay). PLoS Negl.
Trop. Dis. 12, e0006336, doi:10.1371/journal.pntd.0006336 (2018).
Hendy, A. et al. Into the woods: changes in mosquito community composition and presence of
key vectors at increasing distances from the urban edge in urban forest parks in Manaus, Brazil.
Acta Trop. 206, 105441, doi:10.1016/j.actatropica.2020.105441 (2020).
de Melo, M. d. F. F. et al. Arbovirus expansion: new species of culicids infected by the
Chikungunya virus in an urban park of Brazil. Acta Tropica, 105538 (2020).
Anderson, R. M. et al. Epidemiology, transmission dynamics and control of SARS: the 20022003 epidemic. Philos. Trans. R. Soc. Lond. B Biol. Sci. 359, 1091-1105,
doi:10.1098/rstb.2004.1490 (2004).
Coltart, C. E., Lindsey, B., Ghinai, I., Johnson, A. M. & Heymann, D. L. The Ebola outbreak,
2013-2016: old lessons for new epidemics. Philos Trans R Soc Lond B Biol Sci 372,
doi:10.1098/rstb.2016.0297 (2017).
Pecl, G. T. et al. Biodiversity redistribution under climate change: Impacts on ecosystems and
human well-being. Science 355, eaai9214, doi:10.1126/science.aai9214 (2017).
Patz, J. A., Epstein, P. R., Burke, T. A. & Balbus, J. M. Global climate change and emerging
infectious diseases. Jama-Journal of the American Medical Association 275, 217-223, doi:DOI
10.1001/jama.275.3.217 (1996).
Estrada-Pena, A. et al. Nested coevolutionary networks shape the ecological relationships of
ticks, hosts, and the Lyme disease bacteria of the Borrelia burgdorferi (s.l.) complex. Parasit
Vectors 9, 517, doi:10.1186/s13071-016-1803-z (2016).
Waits, A., Emelyanova, A., Oksanen, A., Abass, K. & Rautio, A. Human infectious diseases and
the changing climate in the Arctic. Environ. Int. 121, 703-713, doi:10.1016/j.envint.2018.09.042
(2018).
Braga, M. P. et al. Host use dynamics in a heterogeneous fitness landscape generates
oscillations in host range and diversification. Evolution 72, 1773-1783, doi:10.1111/evo.13557
(2018).
Carlson, C. J. et al. Climate change will drive novel cross-species viral transmission. bioRxiv,
2020.2001.2024.918755, doi:10.1101/2020.01.24.918755 (2020).
Hoberg, E. P. & Brooks, D. R. Evolution in action: climate change, biodiversity dynamics and
emerging infectious disease. Philos. Trans. R. Soc. B-Biol. Sci. 370, 20130553,
doi:10.1098/rstb.2013.0553 (2015).

74

233

234
235

236

237

238
239
240

241

242
243

244
245

246

247

248
249

250
251
252

253
254

Brooks, D. R. et al. Finding them before they find us: informatics, parasites, and environments
in accelerating climate change. Comparative Parasitology 81, 155-164, doi:DOI
10.1654/4724b.1 (2014).
Brooks, D. R., Hoberg, E. P. & Boeger, W. A. The Stockholm paradigm: Climate change and
emerging disease. (University of Chicago Press, 2019).
Mordecai, E. A., Ryan, S. J., Caldwell, J. M., Shah, M. M. & LaBeaud, A. D. Climate change
could shift disease burden from malaria to arboviruses in Africa. Lancet Planetary Health 4,
E416-E423, doi:10.1016/S2542-5196(20)30178-9 (2020).
Cascio, A., Bosilkovski, M., Rodriguez-Morales, A. J. & Pappas, G. The socio-ecology of
zoonotic infections. Clin. Microbiol. Infect. 17, 336-342, doi:10.1111/j.1469-0691.2010.03451.x
(2011).
Warren, R., Price, J., Graham, E., Forstenhaeusler, N. & VanDerWal, J. The projected effect on
insects, vertebrates, and plants of limiting global warming to 1.5 degrees C rather than 2
degrees C. Science 360, 791-+, doi:10.1126/science.aar3646 (2018).
Settele, J. et al. in Climate change 2014 impacts, adaptation and vulnerability: Part A: Global
and sectoral aspects 271-360 (Cambridge University Press, 2015).
Gibbs, E. P. J. & Greiner, E. C. The epidemiology of bluetongue. Comparative Immunology
Microbiology and Infectious Diseases 17, 207-220, doi:10.1016/0147-9571(94)90044-2 (1994).
Purse, B. V., Brown, H. E., Harrup, L., Mertens, P. P. C. & Rogers, D. J. Invasion of bluetongue
and other orbivirus infections into Europe: the role of biological and climatic processes. Revue
Scientifique Et Technique-Office International Des Epizooties 27, 427-442, doi:DOI
10.20506/rst.27.2.1801 (2008).
Hvidsten, D. et al. The distribution limit of the common tick, Ixodes ricinus, and some associated
pathogens in north-western Europe. Ticks Tick Borne Dis. 11, 101388,
doi:10.1016/j.ttbdis.2020.101388 (2020).
Grandi, G. et al. First records of adult Hyalomma marginatum and H. rufipes ticks (Acari:
Ixodidae) in Sweden. Ticks and Tick-borne Diseases, 101403 (2020).
Semenza, J. C. European experts sound alarm as mosquito- and tick-borne diseases set to
flourish in warmer climate, <https://www.eurekalert.org/pub_releases/2019-04/esocees041019.php> (2019).
Paulsen, K. M. et al. Tick-borne encephalitis virus in cows and unpasteurized cow milk from
Norway. Zoonoses and Public Health 66, 216-222, doi:10.1111/zph.12554 (2019).
Garcia-Vozmediano, A. et al. Ticks climb the mountains: Ixodid tick infestation and infection by
tick-borne pathogens in the Western Alps. Ticks Tick Borne Dis. 11, 101489,
doi:10.1016/j.ttbdis.2020.101489 (2020).
Sonenshine, D. E. Range Expansion of Tick Disease Vectors in North America: Implications for
Spread of Tick-Borne Disease. Int J Environ Res Public Health 15, doi:10.3390/ijerph15030478
(2018).
Talbot, B., Leighton, P. A. & Kulkarni, M. A. Genetic melting pot in blacklegged ticks at the
northern edge of their expansion front. J. Hered. 111, 371-378, doi:10.1093/jhered/esaa017
(2020).
Klempa, B. Hantaviruses and climate change. Clinical Microbiology and Infection 15, 518-523,
doi:10.1111/j.1469-0691.2009.02848.x (2009).
Prist, P. R., Uriarte, M., Fernandes, K. & Metzger, J. P. Climate change and sugarcane
expansion increase Hantavirus infection risk. PLoS Negl. Trop. Dis. 11, e0005705,
doi:10.1371/journal.pntd.0005705 (2017).
Estrada-Peña, A., Mihalca, A. D. & Petney, T. N. Ticks of Europe and North Africa: a guide to
species identification. (Springer, 2018).
Chitimia-Dobler, L. et al. Imported Hyalomma ticks in Germany in 2018. Parasit Vectors 12,
134, doi:10.1186/s13071-019-3380-4 (2019).
Fischer, L., Gultekin, N., Kaelin, M. B., Fehr, J. & Schlagenhauf, P. Rising temperature and its
impact on receptivity to malaria transmission in Europe: A systematic review. Travel Med.
Infect. Dis. 36, 101815, doi:10.1016/j.tmaid.2020.101815 (2020).
Giesen, C. et al. The impact of climate change on mosquito-borne diseases in Africa.
Pathogens and Global Health 114, 287-301, doi:10.1080/20477724.2020.1783865 (2020).
Robert, M. A., Stewart-Ibarra, A. M. & Estallo, E. L. Climate change and viral emergence:
evidence from Aedes-borne arboviruses. Curr. Opin. Virol. 40, 41-47,
doi:10.1016/j.coviro.2020.05.001 (2020).

75

255

256

257

258
259

260
261

262
263
264

265
266

267

268
269

270
271

272
273

274

275
276

277

Estrada-Peña, A. & Fernández-Ruiz, N. A Retrospective Assessment of Temperature Trends in
Northern Europe Reveals a Deep Impact on the Life Cycle of Ixodes ricinus (Acari: Ixodidae).
Pathogens 9, 345 (2020).
Jones, H. et al. Mortality assessment of moose (Alces alces) calves during successive years of
winter tick (Dermacentor albipictus) epizootics in New Hampshire and Maine (USA). Can. J.
Zool. 97, 22-30, doi:10.1139/cjz-2018-0140 (2019).
Kutz, S. J., Hoberg, E. P., Molnár, P. K., Dobson, A. & Verocai, G. G. A walk on the tundra:
Host–parasite interactions in an extreme environment. International Journal for Parasitology:
Parasites and Wildlife 3, 198-208, doi:https://doi.org/10.1016/j.ijppaw.2014.01.002 (2014).
VanWormer, E. et al. Viral emergence in marine mammals in the North Pacific may be linked to
Arctic sea ice reduction. Sci. Rep. 9, 15569, doi:10.1038/s41598-019-51699-4 (2019).
Suzan, G. et al. Metacommunity and phylogenetic structure determine wildlife and zoonotic
infectious disease patterns in time and space. Ecol. Evol. 5, 865-873, doi:10.1002/ece3.1404
(2015).
Kilpatrick, A. M. & Randolph, S. E. Drivers, dynamics, and control of emerging vector-borne
zoonotic diseases. Lancet 380, 1946-1955, doi:10.1016/S0140-6736(12)61151-9 (2012).
Ndengu, M. et al. Seroprevalence and associated risk factors of Rift Valley fever in cattle and
selected wildlife species at the livestock/wildlife interface areas of Gonarezhou National Park,
Zimbabwe. Onderstepoort J. Vet. Res. 87, e1-e7, doi:10.4102/ojvr.v87i1.1731 (2020).
Wilschut, L. I. et al. Potential corridors and barriers for plague spread in central Asia.
International Journal of Health Geographics 12, doi:10.1186/1476-072x-12-49 (2013).
Kitron, U. Landscape ecology and epidemiology of vector-borne diseases: tools for spatial
analysis. J. Med. Entomol. 35, 435-445, doi:10.1093/jmedent/35.4.435 (1998).
Kilpatrick, A. M., Daszak, P., Jones, M. J., Marra, P. P. & Kramer, L. D. Host heterogeneity
dominates West Nile virus transmission. Proceedings of the Royal Society B-Biological
Sciences 273, 2327-2333, doi:10.1098/rspb.2006.3575 (2006).
Kilpatrick, A. M. et al. Predicting the transmission of West Nile virus. American Journal of
Tropical Medicine and Hygiene 75, 139-139 (2006).
Azevedo, J. C., Luque, S., Dobbs, C., Sanesi, G. & Sunderland, T. C. H. The ethics of isolation,
the spread of pandemics, and landscape ecology. Landsc. Ecol., 1-8, doi:10.1007/s10980-02001092-8 (2020).
Rubio, A. V., Fredes, F. & Simonetti, J. A. Links Between Land-Sharing, Biodiversity, and
Zoonotic Diseases: A Knowledge Gap. Ecohealth 13, 607-608, doi:10.1007/s10393-016-1171-3
(2016).
Morand, S. et al. Assessing the distribution of disease-bearing rodents in human-modified
tropical landscapes. J. Appl. Ecol. 52, 784-794, doi:10.1111/1365-2664.12414 (2015).
Levi, T., Kilpatrick, A. M., Mangel, M. & Wilmers, C. C. Deer, predators, and the emergence of
Lyme disease. Proc. Natl. Acad. Sci. U. S. A. 109, 10942-10947, doi:10.1073/pnas.1204536109
(2012).
Tanner, E. et al. Wolves contribute to disease control in a multi-host system. Scientific Reports
9, 7940, doi:10.1038/s41598-019-44148-9 (2019).
Alston, J. M. et al. Reciprocity in restoration ecology: When might large carnivore reintroduction
restore ecosystems? Biological Conservation 234, 82-89,
doi:https://doi.org/10.1016/j.biocon.2019.03.021 (2019).
Lee, A. C. & Maheswaran, R. The health benefits of urban green spaces: a review of the
evidence. J Public Health (Oxf) 33, 212-222, doi:10.1093/pubmed/fdq068 (2011).
Wood, E. et al. Not all green space is created equal: biodiversity predicts psychological
restorative benefits from urban green space. Front. Psychol. 9, doi:10.3389/fpsyg.2018.02320
(2018).
Yu, Z., Guo, X., Jørgensen, G. & Vejre, H. How can urban green spaces be planned for climate
adaptation in subtropical cities? Ecological Indicators 82, 152-162,
doi:https://doi.org/10.1016/j.ecolind.2017.07.002 (2017).
Hansford, K. M. et al. Ticks and Borrelia in urban and peri-urban green space habitats in a city
in southern England. Ticks Tick Borne Dis. 8, 353-361, doi:10.1016/j.ttbdis.2016.12.009 (2017).
Zhao, J. W., Tang, T. & Wang, X. X. Effects of landscape composition on mosquito population
in urban green spaces. Urban Forestry & Urban Greening 49, 126626,
doi:10.1016/j.ufug.2020.126626 (2020).
Medeiros-Sousa, A. R., Fernandes, A., Ceretti, W., Wilke, A. B. B. & Marrelli, M. T. Mosquitoes
in urban green spaces: using an island biogeographic approach to identify drivers of species
richness and composition. Sci. Rep. 7, 1-11, doi:10.1038/s41598-017-18208-x (2017).
76

278

279
280
281
282
283

284
285
286

287
288
289
290
291
292
293
294
295
296

297
298
299
300

301

302
303

Salkeld, D. J., Padgett, K. A. & Jones, J. H. A meta-analysis suggesting that the relationship
between biodiversity and risk of zoonotic pathogen transmission is idiosyncratic. Ecol. Lett. 16,
679-686, doi:10.1111/ele.12101 (2013).
Di Marco, M. et al. Opinion: Sustainable development must account for pandemic risk.
Proceedings of the National Academy of Sciences 117, 3888-3892 (2020).
McClure, M. et al. Incorporating Health Outcomes into Land-Use Planning. Ecohealth 16, 627637, doi:10.1007/s10393-019-01439-x (2019).
Cole, H. V. et al. The COVID-19 pandemic: power and privilege, gentrification, and urban
environmental justice in the global north. Cities & Health, 1-5 (2020).
Wiedmann, T., Lenzen, M., Keysser, L. T. & Steinberger, J. K. Scientists' warning on affluence.
Nat Commun 11, 3107, doi:10.1038/s41467-020-16941-y (2020).
Sleeman, J. M., Richgels, K. L. D., White, C. L. & Stephen, C. Integration of wildlife and
environmental health into a One Health approach. Revue Scientifique Et Technique-Office
International Des Epizooties 38, 91-102, doi:10.20506/rst.38.1.2944 (2019).
Rostal, M. K. et al. Benefits of a one health approach: an example using Rift Valley fever. One
Health 5, 34-36, doi:10.1016/j.onehlt.2018.01.001 (2018).
Berthe, F. C. J. et al. One Health. Operational framework for strengthening human, animal, and
environmental public health systems at their interface (World Bank, Washington, D.C., 2018).
Kelly, T. R. et al. One Health proof of concept: bringing a transdisciplinary approach to
surveillance for zoonotic viruses at the human-wild animal interface. Prev. Vet. Med. 137, 112118, doi:10.1016/j.prevetmed.2016.11.023 (2017).
FAO/OIE/WHO. Taking a Multisectoral, One Health Approach: A Tripartite Guide to Addressing
Zoonotic Diseases in Countries. (Rome/Paris/Geneva, 2019).
Secretariat of the Convention on Biological Diversity. Global Biodiversity Outlook 5. (Montreal,
Canada, 2020).
Secretariat of the Convention on Biological Diversity. Guidance on integrating biodiversity
considerations into One Health approaches. Report No. CBD/SBSTTA/21/9, (2017).
Amuasi, J. H. et al. Calling for a COVID-19 One Health research coalition. Lancet 395, 15431544, doi:10.1016/S0140-6736(20)31028-X (2020).
Amuasi, J. H., Lucas, T., Horton, R. & Winkler, A. S. Reconnecting for our future: the Lancet
One Health Commission. Lancet 395, 1469-1471, doi:10.1016/S0140-6736(20)31028-X (2020).
Osterhaus, A. & MacKenzie, J. The 'One Health' journal: Filling a niche. One Health 2, 18-18,
doi:10.1016/j.onehlt.2015.11.002 (2016).
McKenzie, J. S. et al. One Health research and training and government support for One Health
in South Asia. Infect Ecol Epidemiol 6, 33842, doi:10.3402/iee.v6.33842 (2016).
Zinsstag, J., Schelling, E., Waltner-Toews, D., Whittaker, M., Tanner, M. One Health: The
theory and practice of integrated health approaches. 480 (CABI, 2015).
Mackenzie, J. S. & Jeggo, M. H. 1st International One Health Congress. Ecohealth 7, S1-S2,
doi:10.1007/s10393-011-0676-z (2011).
Agbo, S. et al. Establishing National Multisectoral Coordination and collaboration mechanisms
to prevent, detect, and respond to public health threats in Guinea, Liberia, and Sierra Leone
2016–2018. One Health Outlook 1, 4 (2019).
Machalaba, C. C. et al. Institutionalizing One Health: from assessment to action. Health
Security 16, S37-S43, doi:10.1089/hs.2018.0064 (2018).
Gruetzmacher, K. et al. The Berlin principles on one health - bridging global health and
conservation. Sci. Total Environ., 142919, doi:10.1016/j.scitotenv.2020.142919 (2020).
Zinsstag, J. et al. Mainstreaming one health. Ecohealth 9, 107-110, doi:10.1007/s10393-0120772-8 (2012).
Lee, T. M., Sigouin, A., Pinedo-Vasquez, M. & Robert Nasi. The harvest of wildlife for bushmeat
and traditional medicine in East, South and Southeast Asia: Current knowledge base,
challenges, opportunities and areas for future research. Occasional Paper 115. Bogor,
Indonesia. Center for International Forestry Research (CIFOR) (2014).
McEvoy, J. F. et al. Two sides of the same coin - wildmeat consumption and illegal wildlife trade
at the crossroads of Asia. Biol. Conserv. 238, 108197, doi:10.1016/j.biocon.2019.108197
(2019).
Milner-Gulland, E. J., Bennett, E. L. & Meat, S. A. m. W. Wild meat: the bigger picture. Trends
Ecol. Evol. 18, 351-357, doi:Doi 10.1016/S0169-5347(03)00123-X (2003).
Secretariat of the Convention on Biological Diversity. Livelihood alternatives for the
unsustainable use of bushmeat. Report prepared for the CBD Bushmeat Liaison Group.
Technical Series No. 60, Montreal, SCBD, 46 pages. (2011).
77

304

305
306
307
308
309
310
311
312
313

314

315
316
317
318

319

320

321
322

323
324

325
326
327
328
329

Ljung, P. E., Riley, S. J., Heberlein, T. A. & Ericsson, G. Eat prey and love: game-meat
consumption and attitudes toward hunting. Wildlife Society Bulletin 36, 669-675,
doi:10.1002/wsb.208 (2012).
Byrd, E., Lee, J. & Widmar, N. Perceptions of hunting and hunters by U.S. respondents.
Animals 7, 83, doi:10.3390/ani7110083 (2017).
Lichtenstein, G. Vicuña conservation and poverty alleviation? Andean communities and
international fibre markets. International Journal of the Commons 4, 100-121 (2009).
Olival, K. J. et al. Host and viral traits predict zoonotic spillover from mammals. Nature 546,
646-650 (2017).
Karesh, W. B., Cook, R. A., Bennett, E. L. & Newcomb, J. Wildlife trade and global disease
emergence. Emerg. Infect. Dis. 11, 1000-1002 (2005).
Smith, K. F. et al. Reducing the Risks of the Wildlife Trade. Science 324, 594-595,
doi:10.1126/science.1174460 (2009).
Woolhouse, M. E. J., Brierley, L., McCaffery, C. & Lycett, S. Assessing the epidemic potential of
RNA and DNA viruses. Emerg. Infect. Dis. 22, 2037-2044, doi:10.3201/eid2212.160123 (2016).
Sejvar, J. J. et al. Human Monkeypox infection: a family cluster in the Midwestern United
States. J. Infect. Dis. 190, 1833-1840, doi:Doi 10.1086/425039 (2004).
Smith, K. M. et al. Summarizing US wildlife trade with an eye toward assessing the risk of
infectious disease introduction. Ecohealth 14, 29-39, doi:10.1007/s10393-017-1211-7 (2017).
Smith, K. M. et al. Wildlife hosts for OIE‐Listed diseases: considerations regarding global
wildlife trade and host–pathogen relationships. Veterinary medicine and science 3, 71-81
(2017).
Xinhua News Agency. Decision by the Standing Committee of the National People’s Congress
on banning the illegal wildlife trade, abandoning the had habit of wildlife consumption, protecting
the safety of people’s lives and health [Accessed on Feb 28, 2020]. (February 24, 2020).
Xiao, K. P. et al. Isolation of SARS-CoV-2-related coronavirus from Malayan pangolins. Nature
583, 286-+, doi:10.1038/s41586-020-2313-x (2020).
Shi, X. et al. Public perception of wildlife consumption and trade during the COVID-19 outbreak.
Biodiversity Science 28, 630-643, doi:10.17520/biods.2020134 (2020).
World Wide Fund For Nature and GlobeScan. Opinion Survey on COVID-19 and Wildlife Trade
in Five Asian Markets, Gland, Switzerland. (2020).
Lee, J. et al. No evidence of coronaviruses or other potentially zoonotic viruses in Sunda
pangolins (Manis javanica) entering the wildlife trade via Malaysia. bioRxiv,
2020.2006.2019.158717, doi:10.1101/2020.06.19.158717 (2020).
Eskew, E. A. & Carlson, C. J. Overselling wildlife trade bans will not bolster conservation or
pandemic preparedness. Lancet Planetary Health 4, E215-E216, doi:10.1016/S25425196(20)30123-6 (2020).
Food and Agriculture Organization of the United Nations (FAO). The COVID-19 challenge:
zoonotic diseases and wildlife. Collaborative partnership on sustainable wildlife management’s
four guiding principles to reduce risk from zoonotic diseases and build more collaborative
approaches in human health and wildlife management. (Rome, 2020).
CITES. CITES Secretariat’s statement in relation to COVID-19,
<https://cites.org/eng/CITES_Secretariat_statement_in_relation_to_COVID19> (2020).
Roe, D. Trading nature: a report, with case studies, on the contribution of wildlife trade
management to sustainable livelihoods and the Millennium Development Goals. . TRAFFIC
International and WWF International (2008).
United Nations. UN Comtrade Database. (2020).
Robinson, J. E., Griffiths, R. A., St John, F. A. V. & Roberts, D. L. Dynamics of the global trade
in live reptiles: shifting trends in production and consequences for sustainability. Biol. Conserv.
184, 42-50, doi:10.1016/j.biocon.2014.12.019 (2015).
Symes, W. S., McGrath, F. L., Rao, M. & Carrasco, L. R. The gravity of wildlife trade. Biol.
Conserv. 218, 268-276, doi:10.1016/j.biocon.2017.11.007 (2018).
Fukushima, C. S., Mammola, S. & Cardoso, P. Global wildlife trade permeates the tree of life.
Biol. Conserv. 247, 108503, doi:10.1016/j.biocon.2020.108503 (2020).
Scheffers, B. R., Oliveira, B. F., Lamb, I. & Edwards, D. P. Global wildlife trade across the tree
of life. Science 366, 71, doi:10.1126/science.aav5327 (2019).
Van Uhm, D. P. The illegal wildlife trade: Inside the world of poachers, smugglers and traders.
Vol. 15 (Springer, 2016).
Wyler, L. S. & Sheikh, P. A. International illegal trade in wildlife: threats and U.S. policy. 51
(Congressional Research Service, Washington, DC, 2008).
78

330
331

332

333
334

335
336
337

338
339
340

341

342
343
344
345
346
347
348
349

350
351

352

353
354

Nellemann, C. et al. The rise of environmental crime: a growing threat to natural resources,
peace, development and security. (United Nations Environment Programme (UNEP), 2016).
Hitchens, R. T. & Blakeslee, A. M. H. Trends in illegal wildlife trade: analyzing personal
baggage seizure data in the Pacific Northwest. PLoS One 15, e0234197,
doi:10.1371/journal.pone.0234197 (2020).
‘t Sas-Rolfes, M., Challender, D. W. S., Hinsley, A., Veríssimo, D. & Milner-Gulland, E. J. Illegal
Wildlife Trade: Scale, Processes, and Governance. Annual Review of Environment and
Resources 44, 201-228, doi:10.1146/annurev-environ-101718-033253 (2019).
Nijman, V. An overview of international wildlife trade from Southeast Asia. Biodivers. Conserv.
19, 1101-1114, doi:10.1007/s10531-009-9758-4 (2010).
Duffy, R., St John, F. A., Buscher, B. & Brockington, D. Toward a new understanding of the
links between poverty and illegal wildlife hunting. Conserv. Biol. 30, 14-22,
doi:10.1111/cobi.12622 (2016).
Farhadinia, M. S. et al. Belt and Road Initiative may create new supplies for illegal wildlife trade
in large carnivores. Nat Ecol Evol 3, 1267-1268, doi:10.1038/s41559-019-0963-6 (2019).
Reeve, R. Policing international trade in endangered species: the CITES treaty and compliance.
(Routledge, 2014).
Kuo, T. C. & Vincent, A. Assessing the changes in international trade of marine fishes under
CITES regulations - a case study of seahorses. Marine Policy 88, 48-57,
doi:10.1016/j.marpol.2017.10.031 (2018).
Nijman, V. CITES-listings, EU eel trade bans and the increase of export of tropical eels out of
Indonesia. Marine Policy 58, 36-41, doi:10.1016/j.marpol.2015.04.006 (2015).
Nijman, V. North Africa as a source for European eel following the 2010 EU CITES eel trade
ban. Marine Policy 85, 133-137, doi:10.1016/j.marpol.2017.06.036 (2017).
Madon, M. B., Mulla, M. S., Shaw, M. W., Kluh, S. & Hazelrigg, J. E. Introduction of Aedes
albopictus (Skuse) in southern California and potential for its establishment. J. Vector Ecol. 27,
149-154 (2002).
Scholte, E. J. et al. Accidental importation of the mosquito Aedes albopictus into the
Netherlands: a survey of mosquito distribution and the presence of dengue virus. Med. Vet.
Entomol. 22, 352-358, doi:DOI 10.1111/j.1365-2915.2008.00763.x (2008).
Duffy, R. EU Trade Policy and the Wildlife Trade. (2016).
Esmail, N. et al. Emerging illegal wildlife trade issues in 2018: a global horizon scan. (2019).
Lockwood, J. L. et al. When pets become pests: the role of the exotic pet trade in producing
invasive vertebrate animals. Front. Ecol. Environ. 17, 323-330, doi:10.1002/fee.2059 (2019).
Farhadinia, M. S. et al. Belt and Road Initiative may create new supplies for illegal wildlife trade
in large carnivores. Nature Ecology & Evolution 3, 1267-1268 (2019).
Hinsley, A. et al. Building sustainability into the Belt and Road Initiative's Traditional Chinese
Medicine trade. Nature Sustainability 3, 96-100, doi:10.1038/s41893-019-0460-6 (2020).
Warchol, G. L. The transnational illegal wildlife trade. Criminal justice studies 17, 57-73 (2004).
Challender, D. W. S., Wu, S. B., Nijman, V. & MacMillan, D. C. Changing behavior to tackle the
wildlife trade. Front. Ecol. Environ. 12, 203-203, doi:10.1890/1540-9295-12.4.203 (2014).
van Uhm, D. P. & Nijman, R. C. The convergence of environmental crime with other serious
crimes: Subtypes within the environmental crime continuum. European Journal of Criminology,
1477370820904585 (2020).
USAID Reducing Opportunities for Unlawful Transport of Endangered Species (ROUTES).
Runway to Extinction: Wildlife Trafficking in the Air Transport Sector. (2019).
Outhwaite, W. & Brown, L. Eastward Bound: analysis of CITES-listed flora and fauna exports
from Africa to East and Southeast Asia 2006 to 2015. TRAFFIC International, Cambridge,
United Kingdom (2018).
TRAFFIC. “What’s driving the wildlife trade? A review of expert opinion on economic and social
drivers of the wildlife trade and trade control efforts in Cambodia, Indonesia, Lao PDR and
Vietnam”. East Asia and Pacific Region Sustainable Development Discussion Papers. East Asia
and Pacific Region Sustainable Development Department, World Bank, Washington, DC
(2008).
Barton, D., Chen, Y. & Jin, A. Mapping China’s middle class. McKinsey Quarterly 3, 54-60
(2013).
Nasi, R. et al. Conservation and use of wildlife-based resources: the bushmeat crisis.
Secretariat of the Convention on Biological Diversity, Montreal. and Center for International
Forestry Research (CIFOR), Bogor. Technical Series 50 (2008).

79

355

356
357
358

359

360
361

362
363

364
365
366
367

368

369

370
371
372
373
374

375
376

377
378

Brashares, J. S., Golden, C. D., Weinbaum, K. Z., Barrett, C. B. & Okello, G. V. Economic and
geographic drivers of wildlife consumption in rural Africa. Proc. Natl. Acad. Sci. U. S. A. 108,
13931-13936, doi:10.1073/pnas.1011526108 (2011).
Peres, C. A. Effects of subsistence hunting on vertebrate community structure in Amazonian
forests. Conserv. Biol. 14, 240-253, doi:DOI 10.1046/j.1523-1739.2000.98485.x (2000).
Nasi, R., Taber, A. & Van Vliet, N. Empty forests, empty stomachs? Bushmeat and livelihoods
in the Congo and Amazon Basins. International Forestry Review 13, 355-368 (2011).
Castilho, L. C., De Vleeschouwer, K. M., Milner-Gulland, E. J. & Schiavetti, A. Hunting of
mammal species in protected areas of the southern Bahian Atlantic Forest, Brazil. Oryx 53,
687-697, doi:10.1017/S0030605317001247 (2019).
Greatorex, Z. F. et al. Wildlife trade and human health in Lao PDR: an assessment of the
zoonotic disease risk in markets. PLoS One 11, e0150666, doi:10.1371/journal.pone.0150666
(2016).
Zhang, L., Hua, N. & Sun, S. Wildlife trade, consumption and conservation awareness in
southwest China. Biodivers. Conserv. 17, 1493-1516, doi:10.1007/s10531-008-9358-8 (2008).
USAID. What drives demand for wildlife? A situation analysis of consumer demand for wildlife
parts and products in China, Thailand, and Vietnam based on a literature review (elephantpangolin-rhino-tiger). (FHI 360, 2017).
Eskew, E. A. et al. United States wildlife and wildlife product imports from 2000-2014. Scientific
Data 7, doi:10.1038/s41597-020-0354-5 (2020).
Burridge, M. J., Simmons, L. A., Simbi, B. H., Peter, T. F. & Mahan, S. M. Evidence of Cowdria
ruminantium Infection (Heartwater) in Amblyomma sparsum Ticks Found on Tortoises Imported
into Florida. Journal of Parasitology 86, 1135-1136, doi:10.1645/00223395(2000)086[1135:Eocrih]2.0.Co;2 (2000).
Broad, S., Mulliken, T. & Roe, D. The nature and extent of legal and illegal trade in wildlife.
Trade in Wildlife: Regulation for Conservation, 3-22 (2003).
Rushton, J. et al. How important is bushmeat consumption in South America: now and in the
future. Odi wildlife policy Briefing (2017).
Reuter, A., Kunen, J. & Roberton, S. Averting a Crisis: Wildlife Trafficking in Latin America. New
York, NY: WCS (2018).
Fa, J. E., Albrechtsen, L., Johnson, P. & Macdonald, D. Linkages between household wealth,
bushmeat and other animal protein consumption are not invariant: evidence from Rio Muni,
Equatorial Guinea. Animal Conservation 12, 599-610 (2009).
Chaber, A. L., Allebone-Webb, S., Lignereux, Y., Cunningham, A. A. & Rowcliffe, J. M. The
scale of illegal meat importation from Africa to Europe via Paris. Conservation Letters 3, 317323, doi:10.1111/j.1755-263X.2010.00121.x (2010).
Falk, H. et al. Illegal import of bushmeat and other meat products into Switzerland on
commercial passenger flights. Revue Scientifique Et Technique-Office International Des
Epizooties 32, 727-739 (2013).
Myers, M. & Wise, C. The political economy of China-Latin America relations in the new
millennium: brave new world. (Taylor & Francis, 2017).
Damania, R. & Bulte, E. H. The economics of wildlife farming and endangered species
conservation. Ecol. Econ. 62, 461-472, doi:10.1016/j.ecolecon.2006.07.007 (2007).
Chardonnet, P. et al. The value of wildlife. Rev. Sci. Tech. 21, 15-51,
doi:10.20506/rst.21.1.1323 (2002).
Tensen, L. Under what circumstances can wildlife farming benefit species conservation? Global
Ecology and Conservation 6, 286-298, doi:https://doi.org/10.1016/j.gecco.2016.03.007 (2016).
Brooks, E. G. E., Roberton, S. I. & Bell, D. J. The conservation impact of commercial wildlife
farming of porcupines in Vietnam. Biol. Conserv. 143, 2808-2814,
doi:10.1016/j.biocon.2010.07.030 (2010).
Wang, W. et al. Captive breeding of wildlife resources-China's revised supply-side approach to
conservation. Wildl Soc Bull 43, 425-435, doi:10.1002/wsb.988 (2019).
Lyons, J. A. & Natusch, D. J. D. Wildlife laundering through breeding farms: illegal harvest,
population declines and a means of regulating the trade of green pythons (Morelia viridis) from
Indonesia. Biol. Conserv. 144, 3073-3081, doi:10.1016/j.biocon.2011.10.002 (2011).
Food and Agriculture Organization of the United Nations (FAO). Wildlife farming in Viet Nam:
Southern Viet Nam’s wildlife farm survey report in a glance. (2015).
Wang, H. X. et al. Wildlife consumption ban is insufficient. Science 367, 1435-1435,
doi:10.1126/science.abb6463 (2020).

80

379
380
381

382
383
384
385
386
387
388
389
390
391

392
393

394
395
396
397
398
399
400
401
402
403

404
405
406

Chinese Academy of Engineering. Report on Sustainable Development Strategy of China's
Wildlife Farming Industry. (2017).
Karesh, W. B. et al. Ecology of zoonoses: natural and unnatural histories. Lancet 380, 19361945, doi:10.1016/S0140-6736(12)61678-X (2012).
Huong, N. Q. et al. Coronavirus testing indicates transmission risk increases along wildlife
supply chains for human consumption in Viet Nam, 2013-2014. PLoS One 15, e0237129,
doi:10.1371/journal.pone.0237129 (2020).
Lam, T. T. Y. et al. Identifying SARS-CoV-2-related coronaviruses in Malayan pangolins. Nature
583, 282-+, doi:10.1038/s41586-020-2169-0 (2020).
Liu, P., Chen, W. & Chen, J. P. Viral metagenomics revealed sendai virus and coronavirus
infection of Malayan pangolins (Manis javanica). Viruses 11, doi:10.3390/v11110979 (2019).
Warchol, G. L., Zupan, L. L. & Clack, W. Transnational criminality: An analysis of the illegal
wildlife market in Southern Africa. International Criminal Justice Review 13, 1-27 (2003).
Regueira, R. F. S. & Bernard, E. Wildlife sinks: Quantifying the impact of illegal bird trade in
street markets in Brazil. Biol. Conserv. 149, 16-22, doi:10.1016/j.biocon.2012.02.009 (2012).
Edmunds, K. et al. Investigating Vietnam’s ornamental bird trade: implications for transmission
of zoonoses. EcoHealth 8, 63-75 (2011).
Cantlay, J. C., Ingram, D. J. & Meredith, A. L. A review of zoonotic infection risks associated
with the wild meat trade in Malaysia. EcoHealth 14, 361-388 (2017).
Gortazar, C. et al. Crossing the interspecies barrier: opening the door to zoonotic pathogens.
PLoS Pathog 10, e1004129 (2014).
Petrovan SO et al. Post COVID-19: a solution scan of options for preventing future zoonotic
epidemics. OSF, doi:10.17605/OSF.IO/5JX3G (2020).
Drosten, C. et al. Identification of a novel coronavirus in patients with severe acute respiratory
syndrome. N. Engl. J. Med. 348, 1967-1976, doi:DOI 10.1056/NEJMoa030747 (2003).
Edwards, C. E. et al. Swine acute diarrhea syndrome coronavirus replication in primary human
cells reveals potential susceptibility to infection. Proceedings of the National Academy of
Sciences 117, 26915-26925 (2020).
Leroy, E. M. et al. Multiple Ebola virus transmission events and rapid decline of central African
wildlife. Science 303, 387-390, doi:10.1126/science.1092528 (2004).
Dowell, S. F. et al. Transmission of Ebola hemorrhagic fever: a study of risk factors in family
members, Kikwit, Democratic Republic of the Congo, 1995. Commission de Lutte contre les
Epidemies a Kikwit. J. Infect. Dis. 179 Suppl 1, S87-91, doi:10.1086/514284 (1999).
Alexander, K. A. et al. What factors might have led to the emergence of Ebola in West Africa?
PLoS Negl Trop Dis 9, e0003652 (2015).
Hayman, D. T. et al. Ebola virus antibodies in fruit bats, Ghana, West Africa. Emerging
infectious diseases 18, 1207 (2012).
Goldstein, T. et al. The discovery of Bombali virus adds further support for bats as hosts of
ebolaviruses. Nature microbiology 3, 1084-1089 (2018).
Towner, J. S. et al. Marburg Virus infection detected in a common African bat. PLoS One 2,
e764, doi:10.1371/journal.pone.0000764 (2007).
Barré-Sinoussi, F. et al. Isolation of a T-lymphotropic retrovirus from a patient at risk for
acquired immune deficiency syndrome (AIDS). Science 220, 868-871 (1983).
Barre-Sinoussi, F. et al. Isolation of T-lymphotropic retrovirus from a patient at risk for acquired
immune defficiency syndrome (AIDS). Rev. Invest. Clin. 56, 126-129 (2004).
Barin, F. et al. Serological evidence for virus related to simian T-Lymphotropic retrovirus iii in
residents of West-Africa. Lancet 2, 1387-1389 (1985).
Sharp, P. M. & Hahn, B. H. The evolution of HIV-1 and the origin of AIDS. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 365, 2487-2494, doi:10.1098/rstb.2010.0031 (2010).
Korber, B. et al. Timing the ancestor of the HIV-1 pandemic strains. science 288, 1789-1796
(2000).
Cohen, M. S., Hellmann, N., Levy, J. A., DeCock, K. & Lange, J. The spread, treatment, and
prevention of HIV-1: evolution of a global pandemic. J. Clin. Invest. 118, 1244-1254,
doi:10.1172/Jci34706 (2008).
Lemey, P. et al. The molecular population genetics of HIV-1 group O. Genetics 167, 1059-1068,
doi:10.1534/genetics.104.026666 (2004).
Lemey, P. et al. Tracing the origin and history of the HIV-2 epidemic. Proc. Natl. Acad. Sci. U.
S. A. 100, 6588-6592, doi:10.1073/pnas.0936469100 (2003).
Ellis, C. K. et al. Ecology and geography of human Monkeypox case occurrences across Africa.
Journal of Wildlife Diseases 48, 335-347 (2012).
81

407
408
409
410
411

412

413
414
415
416
417
418
419
420

421

422
423
424
425
426

427
428

429
430
431
432
433

Mutombo, M. W., Arita, I. & Jezek, Z. Human Monkeypox transmitted by a chimpanzee in a
tropical rain-forest area of Zaire. Lancet 1, 735-737 (1983).
Maskalyk, J. Monkeypox outbreak among pet owners. Can. Med. Assoc. J. 169, 44-45 (2003).
Parker, S., Nuara, A., Buller, R. M. L. & Schultz, D. A. Human monkeypox: an emerging
zoonotic disease. Future Microbiology 2, 17-34 (2007).
Damon, I. K. Status of human Monkeypox: clinical disease, epidemiology and research.
Vaccine 29 Suppl 4, D54-59, doi:10.1016/j.vaccine.2011.04.014 (2011).
Lankau, E. W., Sinclair, J. R., Schroeder, B. A., Galland, G. G. & Marano, N. Public Health
Implications of Changing Rodent Importation Patterns - United States, 1999-2013.
Transboundary and emerging diseases 64, 528-537, doi:10.1111/tbed.12396 (2017).
Zhong, N. S. et al. Epidemiology and cause of severe acute respiratory syndrome (SARS) in
Guangdong, People's Republic of China, in February, 2003. Lancet 362, 1353-1358,
doi:10.1016/s0140-6736(03)14630-2 (2003).
Xu, R. H. et al. Epidemiologic clues to SARS origin in China. Emerging Infectious Diseases 10,
1030-1037 (2004).
Guan, Y. et al. Isolation and characterization of viruses related to the SARS coronavirus from
animals in southern China. Science 302, 276-278, doi:10.1126/science.1087139 (2003).
Li, W. et al. Bats are natural reservoirs of SARS-like coronaviruses. Science 310, 676-679,
doi:10.1126/science.1118391 (2005).
Hung, L. S. The SARS epidemic in Hong Kong: what lessons have we learned? Journal of the
Royal Society of Medicine 96, 374-378 (2003).
Peiris, J., Guan, Y. & Yuen, K. Severe acute respiratory syndrome. Nature medicine 10, S88S97 (2004).
Zhong, N. Management and prevention of SARS in China. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 359, 1115-1116, doi:10.1098/rstb.2004.1491 (2004).
Watts, J. China culls wild animals to prevent new SARS threat. Lancet 363, 134-134, doi:Doi
10.1016/S0140-6736(03)15313-5 (2004).
Cook, R. A. Emerging diseases at the interface of people, domestic animals and wildlife. The
role of wildlife in our understanding of highly pathogenic avian influenza. Yale J Biol Med 78,
343-353 (2005).
Chan, J. F. W. et al. A familial cluster of pneumonia associated with the 2019 novel coronavirus
indicating person-to-person transmission: a study of a family cluster. Lancet 395, 514-523,
doi:10.1016/S0140-6736(20)30154-9 (2020).
Wang, C., Horby, P. W., Hayden, F. G. & Gao, G. F. A novel coronavirus outbreak of global
health concern. Lancet 395, 470-473, doi:10.1016/S0140-6736(20)30185-9 (2020).
World Health Organization. Report of the WHO-China Joint Mission on Coronavirus Disease
2019 (COVID-19). (2020).
World Health Organization. Coronavirus disease (COVID-2019) situation reports. (2020).
Li, Q. et al. Early transmission dynamics in Wuhan, China, of novel coronavirus-infected
pneumonia. N. Engl. J. Med. 382, 1199-1207, doi:10.1056/NEJMoa2001316 (2020).
Yang, D. D., Dai, X. F., Deng, Y. P., Lu, W. Q. & Jiang, Z. G. Changes in attitudes toward
wildlife and wildlife meats in Hunan Province, central China, before and after the severe acute
respiratory syndrome outbreak. Integrative Zoology 2, 19-25, doi:10.1111/j.17494877.2007.00043.x (2007).
Zhang, L. & Yin, F. Wildlife consumption and conservation awareness in China: a long way to
go. Biodivers. Conserv. 23, 2371-2381, doi:10.1007/s10531-014-0708-4 (2014).
Domenech, J., Lubroth, J., Eddi, C., Martin, V. & Roger, F. Regional and international
approaches on prevention and control of animal transboundary and emerging diseases. Impact
of Emerging Zoonotic Diseases on Animal Health 1081, 90-107, doi:10.1196/annals.1373.010
(2006).
Thiermann, A. B. Globalization, international trade and animal health: the new roles of OIE.
Prev. Vet. Med. 67, 101-108, doi:10.1016/j.prevetmed.2004.11.009 (2005).
Travis, D. A., Watson, R. P. & Tauer, A. The spread of pathogens through trade in wildlife.
Revue Scientifique Et Technique-Office International Des Epizooties 30, 219-239 (2011).
CITES. Appendices I, II and III valid from 28 August 2020. (2020).
Bragagnolo, C. et al. Hunting in Brazil: What are the options? Perspectives in Ecology and
Conservation 17, 71-79, doi:https://doi.org/10.1016/j.pecon.2019.03.001 (2019).
Andel, T. v., MacKinven, A. & Bánki, O. Commercial non-timber forest products of the Guiana
shield: an inventory of commercial NTFP extraction and possibilities for sustainable harvesting.
(Netherlands Committee for IUCN, 2003).
82

434
435

436

437
438

439
440

441

442
443

444
445
446
447

448
449

450
451
452
453

454
455
456

457
458

459

Lin, J. Tackling Southeast Asia's illegal wildlife trade. Sybil 9, 191 (2005).
Rhyne, A. L. et al. Revealing the appetite of the marine aquarium fish trade: the volume and
biodiversity of fish imported into the United States. PLoS One 7, e35808,
doi:10.1371/journal.pone.0035808 (2012).
Steensels, M., Van Borm, S., Boschmans, M. & van den Berg, T. Lethality and molecular
characterization of an HPAI H5N1 virus isolated from eagles smuggled from Thailand into
Europe. Avian Diseases 51, 401-407, doi:10.1637/7554-033106r.1 (2007).
Van Borm, S. et al. Highly pathogenic H5N1 influenza virus in smuggled Thai eagles, Belgium.
Emerg. Infect. Dis. 11, 702-705, doi:10.3201/eid1105.050211 (2005).
Phelps, J. & Webb, E. L. “Invisible” wildlife trades: Southeast Asia’s undocumented illegal trade
in wild ornamental plants. Biological Conservation 186, 296-305,
doi:https://doi.org/10.1016/j.biocon.2015.03.030 (2015).
Blundell, A. G. & Mascia, M. B. Discrepancies in reported levels of international wildlife trade.
Conserv. Biol. 19, 2020-2025, doi:10.1111/j.1523-1739.2005.00253.x (2005).
Poole, C. M. & Shepherd, C. R. Shades of grey: the legal trade in CITES-listed birds in
Singapore, notably the globally threatened African grey parrot Psittacus erithacus. Oryx 51,
411-417, doi:10.1017/S0030605314000234 (2017).
Harrington, L. A. et al. Snakes and ladders: a review of ball python production in West Africa for
the global pet market. Nature Conservation-Bulgaria 41, 1-24,
doi:10.3897/natureconservation.41.51270 (2020).
Phelps, J., Webb, E. L., Bickford, D., Nijman, V. & Sodhi, N. S. Boosting CITES. Science 330,
1752-1753, doi:10.1126/science.1195558 (2010).
Challender, D. W. S., Harrop, S. R. & MacMillan, D. C. Towards informed and multi-faceted
wildlife trade interventions. Global Ecology and Conservation 3, 129-148,
doi:10.1016/j.gecco.2014.11.010 (2015).
Vitousek, P. M., Mooney, H. A., Lubchenco, J. & Melillo, J. M. Human domination of Earth’s
ecosystems. Science 277, 494 (1997).
Harrison, R. D. et al. Impacts of hunting on tropical forests in Southeast Asia. Conserv. Biol. 30,
972-981, doi:10.1111/cobi.12785 (2016).
Ripple, W. J. et al. Bushmeat hunting and extinction risk to the world's mammals. Royal Society
Open Science 3, 160498, doi:10.1098/rsos.160498 (2016).
Abernethy, K., Coad, L., Taylor, G., Lee, M. & Maisels, F. Extent and ecological consequences
of hunting in Central African rainforests in the twenty-first century. Philosophical Transactions of
the Royal Society B: Biological Sciences 368, 20120303 (2013).
Taylor, G. et al. Synthesising bushmeat research effort in West and Central Africa: a new
regional database. Biol. Conserv. 181, 199-205, doi:10.1016/j.biocon.2014.11.001 (2015).
GRASP & IUCN. Report to the CITES Standing Committee on the status of great apes. United
Nations Environment Programme Great Apes Survival Partnership, Nairobi, and International
Union for Conservation of Nature, Gland. (2018).
Clarke, A. & Babic, A. Wildlife trafficking trends in sub-Saharan Africa. 57-77 (2016).
CITES. Report on the monitoring the illegal killing of elephants (MIKE). 18th meeting of the
Conference of the Parties, Colombo (Sri Lanka). (CITES, 2019).
United Nations Office on Drugs and Crime. World wildlife crime report 2020. (2020).
Narain, D., Maron, M., Teo, H. C., Hussey, K. & Lechner, A. M. Best-practice biodiversity
safeguards for Belt and Road Initiative's financiers. Nature Sustainability 3, 650-657,
doi:10.1038/s41893-020-0528-3 (2020).
Hughes, A. C. et al. Horizon scan of the Belt and Road Initiative. Trends Ecol. Evol. 35, 583593, doi:10.1016/j.tree.2020.02.005 (2020).
Morcatty, T. et al. Illegal trade in wild cats and its link to Chinese‐led development in Central
and South America. Conservation Biology (2020).
Yu, H. J. et al. Effect of closure of live poultry markets on poultry-to-person transmission of
avian influenza A H7N9 virus: an ecological study. Lancet 383, 541-548, doi:10.1016/S01406736(13)61904-2 (2014).
Peiris, J. S. et al. Interventions to reduce zoonotic and pandemic risks from avian influenza in
Asia. Lancet Infect. Dis. 16, 252-258, doi:10.1016/S1473-3099(15)00502-2 (2016).
Zhigang, J. Insights on the legislation, law enforcement and management of zoonosis from the
epidemic of new coronavirus pneumonia (COVID-19). Biodiversity Science 28, 256-261,
doi:10.17520/biods.2020053 (2020).
Cooney, R. & Jepson, P. The international wild bird trade: what's wrong with blanket bans?
Oryx 40, 18-23, doi:10.1017/s0030605306000056 (2005).
83

460
461

462
463
464

465

466

467
468
469
470
471
472
473
474
475
476
477

478
479
480
481
482

483

484

Meijer, W., Scheer, S., Whan, E., Yang, C. & Kritski, E. Demand under the ban – China ivory
consumption research post-ban 2018. (TRAFFIC and WWF, Beijing, China, 2018).
Zhou, X. H. et al. Elephant poaching and the ivory trade: the impact of demand reduction and
enforcement efforts by China from 2005-2017. Global Ecology and Conservation 16, e00486,
doi:10.1016/j.gecco.2018.e00486 (2018).
Veríssimo, D. & Wan, A. K. Y. Characterizing efforts to reduce consumer demand for wildlife
products. Conservation Biology 33, 623-633, doi:10.1111/cobi.13227 (2019).
Challender, D. W. S. & MacMillan, D. C. Poaching is more than an enforcement problem.
Conservation Letters 7, 484-494, doi:10.1111/conl.12082 (2014).
Roe, D. & Booker, F. Engaging local communities in tackling illegal wildlife trade: a synthesis of
approaches and lessons for best practice. Conservation Science and Practice 1, e26,
doi:10.1111/csp2.26 (2019).
Eshoo, P. F., Johnson, A., Duangdala, S. & Hansel, T. Design, monitoring and evaluation of a
direct payments approach for an ecotourism strategy to reduce illegal hunting and trade of
wildlife in Lao PDR. PLoS One 13, e0186133, doi:10.1371/journal.pone.0186133 (2018).
Clements, T. et al. Payments for biodiversity conservation in the context of weak institutions:
comparison of three programs from Cambodia. Ecol. Econ. 69, 1283-1291,
doi:10.1016/j.ecolecon.2009.11.010 (2010).
Ravenelle, J. & Nyhus, P. J. Global patterns and trends in human-wildlife conflict compensation.
Conserv. Biol. 31, 1247-1256, doi:10.1111/cobi.12948 (2017).
Hoon, P. Elephants are like our diamonds: recentralizing community based natural resource
management in Botswana, 1996-2012. African Studies Quarterly 15, 55 (2014).
Salazar, G. & Sunagawa, S. Marine microbial diversity. Curr. Biol. 27, R489-R494, doi:DOI
10.1016/j.cub.2017.01.017 (2017).
Mora, C., Tittensor, D. P., Adl, S., Simpson, A. G. & Worm, B. How many species are there on
Earth and in the ocean? PLoS Biol 9, e1001127 (2011).
Thompson, L. R. et al. A communal catalogue reveals earth's multiscale microbial diversity.
Nature 551, 457-+, doi:10.1038/nature24621 (2017).
Berg, G. et al. Plant microbial diversity is suggested as the key to future biocontrol and health
trends. FEMS Microbiol. Ecol. 93, doi:10.1093/femsec/fix050 (2017).
Suttle, C. A. Marine viruses--major players in the global ecosystem. Nat. Rev. Microbiol. 5, 801812, doi:10.1038/nrmicro1750 (2007).
Newman, D. J. & Cragg, G. M. Natural products as sources of new drugs from 1981 to 2014. J.
Nat. Prod. 79, 629-661, doi:10.1021/acs.jnatprod.5b01055 (2016).
Wu, B. et al. Current insights into fungal species diversity and perspective on naming the
environmental DNA sequences of fungi. Mycology 10, 127-140 (2019).
Kardos, N. & Demain, A. L. Penicillin: the medicine with the greatest impact on therapeutic
outcomes. Appl Microbiol Biotechnol 92, 677-687, doi:10.1007/s00253-011-3587-6 (2011).
Van Voorhis, W. C., van Huijsduijnen, R. H. & Wells, T. N. Profile of William C. Campbell,
Satoshi Ōmura, and Youyou Tu, 2015 Nobel Laureates in Physiology or Medicine. Proceedings
of the National Academy of Sciences 112, 15773-15776 (2015).
Chien, A., Edgar, D. B. & Trela, J. M. Deoxyribonucleic acid polymerase from the extreme
thermophile Thermus aquaticus. Journal of bacteriology 127, 1550-1557 (1976).
Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. Science 339, 819823, doi:10.1126/science.1231143 (2013).
Alphey, L. Can CRISPR-Cas9 gene drives curb malaria? Nature biotechnology 34, 149-150
(2016).
Gootenberg, J. S. et al. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science 356, 438442, doi:10.1126/science.aam9321 (2017).
Xu, L. L. et al. Angiotensin-converting enzyme 2 (ACE2) from raccoon dog can serve as an
efficient receptor for the spike protein of severe acute respiratory syndrome coronavirus. J.
Gen. Virol. 90, 2695-2703, doi:10.1099/vir.0.013490-0 (2009).
Lall, S. SHERLOCK-based one-step test provides rapid and sensitive Covid-19 detection: New
CRISPR-based research tool delivers results in an hour; researchers share protocol and kits to
advance research and move toward clinical validation. MIT News (2020).
Houssen, W., Sara, R. & Jaspars, M. Digital sequence information on genetic resources:
concept, scope and current use. (Secretariat of the Convention on Biological Diversity,
Montreal, Canada, 2020).

84

485

486
487
488
489

490
491
492
493
494

495
496
497
498
499

500
501
502
503

504

505
506
507
508
509

510

Lead, C., Beattie, A. J., Barthlott, W. & Rosenthal, J. New products and industries from
biodiversity. Ecosystems and Human Well-Being: Current State and Trends: Findings of the
Condition and Trends Working Group 1, 271 (2005).
Ahn, M. et al. Dampened NLRP3-mediated inflammation in bats and implications for a special
viral reservoir host. Nat Microbiol 4, 789-799, doi:10.1038/s41564-019-0371-3 (2019).
Hayman, D. T. S. Bat tolerance to viral infections. Nature Microbiology 4, 728-729,
doi:10.1038/s41564-019-0430-9 (2019).
Jebb, D. et al. Six reference-quality genomes reveal evolution of bat adaptations. Nature 583,
578-+, doi:10.1038/s41586-020-2486-3 (2020).
Neergheen-Bhujun, V. et al. Biodiversity, drug discovery, and the future of global health:
Introducing the biodiversity to biomedicine consortium, a call to action. Journal of Global Health
7, doi:10.7189/jogh.07.020304 (2017).
Pearce, D. W. The value of biodiversity. Microbial Diversity and Bioprospecting, 469-475
(2003).
Rourke, M., Eccleston-Turner, M., Phelan, A. & Gostin, L. Policy opportunities to enhance
sharing for pandemic research. Science 368, 716-718, doi:10.1126/science.abb9342 (2020).
de Oliveira, E. A. et al. Legacy of Amazonian Dark Earth soils on forest structure and species
composition. Global Ecology and Biogeography 29, 1458-1473 (2020).
Levis, C. et al. Persistent effects of pre-Columbian plant domestication on Amazonian forest
composition. Science 355, 925-931, doi:10.1126/science.aal0157 (2017).
McMichael, C. N. H., Matthews-Bird, F., Farfan-Rios, W. & Feeley, K. J. Ancient human
disturbances may be skewing our understanding of Amazonian forests. Proc. Natl. Acad. Sci. U.
S. A. 114, 522-527, doi:10.1073/pnas.1614577114 (2017).
Kinghorn, A. D., Pan, L., Fletcher, J. N. & Chai, H. Y. The relevance of higher plants in lead
compound discovery programs. J. Nat. Prod. 74, 1539-1555, doi:10.1021/np200391c (2011).
Jeffreys, D. Aspirin: the remarkable story of a wonder drug. (Bloomsbury Publishing USA,
2008).
Willcox, M., Bodeker, G., Rasoanaivo, P. & Addae-Kyereme, J. Traditional medicinal plants and
malaria. (CRC press, 2004).
Tan, G., Gyllenhaal, C. & Soejarto, D. D. Biodiversity as a source of anticancer drugs. Curr.
Drug Targets 7, 265-277, doi:Doi 10.2174/138945006776054942 (2006).
Xiong, X., Wang, P., Su, K., Cho, W. C. & Xing, Y. Chinese herbal medicine for coronavirus
disease 2019: A systematic review and meta-analysis. Pharmacol. Res. 160, 105056,
doi:10.1016/j.phrs.2020.105056 (2020).
Hepburn, M. H. Protecting intellectual property rights and traditional ecological knowledge: a
critical look at Peru's law 27811. Hum. Organ. 79, 69-79 (2020).
McChesney, J. D., Venkataraman, S. K. & Henri, J. T. Plant natural products: back to the future
or into extinction? Phytochemistry 68, 2015-2022, doi:10.1016/j.phytochem.2007.04.032 (2007).
Kingston, D. G. Modern natural products drug discovery and its relevance to biodiversity
conservation. J. Nat. Prod. 74, 496-511, doi:10.1021/np100550t (2011).
Convention on Biological Diversity. The Nagoya Protocol on Access to Genetic Resources and
the Fair and Equitable Sharing of Benefits Arising from their Utilization (ABS) to the Convention
on Biological Diversity. (2010).
Prathapan, K. D. et al. When the cure kills-CBD limits biodiversity research National laws
fearing biopiracy squelch taxonomy studies. Science 360, 1405-1406,
doi:10.1126/science.aat9844 (2018).
World Health Organization. Decision WHA72(12) OP 1(a). Report on Influenza Virus Sharing.
(2020).
World Health Organization. International health regulations (2005). (World Health Organization,
2008).
World Health Organization. Pandemic Influenza Preparedness (PIP) Framework. (2011).
Rourke, M. F., Phelan, A. & Lawson, C. Access and benefit-sharing following the synthesis of
horsepox virus. Nat. Biotechnol. 38, 537-539, doi:10.1038/s41587-020-0518-z (2020).
Lawson, C., Humphries, F. & Rourke, M. The future of information under the CBD, Nagoya
Protocol, Plant Treaty, and PIP Framework. Journal of World Intellectual Property 22, 103-119,
doi:10.1111/jwip.12118 (2019).
Crager, S. E. Improving global access to new vaccines: intellectual property, technology
transfer, and regulatory pathways. Am. J. Public Health 108, S414-S420,
doi:10.2105/Ajph.2014.302236 (2018).

85

511

512
513
514

515
516
517
518
519
520

521

522
523
524

525

Chandrasekharan, S. et al. Intellectual property rights and challenges for development of
affordable human papillomavirus, rotavirus and pneumococcal vaccines: Patent landscaping
and perspectives of developing country vaccine manufacturers. Vaccine 33, 6366-6370,
doi:10.1016/j.vaccine.2015.08.063 (2015).
Santos Rutschman, A. The Intellectual Property of Vaccines: Takeaways from Recent Infectious
Disease Outbreaks. Michigan Law Review Online (2020).
Acharya, A. Making a COVID-19 vaccine globally available once developed. (2020).
Forsythe, S., Cohen, J., Neumann, P., Bertozzi, S. M. & Kinghorn, A. The economic and public
health imperatives around making potential coronavirus disease–2019 treatments available and
affordable. (2020).
Fedson, D. S. Pandemic influenza and the global vaccine supply. Clin. Infect. Dis. 36, 15521561, doi:Doi 10.1086/375056 (2003).
Watsa, M. & Wildlife Disease Surveillance Focus, G. Rigorous wildlife disease surveillance.
Science 369, 145-147, doi:10.1126/science.abc0017 (2020).
Reich, M. R. The global drug gap. Science 287, 1979-1981,
doi:10.1126/science.287.5460.1979 (2000).
Campbell, J. D. & Kalo, Z. Fair global drug pricing. Expert Rev. Pharmacoecon. Outcomes Res.
18, 581-583, doi:10.1080/14737167.2018.1524296 (2018).
Cromie R. Wetland Pest and Disease Regulation. In: Finlayson C. et al. (eds) The Wetland
Book. Springer, Dordrecht., doi:https://doi.org/10.1007/978-94-007-6172-8_228-2 (2016).
Carver S., Slaney D., Leisnham P. & Weinstein P. Healthy Wetlands, Healthy People: Mosquito
Borne Disease. In: Finlayson C., Horwitz P., Weinstein P. (eds) Wetlands and Human Health.
Wetlands: Ecology, Conservation and Management. Vol. 5 (Springer, Dordrecht, 2015).
Anderson, N. E. et al. Sleeping sickness and its relationship with development and biodiversity
conservation in the Luangwa Valley, Zambia. Parasites & Vectors 8, 224, doi:10.1186/s13071015-0827-0 (2015).
Grier, J. W. Ban of DDT and subsequent recovery of reproduction in bald eagles. Science 218,
1232-1235, doi:DOI 10.1126/science.7146905 (1982).
Corrales-Aguilar, E. & Schwemmle, M. Bats and Viruses: Current Research and Future Trends.
Caister Academic Press 224 pp (2020).
Bittel, J. Experts urge people all over the world to stop killing bats out of fears of coronavirus:
attacking bats does nothing to protect people from COVID-19 and sometimes, it can make
things worse. (Natural Resources Defense Council, 2020).
Pereira, M. J. R., Bernard, E. & Aguiar, L. M. S. Bats and COVID-19: villains or victims? Biota
Neotropica 20, doi:ARTN e20201055

10.1590/1676-0611-BN-2020-1055 (2020).
526 Fenton, M. B., Mubareka, S., Tsang, S. M., Simmons, N. B. & Becker, D. J. COVID-19 and
threats to bats. Facets 5, 349-352, doi:10.1139/facets-2020-0028 (2020).
527 Rocha, R. et al. Bat conservation and zoonotic disease risk: a research agenda to prevent
misguided persecution in the aftermath of COVID-19. Animal Conservation n/a,
doi:10.1111/acv.12636 (2020).
528 Zhao, H. COVID-19 drives new threat to bats in China. Science 367, 1436,
doi:10.1126/science.abb3088 (2020).
529 Bennett, R. & Willis, K. The value of badger populations and control of tuberculosis in cattle in
England and Wales: A note. Journal of Agricultural Economics 58, 152-156, doi:10.1111/j.14779552.2007.00079.x (2007).
530 Woodroffe, R. et al. Culling and cattle controls influence tuberculosis risk for badgers. Proc.
Natl. Acad. Sci. U. S. A. 103, 14713-14717 (2006).
531 Downs, S. H. et al. Assessing effects from four years of industry-led badger culling in England
on the incidence of bovine tuberculosis in cattle, 2013-2017. Sci. Rep. 9, 14666,
doi:10.1038/s41598-019-49957-6 (2019).
532 Miguel, E. et al. A systemic approach to assess the potential and risks of wildlife culling for
infectious disease control. Communications Biology 3, 353, doi:10.1038/s42003-020-1032-z
(2020).
533 Olival, K. J. To Cull, or Not To Cull, Bat is the Question. Ecohealth 13, 6-8, doi:10.1007/s10393015-1075-7 (2016).
534 Kunz, T. H., de Torrez, E. B., Bauer, D., Lobova, T. & Fleming, T. H. in Year in Ecology and
Conservation Biology Vol. 1223 Annals of the New York Academy of Sciences (eds R. S.
Ostfeld & W. H. Schlesinger) 1-38 (2011).

86

535

536
537
538

539
540
541
542

543

544
545

546
547

548

549

550
551
552
553
554

555

556
557
558

Aizpurua, O. et al. Agriculture shapes the trophic niche of a bat preying on multiple pest
arthropods across Europe: evidence from DNA metabarcoding. Mol. Ecol. 27, 815-825,
doi:10.1111/mec.14474 (2018).
Amman, B. R. et al. Marburgvirus resurgence in kitaka mine bat population after extermination
attempts, Uganda. Emerg. Infect. Dis. 20, 1761-1764, doi:10.3201/eid2010.140696 (2014).
Yong, D. L., Ng, D., Xiong, G. & Fam, S. D. Don't cull wild birds yet. Science 340, 681-682,
doi:10.1126/science.340.6133.681-a (2013).
BirdLife International. Avian Influenza,
<http://www.birdlife.org/action/science/species/avian_flu/index?gclid=CjwKCAjw9vn4BRBaEiwA
h0muDKxxxDR3gP5IemXU5wUd1q9HmiQf90w-BdUdctgcvIIa9oC8FMR0RoChnAQAvD_BwE#top> (accessed on July 30, 2020).
World Health Organization. Cleaning and disinfection of environmental surfaces in the context
of COVID-19 (No. WHO/2019-nCoV/Disinfection/2020.1). (2020).
El-Nahhal, I. & El-Nahhal, Y. Ecological consequences of COVID-19 outbreak. Journal of Water
Science and Engineering 1, 1-5 (2020).
Zhang, H., Tang, W. Z., Chen, Y. S. & Yin, W. Disinfection threatens aquatic ecosystems.
Science 368, 146-147, doi:10.1126/science.abb8905 (2020).
Giraudeau, M., Sepp, T., Ujvari, B., Ewald, P. W. & Thomas, F. Human activities might
influence oncogenic processes in wild animal populations. Nature Ecology & Evolution 2, 10651070, doi:10.1038/s41559-018-0558-7 (2018).
Sepp, T., Ujvari, B., Ewald, P. W., Thomas, F. & Giraudeau, M. Urban environment and cancer
in wildlife: available evidence and future research avenues. Proceedings of the Royal Society BBiological Sciences 286, 20182434, doi:10.1098/rspb.2018.2434 (2019).
Nabi, G. et al. Massive use of disinfectants against COVID-19 poses potential risks to urban
wildlife. Environ. Res. 188, 109916, doi:10.1016/j.envres.2020.109916 (2020).
Kideghesho, J. R., Rija, A. A., Mwamende, K. A. & Selemani, I. S. Emerging issues and
challenges in conservation of biodiversity in the rangelands of Tanzania. Nature ConservationBulgaria, 1-29, doi:10.3897/natureconservation.6.5407 (2013).
Yager, J. E., Kadiyala, S. & Weiser, S. D. HIV/AIDS, food supplementation and livelihood
programs in Uganda: a way forward? PloS one 6, e26117 (2011).
Völker, M. & Waibel, H. Do rural households extract more forest products in times of crisis?
Evidence from the mountainous uplands of Vietnam. Forest Policy and Economics 12, 407-414
(2010).
McSweeney, K. Forest product sale as natural insurance: The effects of household
characteristics and the nature of shock in eastern Honduras. Society & Natural Resources 17,
39-56, doi:10.1080/08941920490247245 (2004).
Messenger, A. M., Barnes, A. N. & Gray, G. C. Reverse zoonotic disease transmission
(zooanthroponosis): a systematic review of seldom-documented human biological threats to
animals. PLoS One 9, e89055, doi:10.1371/journal.pone.0089055 (2014).
O’hanlon, S. J. et al. Recent Asian origin of chytrid fungi causing global amphibian declines.
Science 360, 621-627 (2018).
Smith, G. J. D. et al. Origins and evolutionary genomics of the 2009 swine-origin H1N1
influenza A epidemic. Nature 459, 1122-U1107, doi:10.1038/nature08182 (2009).
Martelli, P. et al. Influenza A(H1N1)pdm09 virus infection in a captive giant panda, Hong Kong.
Emerg. Infect. Dis. 25, 2303-2306, doi:10.3201/eid2512.191143 (2019).
Veldhuis Kroeze, E. J. B. & Kuiken, T. Sporadic influenza A virus infections of miscellaneous
mammal species. Animal Influenza, 557-593, doi:10.1002/9781118924341.ch23 (2016).
Scully, E. J. et al. Lethal respiratory disease associated with human rhinovirus C in wild
chimpanzees, Uganda, 2013. Emerg. Infect. Dis. 24, 267-274, doi:10.3201/eid2402.170778
(2018).
Negrey, J. D. et al. Simultaneous outbreaks of respiratory disease in wild chimpanzees caused
by distinct viruses of human origin. Emerg Microbes Infect 8, 139-149,
doi:10.1080/22221751.2018.1563456 (2019).
Kondgen, S. et al. Pandemic human viruses cause decline of endangered great apes. Curr.
Biol. 18, 260-264, doi:10.1016/j.cub.2008.01.012 (2008).
Fernandes, N. C. C. D. et al. Outbreak of Yellow Fever among nonhuman primates, Espirito
Santo, Brazil, 2017. Emerg. Infect. Dis. 23, 2038-2041, doi:10.3201/eid2312.170685 (2017).
Silva, N. I. O. et al. Recent sylvatic yellow fever virus transmission in Brazil: the news from an
old disease. Virol J. 17, 9, doi:10.1186/s12985-019-1277-7 (2020).

87

559

560

561

562

563

564
565

566

567
568

569

570
571
572
573
574
575
576

577

578
579

580
581

Almeida, M. A. et al. Surveillance for Yellow Fever virus in non-human primates in southern
Brazil, 2001-2011: a tool for prioritizing human populations for vaccination. PLoS Negl. Trop.
Dis. 8, e2741, doi:10.1371/journal.pntd.0002741 (2014).
Bloomfield, S. J. et al. Genomic analysis of Salmonella enterica serovar Typhimurium DT160
associated with a 14-year outbreak, New Zealand, 1998-2012. Emerg. Infect. Dis. 23, 906-913,
doi:10.3201/eid2306.161934 (2017).
Parsons, M. B. et al. Epidemiology and molecular characterization of cryptosporidium spp. in
humans, wild primates, and domesticated animals in the greater gombe ecosystem, Tanzania.
PLoS Negl. Trop. Dis. 9, e0003529, 10.1371/journal.pntd.0003529 (2015).
Deere, J. R. et al. Entamoeba histolytica infection in humans, chimpanzees and baboons in the
Greater Gombe Ecosystem, Tanzania. Parasitology 146, 1116-1122,
doi:10.1017/s0031182018001397 (2019).
Leroy, E. M., Ar Gouilh, M. & Brugere-Picoux, J. The risk of SARS-CoV-2 transmission to pets
and other wild and domestic animals strongly mandates a one-health strategy to control the
COVID-19 pandemic. One Health 10, 100133, doi:10.1016/j.onehlt.2020.100133 (2020).
Shi, J. Z. et al. Susceptibility of ferrets, cats, dogs, and other domesticated animals to SARScoronavirus 2. Science 368, 1016-+, doi:10.1126/science.abb7015 (2020).
Olival, K. J. et al. Possibility for reverse zoonotic transmission of SARS-CoV-2 to free-ranging
wildlife: a case study of bats. PLoS Pathog. 16, e1008758, doi:10.1371/journal.ppat.1008758
(2020).
Fagre, A. et al. SARS-CoV-2 infection, neuropathogenesis and transmission among deer mice:
Implications for reverse zoonosis to New World rodents. bioRxiv, 2020.2008.2007.241810,
doi:10.1101/2020.08.07.241810 (2020).
Gillespie, T. R. & Leendertz, F. H. COVID-19: protect great apes during human pandemic.
Nature 579, 497.
Bates, A. E., Primack, R. B., Moraga, P. & Duarte, C. M. COVID-19 pandemic and associated
lockdown as a “Global Human Confinement Experiment” to investigate biodiversity
conservation. Biological Conservation, 108665 (2020).
Rondeau, D., Perry, B. & Grimard, F. The consequences of COVID-19 and other disasters for
wildlife and biodiversity. Environ Resour Econ (Dordr) 76, 945-961, doi:10.1007/s10640-02000480-7 (2020).
Arony, E. How is covid-19 affecting the fisheries and aquaculture food systems. Global Fishing
Watch June 12 (2020).
Food and Agriculture Organization. How is COVID-19 affecting the fisheries and aquaculture
food systems. Rome., (2020).
Rutz, C. et al. COVID-19 lockdown allows researchers to quantify the effects of human activity
on wildlife. Nat Ecol Evol 4, 1156-1159, doi:10.1038/s41559-020-1237-z (2020).
Muhammad, S., Long, X. & Salman, M. COVID-19 pandemic and environmental pollution: a
blessing in disguise? Science of The Total Environment, 138820 (2020).
Dutheil, F., Baker, J. S. & Navel, V. COVID-19 as a factor influencing air pollution?
Environmental Pollution (Barking, Essex: 1987) 263, 114466 (2020).
He, G. J., Pan, Y. H. & Tanaka, T. The short-term impacts of COVID-19 lockdown on urban air
pollution in China. Nature Sustainability, doi:10.1038/s41893-020-0581-y (2020).
Mahato, S., Pal, S. & Ghosh, K. G. Effect of lockdown amid COVID-19 pandemic on air quality
of the megacity Delhi, India. Sci. Total Environ. 730, 139086,
doi:10.1016/j.scitotenv.2020.139086 (2020).
Abdullah, S. et al. Air quality status during 2020 Malaysia Movement Control Order (MCO) due
to 2019 novel coronavirus (2019-nCoV) pandemic. Science of The Total Environment 729,
139022 (2020).
Collivignarelli, M. C. et al. Lockdown for CoViD-2019 in Milan: What are the effects on air
quality? Science of The Total Environment 732, 139280 (2020).
Dantas, G., Siciliano, B., Franca, B. B., da Silva, C. M. & Arbilla, G. The impact of COVID-19
partial lockdown on the air quality of the city of Rio de Janeiro, Brazil. Sci. Total Environ. 729,
139085, doi:10.1016/j.scitotenv.2020.139085 (2020).
Le Quéré, C. et al. Temporary reduction in daily global CO2 emissions during the COVID-19
forced confinement. Nature Climate Change, 1-7 (2020).
Forster, P. M. et al. Current and future global climate impacts resulting from COVID-19. Nature
Climate Change 10, 913-919, doi:10.1038/s41558-020-0883-0 (2020).

88

582

583
584
585
586
587
588

589
590
591
592

593
594
595
596
597
598
599
600

601
602

603

604

605
606
607

Houlden, V., Weich, S., de Albuquerque, J., Jarvis, S. & Rees, K. The relationship between
greenspace and the mental wellbeing of adults: A systematic review. PLoS One 13, e0203000,
doi:10.1371/journal.pone.0203000 (2018).
Bratman, G. N. et al. Nature and mental health: an ecosystem service perspective. Sci Adv 5,
eaax0903, doi:10.1126/sciadv.aax0903 (2019).
Corlett, R. T. et al. Impacts of the coronavirus pandemic on biodiversity conservation. Biol.
Conserv. 246, 108571-108571, doi:10.1016/j.biocon.2020.108571 (2020).
International Fund for Animal Welfare. Ranger FAQ: Protecting wildlife in Africa during COVID19. (2020).
Ghosal, A. & Casey, M. Coronavirus lockdowns increase poaching in Asia, Africa. (2020).
World Travel & Tourism Council (WTTC). Co-ordination between public and private sectors is
key to tackling the coronavirus. (2020).
Novelli, M., Burgess, L. G., Jones, A. & Ritchie, B. W. 'No Ebola...still doomed' - the Ebolainduced tourism crisis. Annals of Tourism Research 70, 76-87,
doi:10.1016/j.annals.2018.03.006 (2018).
World Tourism Organization. Towards Measuring the Economic Value of Wildlife Watching
Tourism in Africa—Briefing Paper, UNWTO, Madrid., (2014).
Coke-Hamilton, P. in Conferencia de las Naciones Unidas sobre Comercio y Desarrollo
(UNCTAD).
Newsome, D. The collapse of tourism and its impact on wildlife tourism destinations. Journal of
Tourism Futures (2020).
Foroudi, L. Under the cover of lockdown, illegal logging surges in Tunisia,
<https://www.reuters.com/article/us-health-coronavirus-tunisia-logging-fe/under-the-cover-oflockdown-illegal-logging-surges-in-tunisiaidUSKBN22D4H5#:~:text=Over%20two%20nights%20in%20early,the%20country's%20forestry
%20agency%20said.> (2020).
Karmakar, R. Amid lockdown, poachers eye rhino horns. The Hindu April 14 (2020).
Save The Rhino Foundation. The impact of Covid-19 on rhinos,
<https://www.savetherhino.org/thorny-issues/the-impact-of-covid-19-on-rhinos/> (2020).
Sishi, S. & Cocks, T. South Africa dehorns dozens of rhinos to prevent lockdown poaching
surge. (2020).
Crudge, B., Nguyen, T. & Cao, T. T. The challenges and conservation implications of bear bile
farming in Viet Nam. Oryx, 1-8 (2018).
Saadat, S., Rawtani, D. & Hussain, C. M. Environmental perspective of COVID-19. Sci. Total
Environ. 728, 138870, doi:10.1016/j.scitotenv.2020.138870 (2020).
Fadare, O. O. & Okoffo, E. D. Covid-19 face masks: A potential source of microplastic fibers in
the environment. Sci. Total Environ. 737, 140279, doi:10.1016/j.scitotenv.2020.140279 (2020).
Reid, A. J. et al. Emerging threats and persistent conservation challenges for freshwater
biodiversity. Biological Reviews 94, 849-873, doi:10.1111/brv.12480 (2019).
Vanapalli, K. R. et al. Challenges and strategies for effective plastic waste management during
and post COVID-19 pandemic. Sci. Total Environ. 750, 141514,
doi:10.1016/j.scitotenv.2020.141514 (2020).
Allison, A. L. et al. The environmental dangers of employing single-use face masks as part of a
COVID-19 exit strategy. (2020).
Donovan, G. H., Michael, Y. L., Gatziolis, D., Mannetje, A. & Douwes, J. Association between
exposure to the natural environment, rurality, and attention-deficit hyperactivity disorder in
children in New Zealand: a linkage study. Lancet Planetary Health 3, E226-E234, doi:Doi
10.1016/S2542-5196(19)30070-1 (2019).
Donovan, G. H., Gatziolis, D., Longley, I. & Douwes, J. Vegetation diversity protects against
childhood asthma: results from a large New Zealand birth cohort. Nat Plants 4, 358-364,
doi:10.1038/s41477-018-0151-8 (2018).
Wilkinson, D. A., Marshall, J. C., French, N. P. & Hayman, D. T. S. Habitat fragmentation,
biodiversity loss and the risk of novel infectious disease emergence. Journal of the Royal
Society Interface 15, 20180403, doi:10.1098/rsif.2018.0403 (2018).
Battersby, B., Lam, W. R. & Ture, E. Tracking the $9 Trillion Global Fiscal Support to Fight
COVID-19. International Monetary Fund 20 (2020).
European Commission. The EU budget powering the Recovery Plan for Europe. (2020).
European Union Network for the Implementation and Enforcement of Environmental Law
(IMPEL). Alliance: appeal for green recovery from COVID-19 pandemic. (2020).

89

608
609
610
611
612
613
614
615
616
617

618
619

620

621
622

623

624

625

626

627
628

629
630
631

Cohen-Shacham, E., Walters, G., Janzen, C. & Maginnis, S. Nature-based solutions to address
global societal challenges. IUCN: Gland, Switzerland 97 (2016).
Convention on Biological Diversity. Zero Draft of the Post-2020 Global Biodiversity Framework.
Addendum. CBD/WG2020/2/3. (2020).
Organisation for Economic Co-operation and Development (OECD). Women at the core of the
fight against COVID-19 crisis. (2020).
United Nations Entity for Gender Equality and the Empowerment of Women (UN Women).
Policy Brief: The impact of COVID-19 on women. (2020).
Bettinger-Lopez, C. & Bro, A. A double pandemic: domestic violence in the age of COVID-19.
Gender-Based Violence 3 (2020).
Brubaker, L. Women physicians and the COVID-19 pandemic. JAMA 324, 835-836,
doi:10.1001/jama.2020.14797 (2020).
Kibbe, M. R. Consequences of the COVID-19 Pandemic on Manuscript Submissions by
Women. JAMA surgery (2014).
Power, T. et al. COVID-19 and indigenous peoples: an imperative for action. J. Clin. Nurs. 29,
2737-2741, doi:10.1111/jocn.15320 (2020).
Curtice, K. & Choo, E. Indigenous populations: left behind in the COVID-19 response. Lancet
395, 1753-1753, doi:10.1016/S0140-6736(20)31242-3 (2020).
Anderson, R. M. & May, R. M. The invasion, persistence and spread of infectious diseases
within animal and plant communities. Philosophical Transactions of the Royal Society of London
Series B-Biological Sciences 314, 533-570, doi:DOI 10.1098/rstb.1986.0072 (1986).
Summers, J. A., Baker, M. G. & Wilson, N. New Zealand's experience of the 1918-19 influenza
pandemic: a systematic review after 100 years. N. Z. Med. J. 131, 54-69 (2018).
Centers for Disease Control and Prevention. Deaths related to 2009 pandemic influenza A
(H1N1) among American Indian/Alaska Natives - 12 states, 2009. MMWR Morb. Mortal. Wkly.
Rep. 58, 1341-1344 (2009).
Vaske, J. J., Shelby, L. B., Needham, M. D. & Manfredo, M. Preparing for the next disease: The
human-wildlife connection. Wildlife and society: The science of human dimensions, 244-261
(2009).
Decker, D. J. et al. Wildlife disease management: A manager's model. Human Dimensions of
Wildlife 11, 151-158 (2006).
Venter, Z. S., Barton, D. N., Gundersen, V., Figari, H. & Nowell, M. Urban nature in a time of
crisis: recreational use of green space increases during the COVID-19 outbreak in Oslo,
Norway. Environmental Research Letters 15, doi:10.1088/1748-9326/abb396 (2020).
Nisbet, E. K., Zelenski, J. M. & Murphy, S. A. The nature relatedness scale linking individuals'
connection with nature to environmental concern and behavior. Environ. Behav. 41, 715-740,
doi:10.1177/0013916508318748 (2009).
Moore, S. A. et al. Impact of the COVID-19 virus outbreak on movement and play behaviours of
Canadian children and youth: a national survey. Int. J. Behav. Nutr. Phys. Act. 17, 85,
doi:10.1186/s12966-020-00987-8 (2020).
Roschel, H., Artioli, G. G. & Gualano, B. Risk of increased physical inactivity during COVID-19
outbreak in older people: a call for actions. J. Am. Geriatr. Soc. 68, 1126-1128,
doi:10.1111/jgs.16550 (2020).
Shoari, N., Ezzati, M., Baumgartner, J., Malacarne, D. & Fecht, D. Accessibility and allocation of
public parks and gardens during COVID-19 social distancing in England and Wales. medRxiv,
2020.2005.2011.20098269, doi:10.1101/2020.05.11.20098269 (2020).
Kleinschroth, F. & Kowarik, I. COVID-19 crisis demonstrates the urgent need for urban
greenspaces. Front. Ecol. Environ. 18, 318-319, doi:10.1002/fee.2230 (2020).
Degeling, C. et al. Managing the risk of Hendra virus spillover in Australia using ecological
approaches: A report on three community juries. PLoS One 13, e0209798,
doi:10.1371/journal.pone.0209798 (2018).
Redpath, S. M. et al. Understanding and managing conservation conflicts. Trends Ecol. Evol.
28, 100-109, doi:10.1016/j.tree.2012.08.021 (2013).
Redpath, S. M. et al. Don't forget to look down - collaborative approaches to predator
conservation. Biological Reviews 92, 2157-2163, doi:10.1111/brv.12326 (2017).
Young, J. et al. Conflicts between Biodiversity conservation and human activities in the central
and eastern European countries. Ambio 36, 545-550, doi:Doi 10.1579/00447447(2007)36[545:Cbbcah]2.0.Co;2 (2007).

90

632

633
634

635

636

637
638
639
640

641
642

643

644

645
646

647
648
649

650
651

652
653
654
655

656

Gaymer, C. F. et al. Merging top‐down and bottom‐up approaches in marine protected areas
planning: Experiences from around the globe. Aquatic Conservation: Marine and Freshwater
Ecosystems 24, 128-144 (2014).
Eliason, S. L. Accounts of wildlife law violators: motivations and rationalizations. Human
Dimensions of Wildlife 9, 119-131 (2004).
Shreedhar, G. & Mourato, S. Linking Human Destruction of Nature to COVID-19 Increases
Support for Wildlife Conservation Policies. Environ Resour Econ (Dordr) 76, 963-999,
doi:10.1007/s10640-020-00444-x (2020).
Xie, X. R., Huang, L. M., Li, J. & Zhu, H. Generational differences in perceptions of food
health/risk and attitudes toward organic food and game meat: the case of the COVID-19 crisis
in China. Int. J. Environ. Res. Public Health 17, 3148, doi:10.3390/ijerph17093148 (2020).
Han, B. A., Schmidt, J. P., Bowden, S. E. & Drake, J. M. Rodent reservoirs of future zoonotic
diseases. Proc. Natl. Acad. Sci. U. S. A. 112, 7039-7044, doi:10.1073/pnas.1501598112
(2015).
Han, B. A. et al. Undiscovered bat hosts of Filoviruses. PLoS Negl. Trop. Dis. 10, e0004815,
doi:10.1371/journal.pntd.0004815 (2016).
Menachery, V. D. et al. A SARS-like cluster of circulating bat coronaviruses shows potential for
human emergence. Nature Medicine 21, 1508-+, doi:10.1038/nm.3985 (2015).
Menachery, V. D. et al. SARS-like WIV1-CoV poised for human emergence. Proc. Natl. Acad.
Sci. U. S. A. 113, 3048-3053, doi:10.1073/pnas.1517719113 (2016).
Berto, A. et al. Detection of potentially novel paramyxovirus and coronavirus viral RNA in bats
and rats in the Mekong Delta region of southern Viet Nam. Zoonoses Public Health 65, 30-42,
doi:10.1111/zph.12362 (2018).
The Program for Monitoring Emerging Diseases (ProMED). ProMED mail,
<https://promedmail.org/> (1992).
Madoff, L. C. & Woodall, J. P. The internet and the global monitoring of emerging diseases:
lessons from the first 10 years of ProMED-mail. Arch. Med. Res. 36, 724-730,
doi:10.1016/j.arcmed.2005.06.005 (2005).
Morse, S. S., Rosenberg, B. H. & Woodall, J. ProMED global monitoring of emerging diseases:
Design for a demonstration program. Health Policy 38, 135-153, doi:10.1016/01688510(96)00863-9 (1996).
Arens, A., Scott, C. & Osburn, B. in Food Safety Risks from Wildlife: Challenges in Agriculture,
Conservation, and Public Health (eds Michele Jay-Russell & Michael P. Doyle) 241-248
(Springer International Publishing, 2016).
Global Health Security Agenda. Global Health Security Agenda, <https://www.ghsagenda.org/>
(2018).
United States Department of Health and Human Services. The Global Health Security Agenda.
http://www.globalhealth.gov/global-health-topics/global-health-security/ghsagenda.html 2014
(2014).
Nyatanyi, T. et al. Implementing One Health as an integrated approach to health in Rwanda.
BMJ Glob Health 2, e000121, doi:10.1136/bmjgh-2016-000121 (2017).
Ferdous, J. et al. Economic Analysis of Zoonotic Diseases in Bangladesh. (2018).
Bazeyo, W. et al. Operationalizing the One Health approach in Uganda: challenges and
opportunities. Journal of Epidemiology and Global Health, doi:10.2991/jegh.k.200825.001
(2020).
Kitua, A. Y. et al. Building a functional national One Health platform: the case of Tanzania. One
Health Outlook 1, 3, doi:10.1186/s42522-019-0003-0 (2019).
Agbo, S. et al. Establishing National Multisectoral Coordination and collaboration mechanisms
to prevent, detect, and respond to public health threats in Guinea, Liberia, and Sierra Leone
2016–2018. One Health Outlook 1, 4, doi:10.1186/s42522-019-0004-z (2019).
Matthias Kroll. TACKLING THE CLIMATE CRISIS AND THE CORONA PANDEMIC
RECESSION. World Future Council (2020).
The World Bank. Pandemic Emergency Financing Facility. (2016).
Global Environment Facility (GEF). About us, <https://www.thegef.org/about-us> (1992).
Hepburn, C., O’Callaghan, B., Stern, N., Stiglitz, J. & Zenghelis, D. Will COVID-19 fiscal
recovery packages accelerate or retard progress on climate change? Oxford Review of
Economic Policy 36 (2020).
McElwee, P. et al. Ensuring a Post-COVID Economic Agenda Tackles Global Biodiversity Loss.
One Earth 3, 448-461, doi:10.1016/j.oneear.2020.09.011 (2020).

91

657

658
659

660
661

662
663

664
665

666

667
668

669
670
671
672
673
674
675

676

677

678

679

Convention on Biological Diversity. REPORT ON THE THEMATIC WORKSHOP ON
RESOURCE MOBILIZATION FOR THE POST-2020 GLOBAL BIODIVERSITY FRAMEWORK.
BERLIN, 14-16 JANUARY 2019. CBD/POST2020/WS/2020/3/3. (2020).
Secretariat of the Convention of Biological Diversity. Decision COP XIII/6 Biodiversity and
human health. (Montreal, 2016).
Iglesias, I., Munoz, M. J., Martinez, M. & de la Torre, A. Environmental risk factors associated
with H5N1 HPAI in Ramsar Wetlands of Europe. Avian Dis. 54, 814-820, doi:DOI
10.1637/8970-062609-Reg.1 (2010).
Horwitz, P., Finlayson, C. M. & Wienstein, P. Healthy wetlands, healthy people. A review of
wetlands and human health interactions. (RAMSAR Technical Report No. 6, 2012).
Gottdenker, N. L., Streicker, D. G., Faust, C. L. & Carroll, C. R. Anthropogenic Land Use
Change and Infectious Diseases: A Review of the Evidence. Ecohealth 11, 619-632,
doi:10.1007/s10393-014-0941-z (2014).
Fereidouni, S. et al. Mass die-off of saiga antelopes, Kazakhstan, 2015. Emerg. Infect. Dis. 25,
1169-1176, doi:10.3201/eid2506.180990 (2019).
Borsky, S., Hennighausen, H., Leiter, A. & Williges, K. CITES and the zoonotic disease content
in international wildlife trade. Environ Resour Econ (Dordr) 76, 1001-1017, doi:10.1007/s10640020-00456-7 (2020).
Stephen, C. et al. Proposed attributes of national wildlife health programmes. Rev. Sci. Tech.
37, 925-936, doi:10.20506/37.3.2896 (2018).
Chan, J. F. W., To, K. K. W., Chen, H. L. & Yuen, K. Y. Cross-species transmission and
emergence of novel viruses from birds. Curr. Opin. Virol. 10, 63-69,
doi:10.1016/j.coviro.2015.01.006 (2015).
Mollentze, N. & Streicker, D. G. Viral zoonotic risk is homogenous among taxonomic orders of
mammalian and avian reservoir hosts. Proc. Natl. Acad. Sci. U. S. A. 117, 9423-9430,
doi:10.1073/pnas.1919176117 (2020).
Kreuder Johnson, C. et al. Spillover and pandemic properties of zoonotic viruses with high host
plasticity. Sci Rep 5, 14830, doi:10.1038/srep14830 (2015).
Van Cuong, N. et al. Rodents and risk in the Mekong delta of Vietnam: seroprevalence of
selected zoonotic viruses in rodents and humans. Vector-Borne and Zoonotic Diseases 15, 6572, doi:10.1089/vbz.2014.1603 (2015).
Monagin, C. et al. Serologic and behavioral risk survey of workers with wildlife contact in China.
PloS one 13, e0194647 (2018).
Huong, V. T. L. et al. Raw pig blood consumption and potential risk for Streptococcus suis
infection, Vietnam. Emerg. Infect. Dis. 20, 1895-1898, doi:10.3201/eid2011.140915 (2014).
Gaddy, H. G. Using local knowledge in emerging infectious disease research. Soc. Sci. Med.
258, 113107, doi:10.1016/j.socscimed.2020.113107 (2020).
Daszak, P. & Cunningham, A. A. Extinction by infection. Trends Ecol. Evol. 14, 279-279, doi:Doi
10.1016/S0169-5347(99)01665-1 (1999).
Stork, N. E. & Lyal, C. H. C. Extinction or “co-extinction” rates? . Nature 366, 307 (1993).
Carlson, C. J. et al. A global parasite conservation plan. Biological Conservation 250, 108596,
doi:https://doi.org/10.1016/j.biocon.2020.108596 (2020).
Longdon, B., Brockhurst, M. A., Russell, C. A., Welch, J. J. & Jiggins, F. M. The Evolution and
Genetics of Virus Host Shifts. PLoS Pathog. 10, e1004395, doi:10.1371/journal.ppat.1004395
(2014).
Longdon, B., Hadfield, J. D., Webster, C. L., Obbard, D. J. & Jiggins, F. M. Host phylogeny
determines viral persistence and replication in novel hosts. PLoS Pathog. 7, e1002260,
doi:10.1371/journal.ppat.1002260 (2011).
Guo, F. Y., Bonebrake, T. C. & Gibson, L. Land-Use Change Alters Host and Vector
Communities and May Elevate Disease Risk. Ecohealth 16, 647-658, doi:10.1007/s10393-0181336-3 (2019).
United Nations Development Programme. Sustainable Development Goal 17 targets,
<https://www.undp.org/content/undp/en/home/sustainable-development-goals/goal-17partnerships-for-the-goals/targets.html> (2020).
Hermans, F., Geerling-Eiff, F., Potters, J. & Klerkx, L. Public-private partnerships as systemic
agricultural innovation policy instruments - assessing their contribution to innovation system
function dynamics. Njas-Wageningen Journal of Life Sciences 88, 76-95,
doi:10.1016/j.njas.2018.10.001 (2019).

92

680

681
682
683

684

Marbaniang, E. & Kharumnuid, P. Public Private Partnership (PPP) in Agriculture: A step
towards sustainable agricultural development. Agriculture & Food: e-Newsletter 2, 387-391
(2020).
World Health Organization. Public-private partnerships (PPPs),
<https://www.who.int/intellectualproperty/topics/ppp/en/> (2020).
UNITAID. About us, <https://unitaid.org/about-us/#en> (2020).
Haider, N. et al. The Global Health Security index and Joint External Evaluation score for health
preparedness are not correlated with countries' COVID-19 detection response time and
mortality outcome. Epidemiol Infect 148, e210-e210, doi:10.1017/S0950268820002046 (2020).
International Union for Conservation of Nature. The IUCN Red List of Threatened Species.
Version 2020-1. (2020).

93

Annex I – Scientific Steering Committee
The Scientific Steering Committee of the workshop was composed of the following members
of the IPBES Multidisciplinary Expert Panel:
-

Luthando Dziba (Co-Chair of the Multidisciplinary Expert Panel, South African
National Parks, South Africa)
Isabel Sousa Pinto (University of Porto, Portugal and Interdisciplinary Centre of
Marine and Environmental Research (Ciimar)
Judith Fisher (Fisher Research Pty Ltd and Institute of Agriculture, University of
Western Australia, Australia)
Katalin Török (Centre for Ecological Research, Hungary)

Procedural oversight was provided by members of the IPBES Bureau Douglas Beard
(United States of America) and Hamid Custovic (Bosnia and Herzegovina).

94

Annex II – List of participants
EXPERTS
Name

Role

Nominating
Government /
Organization

Nationalities

Affiliation

Peter Daszak

Worksho
p Chair

United States
of America

United States of
America

EcoHealth Alliance

John Amuasi

Expert

Ghana

Ghana

Kwame Nkrumah University of
Science and Technology SPH
& Kumasi Centre for
Collaborative Research in
Tropical Medicine

Peter Buss

Expert

South Africa

South Africa

South African National Parks

Carlos Das
Neves

Expert

Norway

Portugal

Norwegian Veterinary Institute

Heliana
Dundarova

Expert

Bulgaria

Bulgaria
Czechia

Institute of Biodiversity and
Ecosystem Research, the
Bulgarian Academy of Sciences

Yasha Feferholtz

Expert

Chile

Chile

Resource Mobilization Panel of
the Convention on Biological
Diversity (CBD), EcoHealth
Alliance

Gabor Földvári

Expert

Hungary

Hungary

Institute of Evolution, Centre for
Ecological Research, Hungary

David Hayman

Expert

Massey
University

United Kingdom of
Great Britain and
Northern Ireland

Massey University, New
Zealand

Etinosa Igbinosa

Expert

University of
Benin, Nigeria

Nigeria

University of Benin, Benin City,
Nigeria

Sandra Junglen

Expert

Germany

Germany

Institute of Virology, Charité
Universitätsmedizin Berlin,
Germany

Thijs Kuiken

Expert

Netherlands

Netherlands

Department of Viroscience,
Erasmus University Medical
Centre, Rotterdam, The
Netherlands

Qiyong Liu

Expert

China

China

Chinese Center for Disease
Control and Prevention

Benjamin Roche

Expert

France

France

French National Research
Institute for Sustainable
development (IRD)

Gerardo Suzan

Expert

Mexico

Mexico

School of Veterinary Medicine
and Husbandry (FMVZ),
National Autonomous
University of Mexico (UNAM)

Marcela Uhart

Expert

University of
California One
Health
Institute

Argentina
United States of
America

University of California, Davis,
United States of America

95

EXPERTS
Name

Role

Nominating
Government /
Organization

Nationalities

Affiliation

Chadia Wannous

Expert

Future Earth

Sweden
Syrian Arab
Republic

Towards A Safer World
Network (TASW) and Future
Earth Health Knowledge Action
Network

Katie Woolaston

Expert

Queensland
University of
Technology

Australia

Queensland University of
Technology, Australia

Carlos Zambrana
Torrelio

Expert

Bolivia
(Plurinational
State of)

Bolivia
(Plurinational
State of)

Institute of Molecular Biology
and Biotechnology, Bolivia;
Bolivian Bat Conservation
Program, Bolivia; EcoHealth
Alliance

Paola Mosig Reidl

Liaison
expert

IPBES
Sustainable
use of wild
species
assessment

Mexico

CONABIO, Mexico

Karen O'Brien

Liaison
expert

IPBES
Transformativ
e change
assessment
scoping
process

Norway

University of Oslo, Norway

Unai Pascual

Liaison
expert

IPBES Values
assessment

Spain

Ikerbasque (Basque
Foundation for Science),
Basque Centre for Climate
Change, Bilbao, Spain

Peter Stoett

Liaison
expert

IPBES
Invasive Alien
Species
Assessment

Canada

University of Ontario Institute of
Technology, Canada

RESOURCE PERSONS
Name

Role

Affiliation

David Cooper

Resource
person

Convention on Biological Diversity Secretariat (CBD)

Resource
person

Convention on International Trade in Endangered
Species of Wild Fauna and Flora Secretariat (CITES)

Hans-Otto Poertner

Resource
person

Intergovernmental Panel on Climate Change (IPCC)

Cristina Romanelli

Resource
person

World Health Organisation Secretariat (WHO)

Nichole Barger

Resource
person

United Nations Convention to Combat Desertification
Secretariat (UNCCD)

Tom De Meulenaer
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BUREAU and MULTIDISCIPLINARY EXPERT PANEL (MEP)
Name

Role

Nationality

Affiliation

Douglas Beard

Bureau

United States
of America

U.S. Geological Survey, National
Climate Change and Wildlife
Science Center

Hamid Čustović

Bureau

Bosnia and
Herzegovina

University of Sarajevo, Faculty of
Agriculture and Food Science Institute of Soil Science, Bosnia and
Herzegovina

Luthando Dziba

MEP

South Africa

South African National Parks
(SANParks)

Judith Fisher

MEP

Australia

Fisher Research Pty Ltd/Institute of
Agriculture University of Western
Australia, Australia

Isabel Sousa Pinto

MEP

Portugal

University of Porto, Portugal and
Interdisciplinary Centre of Marine
and Environmental Research
(Ciimar)

Katalin Török

MEP

Hungary

Centre for Ecological Research,
Hungary
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