
SPECIALTY GRAND CHALLENGE ARTICLE
published: 12 February 2014

doi: 10.3389/fmars.2014.00001

Grand challenges in marine ecosystems ecology
Angel Borja*

AZTI-Tecnalia, Marine Research Division, Pasaia, Spain
*Correspondence: aborja@azti.es

Edited by:

Alberto Basset, University of Salento, Italy

Keywords: biodiversity, functionality, human pressures, global change, ecosystems health, ecosystem services, conservation and protection,

ecosystem-based management

INTRODUCTION
The study of marine ecosystems has
become a hot research topic in recent
times. In fact, the number of manuscripts
including the words “marine ecosys-
tems” published since 1970 has immensely
increased reaching between 1100 and 1500
articles per year in the past five years
(Figure 1). Based on the keywords used
in these manuscripts, the most frequent
topics can be grouped into: (i) marine
ecosystems (28.8% of the papers); (ii)
biodiversity (26.6%), used as keyword at
any level of organization, such as bacte-
ria, phytoplankton, zooplankton, benthos,
fishes, mammals, seabirds, etc.; (iii) func-
tionality (10.7%), including aspects such
as ecosystem function, biomass, food-
webs, primary and secondary production,
etc.; (iv) environmental research (9.7%),
including pollution, environmental mon-
itoring, human pressures, impacts, etc.;
(v) structural parameters (6.6%) such as
abundance, richness, diversity; (vi) climate
change (3.4%); (vii) ecology (3.4%); (viii)
systems management (3.2%); (ix) genetic

FIGURE 1 | Number of manuscripts published under the term: “marine ecosystem,”

appearing in the abstract, title or keywords, since 1970, within the Science Citation Index

journal (consulted in SCOPUS, on 17th November 2013).

and genomic issues (1.6%); (x) protection
(1%); (xi) ecosystem modeling (0.9%);
and (xii) others (4.5%).

Taking into account the large num-
ber of papers published in recent years,
several grand challenges can be identi-
fied for future research within the field of
marine ecosystem ecology and as outlined
below.

GRAND CHALLENGE 1:
UNDERSTANDING THE ROLE OF
BIODIVERSITY IN MAINTAINING
ECOSYSTEMS FUNCTIONALITY
Currently, the global species extinction
rate far exceeds that of speciation, this
difference being the primary driver for
change in global biodiversity (Hooper
et al., 2012). The rate of biodiversity loss is
one of the 10 planetary boundaries within
which humanity can operate safely that has
already been exceeded (Rockström et al.,
2009). The effects of this global decline in
biodiversity provide evidence of its impor-
tance in sustaining ecosystem functioning
and services and preventing ecosystems

from tipping into undesired states (Folke
et al., 2004).

Historically, researchers have
investigated ecosystems focusing on
individual or few components of bio-
diversity, i.e., microbes, phytoplankton,
zooplankton, macroalgae, macroinver-
tebrates, fishes, mammals, seabirds,
etc., trying to understand individual
species’ roles. However, it is now rec-
ognized that understanding the entire
ecosystem requires the study of all bio-
diversity components, from the genetic
structure of populations, to species, habi-
tats and ecosystem integrity, including
food-webs and complex bio-physical
interrelationships within the system.

Thompson et al. (2012) emphasize that
food-web ecology will act as an underly-
ing conceptual and analytical framework
for studying biodiversity and ecosystem
function, if the following challenges are
addressed: (i) relating food-web struc-
ture to ecosystem function; (ii) combin-
ing food-web and ecosystem modeling;
(iii) transitioning from individual traits
to ecosystem function; (iv) incorporating
space and time in studies; and (v) under-
standing the effects of biodiversity loss on
ecosystem function.

The study of the ecological function of
biodiversity is very recent; yet, it has been
recognized to have fundamental implica-
tions for predicting the consequences of
biodiversity loss (Benedetti-Cecchi, 2005).
Species in an ecosystem can be function-
ally equivalent, meaning that they play
the same role. As such, these function-
ally equivalent species can be grouped
together as functional types (i.e., guilds,
trophic groups, structural groups, ecolog-
ical groups, traits). Other key attributes of
biodiversity organization, such as the den-
sity mass–relationship between abundance
and body size, have become a major
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research area. These attributes relate to
food webs, determined by the trophic
position, predator–prey relationships, and
energy balance. Theoretically, a higher
number of functional group types will
provide higher functional biodiversity
organization to the system, and thus, con-
tribute to more stable and resilient ecosys-
tems (Tomimatsu et al., 2013).

Despite the importance of this ques-
tion, the relationship between diversity
and stability is still being resolved. As with
many biodiversity-related topics, there are
different ways of expressing stability. One
way is to define it as the ability of a system
to return to its original state after being
disturbed (i.e., resilience), so how quickly
it can return and how large a disturbance
it can return from are key variables (Elliott
et al., 2007). Another definition is how
resistant to change the system is in the first
place. No matter which definition is used,
there are definite trends that appear.

Finally, a major issue in maintaining the
functionality of ecosystems comes from
invasive species, which can dramatically
disturb stable systems thereby impacting
ecosystem services (Sorte et al., 2010; Vilà
et al., 2010). Methods to detect and con-
trol this biological pollution are therefore
needed (Olenin et al., 2011).

GRAND CHALLENGE 2:
UNDERSTANDING RELATIONSHIPS
BETWEEN HUMAN PRESSURES AND
ECOSYSTEMS
Global biodiversity is threatened by
human activities which are increasingly
impacting marine ecosystems (Halpern
et al., 2008). These impacts are usually
cumulative and can lead to degrading
habitats and ecosystem functionality (Ban
et al., 2010). In some seas, such as the
Mediterranean and Black Sea, less than
1% of the surface is considered unaffected
by human disturbance with most of the
surface affected by cumulative impacts
(Micheli et al., 2013). There is evidence
that the likelihood of regime shifts may
increase as a result of reduced ecosystem
resilience through a decrease in diversity,
functional groups of species or trophic
levels, thereby impacting ecosystems (with
waste, pollutants and climate change) and
altering the magnitude, frequency, and
duration of disturbance regimes (Folke
et al., 2004).

Current socio-ecological theories con-
sider humans as part of the marine ecosys-
tem (Livingston et al., 2011). Hence,
understanding the relationships between
human activities and their various impacts
on marine ecosystems represents another
grand challenge to be discussed within
the specialty section of Marine Ecosystem
Ecology.

GRAND CHALLENGE 3:
UNDERSTANDING THE IMPACT OF
GLOBAL CHANGE ON MARINE
ECOSYSTEMS
Sea waters are getting warmer, sea-level
rise is accelerating and the oceans are
becoming increasingly acidic (Stocker
et al., 2013). From a database of 1735
marine biological responses to global
change, Poloczanska et al. (2013) deter-
mined that 81–83% of all observations
for distribution, phenology, community
composition, abundance, demography
and calcification across taxa and ocean
basins were consistent with the expected
impacts of climate change on marine life
(Richardson et al., 2012).

As there is an insufficient understand-
ing of the capacity for marine organisms
to adapt to rapid climate change, Munday
et al. (2013) emphasize that an evolution-
ary perspective is crucial to understanding
climate change impacts on our seas and to
examine the approaches that may be useful
for addressing this challenge.

We need also a deeper understanding
of the climate change impact on body
size and the cascading implications on
ecosystem functioning, considering the
recent attempt of applying metabolic the-
ory on modeling the biosphere. Hence,
organisms often have smaller body sizes
under warmer climates, and body size
is a major determinant of functional-
ity of the ecosystems, as commented
above. Therefore, by altering body sizes
in whole communities, current warm-
ing can potentially disrupt ecosystem
function and services (Edeline et al.,
2013).

In addition, our understanding of
the linkages between climate change and
anthropogenic disturbances needs to be
improved. Borja et al. (2013b), investi-
gating the combined effects of human
pressures (i.e., exploitation and waste dis-
charges) and environmental variables (i.e.,

light, waves, temperature) in macroalgae
over a long-term series, demonstrated
that in impacted areas macroalgae are
more vulnerable to environmental changes
and that their resilience is reduced. In
turn, there is clear evidence that marine
reserves enhance resilience of ecosys-
tems to climatic impacts (Micheli et al.,
2012).

As determined by Philippart et al.
(2011), a better understanding of poten-
tial climate change impacts can be
obtained by: (i) modeling scenarios at
both regional and local levels; (ii) develop-
ing improved methods to quantify the
uncertainty of climate change projec-
tions; (iii) constructing usable climate
change indicators; and (iv) improving
the interface between science and policy
formulation in terms of risk assessment.
These factors are essential to formulate
and inform better adaptive strategies
to address the consequences of climate
change.

GRAND CHALLENGE 4: ASSESSING
MARINE ECOSYSTEMS HEALTH IN AN
INTEGRATIVE WAY
Assessing the status of the oceans requires
tools that allow us to define marine
health across different marine habitats.
Such tools have been developed in recent
years, including ecological indicators to
be applied to different ecosystem compo-
nents (Birk et al., 2012; Halpern et al.,
2012). One of the current challenges is
to clearly understand what good status
or good health is/means in marine sys-
tems and how we know when it has
been attained (Borja et al., 2013a; Tett
et al., 2013). This way, integrating knowl-
edge across different ecosystem compo-
nents and linking physical, chemical and
biological aspects when assessing the sta-
tus of marine systems is crucial for
accurate evaluations (Borja et al., 2009,
2011).

However, one of the most critical
issues when assessing the health sta-
tus of marine ecosystems relates to the
setting of adequate reference conditions
and/or environmental targets to which
monitoring data should be compared
(Borja et al., 2012). These targets should
be set taking the ecological character-
istics of the studied ecosystems into
account.
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GRAND CHALLENGE 5: DELIVERING
ECOSYSTEM SERVICES BY
CONSERVING AND PROTECTING OUR
SEAS
Marine ecosystems provide numerous
goods and services (Barbier et al., 2012),
such as biogeochemical services (e.g.,
carbon sequestration), nutrient cycling,
coastal protection (e.g., provided by coral
reefs or phanerogams), food provision
(e.g., fisheries), and grounds for tourism,
etc. (Costanza et al., 1997). Despite the
important role of such goods and ser-
vices and albeit quickly attracting more
attention, their study and their associ-
ated monetary value (often demanded to
support conservation efforts) is still lim-
ited, particularly for the high seas and
deep water habitats (Beaumont et al., 2007;
Barbier et al., 2011; Braat and de Groot,
2012; Van den Belt and Costanza, 2012;
Liquete et al., 2013; Thurber et al., 2013).
Furthermore, recent debates have raised
the question whether all ecosystem ser-
vices can or should be quantified in mon-
etary terms, when the public finds such
values difficult to relate to.

It has been suggested that ecosystem
services of high value critically depend on
biodiversity (EASAC, 2009). As biodiver-
sity loss is accelerating, maintaining bio-
diversity and healthy ecosystem services
should be a priority when investigating,
conserving and managing marine systems.

In marine management, Marine
Protected Areas (MPAs) are an important
tool for conserving and protecting biodi-
versity, by enhancing ecosystem resilience
and adaptive capacity (Roberts et al.,
2003; García-Charton et al., 2008). They
allow for the mitigation of anthropogenic
factors, such as overfishing or habitat
destruction within their boundaries, by
means of management or prohibition
(Roberts et al., 2001; Mumby et al., 2006).
Not only MPAs, but also the protec-
tion of near-natural ecosystems are very
good strategies for managing climate
change-related stressors and preserving
biodiversity (Heller and Zavaleta, 2009).

Additional important issues in marine
protection include the reduction of habi-
tat fragmentation (Didham, 2010; Didham
et al., 2012), determining the vulnera-
bility of threatened species and habitats
(Le Quesne and Jennings, 2012), and the
study of connectivity between habitats

and species distribution, which is a crit-
ical factor in maintaining habitat quality
(Berglund et al., 2012).

GRAND CHALLENGE 6: RECOVERING
ECOSYSTEM STRUCTURE AND
FUNCTIONING THROUGH
RESTORATION
Most estuarine, coastal and offshore waters
worldwide have experienced significant
degradation throughout the past three
centuries (Lotze, 2010) and investments in
marine protection have not been totally
effective. Hence, ecological restoration is
becoming an increasingly important tool
to manage, conserve, and repair damaged
ecosystems, as stated by Hobbs (2007).

Measuring effectiveness of restoration
at habitat, community, or ecosystem level
is not easy, and requires a focus on restora-
tion of processes and functionality, rather
than studying the recovery of particular
species (Verdonschot et al., 2013). Thus,
according to Borja et al. (2013c), restora-
tion efforts should rely on what is known
from theoretical and empirical ecological
research on how communities and ecosys-
tems recover in structure and function
through time. Hence, studies on disper-
sal, colonization dynamics, patch dynam-
ics, successional stages, metapopulations
theory, etc., are needed for a deeper knowl-
edge of recovery processes (Borja et al.,
2010). This research will provide evidences
to enhance restoration success of complex
systems (Verdonschot et al., 2013).

GRAND CHALLENGE 7: MANAGING
THE SEAS USING THE ECOSYSTEM
APPROACH AND SPATIAL PLANNING
The management of marine systems,
including the assessment of their overall
health status, is increasingly carried out
by applying ecosystem-based approaches
(Borja et al., 2008). After all, the protec-
tion and conservation of marine ecosys-
tems, together with the sustainable use of
the services they provide, are of funda-
mental importance to the maintenance of
global marine health (Tett et al., 2013).
The goal of ecosystem-based management
is to maintain an ecosystem in healthy,
productive, and resilient conditions so
that it can provide the services needed
for the well-being of society (Yáñez-
Arancibia et al., 2013). The guiding princi-
ples for ecosystem-based management are

founded on the idea that ocean and coastal
resources should be managed to reflect the
relationships among all ecosystem compo-
nents, including humans, as well as the
resulting socioeconomic impacts (Yáñez-
Arancibia et al., 2013).

In addition to the need for better
management tools, the increasing anthro-
pogenic impacts on marine waters (e.g.,
fisheries, aquaculture, shipping, renewable
energies, recreation, mining, etc.) has pro-
moted the discussion on how to man-
age and to conserve marine resources
sustainably (Collie et al., 2013). Marine
Spatial Planning, as defined by Ehler
and Douvere (2009), is a management
tool that attempts to balance conserva-
tion efforts with increasing demands on
marine resources, which, together with
the ecosystem-based approach, relies on
a multidisciplinary approach integrat-
ing sociological, economic and ecologi-
cal components (Qiu and Jones, 2013;
Stelzenmüller et al., 2013).

GRAND CHALLENGE 8: MODELING
ECOSYSTEMS FOR BETTER
MANAGEMENT
The specificities of oceans when compared
with terrestrial systems (see Norse and
Crowder, 2005), and the increasingly com-
plex approaches to investigate ecosystems
at an integrative level requires the use
of computer models (e.g., hydrodynamic,
habitat suitability models, ecosystem mod-
els, etc.) for a better understanding of
the processes, functioning and interrela-
tionships among ecosystem components
(Fulton et al., 2004). As a result, the
use of species, ecological niche, habi-
tat and ecosystem models has dramati-
cally increased in recent years (Elith and
Graham, 2009; Ready et al., 2010).

To guide conservation actions more
effectively, the use of species distribution
models has been recommended (Guisan
et al., 2013), for example for studies on
biological invasions, the identification of
critical habitats, etc.

CONCLUSION
To adequately address the abovemen-
tioned grand challenges in Marine
Ecosystem Ecology, effective long-term
monitoring of populations and commu-
nities is required to understand marine
ecosystem functioning and its responses
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to environmental and anthropogenic
pressures (Stein and Cadien, 2009).
However, monitoring programs often
neglect important sources of error (e.g.,
the inability of investigators to detect all
individuals or all species in a surveyed
area) and thus can lead to biased estimates,
spurious conclusions and false manage-
ment actions (Katsanevakis et al., 2012).
One of the newest ways to get reliable,
verifiable, efficient and cost-effective mon-
itoring of biodiversity is metabarcoding
(Bourlat et al., 2013; Ji et al., 2013).

In addition to the acquisition of infor-
mation on a regular basis, complete maps
of habitats, ecosystem services, etc., are
needed for a better understanding of
spatial ecology and marine management
(Brown et al., 2011). All this information
requires data integration of the different
ecosystem components in order to under-
stand large-scale patterns and long-term
changes (Stocks et al., 2009; Vandepitte
et al., 2010).

Finally, the movement toward open
access to scientific data and publications
provides greater access to datasets and
current research, which has the potential
to result in better spatial and tempo-
ral analyses, by using existing infor-
mation in a much more effective way
through Information and Communication
Technologies (i.e., e-Science). Make data
open, accessible online in a standard
format available for aggregation, integra-
tion, analysis and modeling, is a cru-
cial step to boost the development of
marine ecosystem ecology, to address the
above highlighted challenges, and to move
toward the frontiers of marine science (see
Baird et al., 2011). Therefore, Frontiers
in Marine Ecosystem Ecology promotes
open access to data and information to
enhance collaborations, whilst discussing
hot marine topics and addressing the
grand challenges described here.
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