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Overexploitation and climate change are increasingly
causing unanticipated changes in marine ecosystems,
such as higher variability in fish recruitment and shifts in
species dominance. An ecosystem-based approach to
fisheries attempts to address these effects by integrating
populations, food webs and fish habitats at different
scales. Ecosystem models represent indispensable tools
to achieve this objective. However, a balanced research
strategy is needed to avoid overly complex models.
Ecosystem oceanography represents such a balanced
strategy that relates ecosystem components and their
interactions to climate change and exploitation. It aims
at developing realistic and robust models at different
levels of organisation and addressing specific questions
in a global change context while systematically explor-
ing the ever-increasing amount of biological and
environmental data.

Glossary

Bottom-up control: the food web components are regulated by either primary
producers or the input of limited nutrients through changes in the physical
environment (i.e. controlled by the environment).

Ecosystem oceanography: a discipline that relates marine living populations
and their interactions to environmental fluctuations in order to predict
ecosystem responses to global change (e.g. climate change and exploitation).
This discipline represents a balanced strategy for developing population, food
web and end-to-end ecosystem models. Its name refers to fisheries oceano-
graphy, a field of research that was introduced by Hjort’s seminal work.
Ecosystem-based fisheries management (EBFM): the overall objective of this
new perspective for marine exploitation is to sustain healthy marine
ecosystems and the fisheries they support. In EBFM, the overall ecosystem
complexity is perceived as critical for sustainable use.

Eddy: circular movement of water formed on the side of a main current. The
timescale of these mesoscale events is typically on the order of 10-30 days,
whereas the spatial scale is between 10 and 100 km.
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Egestion: the process by which undigested food is eliminated by an organism
in the form of faeces.

End-to-end model: model of marine ecosystems with representation of the
dynamic effects of both the physical environment and human activities on
living organisms, ranging from the lowest trophic levels (phytoplankton and
zooplankton) to the highest trophic levels (fish, birds and mammals).

ENSO: the El Nino Southern Oscillation is a global event arising from an
oscillation in the surface pressure (atmospheric mass) between the south-
eastern tropical Pacific and the Australian-Indonesian regions. When the
waters of the eastern Pacific are abnormally warm (an El Nifo event), sea-level
pressure drops in the eastern Pacific and rises in the west. The reduction in the
pressure gradient is accompanied by a weakening of the low-latitude easterly
trade winds.

Fish recruitment: the number of young-of-the-year fish entering a population
in a given year and thereby becoming available to the fisheries.

Fisheries oceanography: a discipline that relates marine fish population
dynamics to environmental fluctuations to understand variation in fish
recruitment in order to predict failure or success in fisheries catches.

Front: oceanic regions where horizontal gradients of temperature and/or
salinity are conspicuous. Fronts emerge from various physical processes, such
as tides, upwelling and currents, and range from small to large spatial and
temporal scales.

Member-vagrant hypothesis: a hypothesis that emphasises that membership
in a marine fish population requires being in the appropriate place during the
various parts of the life cycle. It implies that animals can be lost from their
population, and thus become vagrants.

Mesoscale event: an event that operates at spatial scales between 10 and
100 km and at temporal scales of several days to a few months.

NAO: the North Atlantic Oscillation is the major source of interannual
variability in the North Atlantic atmospheric circulation that arises from the
oscillation of the subtropical high surface pressures, centred on the Azores,
and from the subpolar low surface pressures, centred on Iceland. It controls the
strength and direction of westerly winds and storm tracks across the North
Atlantic and affects both temperature and precipitation over this area.
Regime shift: a sudden shift in structure and functioning of a marine
ecosystem, affecting several living components and resulting in an alternate
state.

Top-down control: regulation of ecosystem components at low trophic levels
by species at higher trophic levels (i.e. control by predation).

Trophic cascade: reciprocal predator—prey interaction that produces inverse
changes in abundance down the food chain. For example, increasing
abundance of predators (e.g. cod) in a food chain lowers the abundance of
their prey (e.g. herring), thereby releasing the next lower trophic level from
predation (e.g. zooplankton).

Upwelling system: large-scale wind-driven areas where dense, cool and
nutrient-rich waters are brought toward the ocean surface, replacing the
warmer, usually nutrient-depleted surface waters. These systems constitute
the most productive marine areas of the world.
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A balanced research strategy for the exploitation of
marine resources

Fisheries management is facing unprecedented chal-
lenges. Concern regarding global change (i.e. overexploita-
tion and climate change) and its effects on marine
ecosystems ranging from coral reefs to coastal ecosystems
is growing worldwide [1,2]. Ecological surprises are
observed at all levels of organisation. Exploited fish species
exhibit higher temporal variability in abundance than
unexploited species [3]. Shifts in the diets of predators
appear to be exacerbated by the lack of food due to prey
overfishing [4,5]. Depletion of top predators can drastically
change the functioning of marine ecosystems [6,7].

Consequently, a strong societal demand for managing
marine resources from an ecosystem perspective is crys-
tallising around the internationally advocated ecosys-
tem-based fisheries management (EBFM; see Glossary)
[8,9]. However, the challenge of integrating both abiotic
changes and biological responses in the ocean appears to
be substantially more complex than previously expected
[10].

At the same time, methodological advances in marine
ecology make it possible for the first time to study problems
at the ecosystem level. Advances in modelling, such as 3D
hydrodynamic high-resolution models coupled with biogeo-
chemical and fish models, together with a vast amount of
data collected from, for example, remote sensing and tag-
ging experiments, allow us to integrate our disparate
ecological knowledge into ecosystem models ([11] http:/
www.eur-oceans.org). However, ecosystem models easily
become too complex and unfocussed to be useful. Experi-
ence shows that complex models trying to represent an
ecosystem as realistically as possible, rather than repre-
senting the system with regard to a certain purpose, can be
of limited use [12]. By contrast, if models focus too much on
a certain level of organisation, they might fail to capture
the internal structure of the ecosystems.

What we need is a research strategy that puts different
types of models, ranging from statistical to dynamical and
from simple to complex, in a global change context. We
propose a balanced strategy that we name ‘ecosystem
oceanography’ in reference to Hjort’s seminal work on
fisheries oceanography [13]. Ecosystem oceanography
broadens the existing field of fisheries oceanography and
relates ecosystem components and their interactions to
climate change and exploitation [14,15]. It aims at devel-
oping robust approaches for predicting both short- and
long-term changes.

Here we consider three levels of organisation (popu-
lation, food web and ecosystem) and we discuss several
ecological processes that are important for studying their
dynamics. We start with reviewing the ever-challenging
issue of fish recruitment to show that coupling the effects of
the environment to fish population dynamics remains an
important challenge. We then emphasise the usefulness of
combined analyses of environmental and ecological time
series in disentangling bottom-up and top-down controls in
marine food webs. Finally, we show how recently developed
ecosystem models can be coupled with physical oceano-
graphic models to predict long-term ecosystem response to
global change.
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Populations: from small to large scales

Analysing the strongly fluctuating number of young
herring and codfish in the northern Atlantic, Johan Hjort
stated in 1914 that “the renewal of the (fish) stock. . .must
depend upon highly variable natural conditions” [13]. A
new scientific discipline named ‘fisheries oceanography’
was born. This approach established the fish population
as the focal entity and identified starvation of fish larvae as
a central process to be studied. Marine ecosystems were
thought to be controlled by planktonic food abundance.
Hjort proposed that variations in recruitment mainly
stemmed from two factors: changes in the availability of
planktonic food for fish larvae, and the influence of wind
and current on the potential drift of fish eggs and larvae
away from the area of plankton distribution.

Hjort’s first hypothesis was further developed by Cush-
ing [16] into the ‘match—mismatch’ hypothesis (Box 1),
under which larval survival is dependent on the exact
timing of plankton availability when the resources of the
fish larvae in the yolk sack are depleted. The match—
mismatch hypothesis has been heavily debated, but some
recent examples confirm the importance of food availabil-
ity and timing on larval survival [17]. In addition to
Cushing’s concept, Lasker [18] and Cury and Roy [19]
suggested that food concentration (not only food availabil-
ity at a certain time) can be another major controlling
factor for fish recruitment. Thus, both the timing and
the abundance of planktonic food are important for fish
recruitment [20-22].

Sinclair [23] developed the second mechanism proposed
by Hjort as the ‘member—vagrant’ hypothesis, which
emphasises the importance of the retention of fish within
suitable areas during their early life history. Whereas
Cushing’s hypothesis is predominantly temporal and
trophic, that of Sinclair is primarily spatial and physical,
that is, concerned with ocean hydrodynamics.

The fact that temporal and spatial processes simul-
taneously control recruitment of marine populations
requires a balanced view on spatial and temporal aspects.
Focussing on temporal processes alone will in many cases
be misleading. As an example, the herring population in
the North Sea is composed of multiple subpopulations
which come together during the feeding season but separ-
ate during the spawning season. The survival of early
herring life stages has thus to be explored at the level of
subpopulations [24], and therefore the spatial component
of the population has to be taken into account. By contrast,
ignoring seasonal variability in plankton production, con-
centration or retention will also be misleading because of
the match—-mismatch mechanism mentioned above [25].

Bakun [25] proposed a unifying framework that inte-
grates the match-mismatch and member—vagrant hypoth-
eses, termed the ‘fundamental triad’ of production,
concentration and retention. A direct implication of
Bakun’s synthesis for ecosystem oceanography is the
importance of resolving both spatial and temporal patterns
at the mesoscale, and to do so at the population level as
advocated by Hjort [13] (Figure 1a). Mesoscales are import-
ant because accumulating evidence shows that the ocean is
much richer in mesoscale structures, such as eddies and
fronts, than anticipated. In the following, we therefore
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Box 1. Potential effects of global change on fish recruitment

Trends in Ecology and Evolution Vol.23 No.6

The match-mismatch hypothesis [16] postulates that the seasonal
timing of fish spawning is essentially fixed (grey curve in Figure I),
whereas that of primary production varies from year to year (white
curves in Figure 1) depending upon fluctuating meteorological
conditions (Figure |, Before). The hypothesis can be interpreted as
the result of evolution optimising the fitness of the larval fish that is
dependent on the primary production (i.e. algae bloom) as a food
source. As production usually starts at another time and location than
when and where larval predation occurs, adult fish must use
environmental cues to synchronise their spawning (and with that
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the hatching of their eggs) with the peak of algae bloom. From this
perspective, the effect of climate change will be to weaken the
synchrony between food availability and the need for food [63],
invariably leading to lower survival of the larvae. Three main effects
of climate change can be envisioned: a change in the mean relative
timing of prey (as seen for the Baltic Tellin Macoma baltica [64])
(Figure la), a change in the level of prey abundance [21] (Figure Ib) or
a change in the amplitude of year-to-year variations in prey timing in
regions where interannual variability in temperature is expected to
increase [65] (Figure Ic).
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Figure I. The match-mismatch hypothesis and three possible effects of climate change. t, is the time lag between the predator and prey populations, that is, the degree
of time mismatch; t; is the interannual variability in the timing of the prey population.

review the advances that have been made in studying fish
recruitment at this intermediate spatial scale.

Mesoscale approaches for studying fish recruitment
The processes determining the distribution and abundance
of marine populations are often matched by corresponding
oceanic features which develop at the mesoscale, such as
fronts related to upwelling, river plumes, eddies or strong
flow at the interface between two water masses.

There are two main approaches for addressing mesos-
cale aspects of fish recruitment (Figure 1b). The first is
based on new types of data and involves detecting and
characterising mesoscale features of biotic and abiotic
elements (e.g. shoals and eddies) rather than large-scale
features (climate indices such as the North Atlantic Oscil-
lation; NAO) and studying their potential impact on fish
recruitment [26,27]. Mesoscale features are currently
accessible from remote sensing (e.g. satellite) observations,
field data and hydrodynamic simulations, and new tools
required to identify, characterise and track them are con-
stantly being developed, such as spectral and wavelet
analyses [28-30].

The second approach is to resolve mesoscale inter-
actions through explicit biophysical models that operate
at the mesoscale, such as by coupling high-resolution
hydrodynamic models describing ocean currents with
simple models of fish eggs and larvae. Such models have
already been developed with success in several cases such
as haddock in the North Sea [31] and anchovy in the Bay of
Biscay [32] and the Benguela current region [33] to define
spawning habitats and recruitment dynamics. The chal-
lenges in using such models arise from model validation
(i.e. assessing whether the models are adequately reprodu-
cing observed mesoscale features) and from the level of
biological knowledge required to simulate realistic bio-
physical interactions at the proper scale.
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If we are to converge to a consensual approach at the
population level, however, we have to be aware that the
current theory still neglects processes occurring at a lower
level (cohort and individual) and at a higher level (ecosys-
tem). Recruitment success is also known to be affected by
density-dependent processes (in contrast to Hjort’s mech-
anisms, which are density independent), such as compe-
tition, cannibalism, predation [34] and parental effects
[35].

Relating mesoscale events to other scales and

climate change

Exploring recruitment at the mesoscale is imperative for
achieving the objectives of ecosystem oceanography, but
this does not imply that larger and smaller scales can be
ignored. Effects of processes operating at the ocean or basin
scale, described by indices such as the NAO Index or the
Pacific Decadal Oscillation Index, on recruitment have
been discussed and synchronies between various fish popu-
lations have been depicted, for instance between Califor-
nian and Japanese sardines [36]. The details of the
connections between large-scale atmospheric and oceanic
processes and mesoscale activity in the ocean still need to
be resolved, but several patterns are already emerging.
One example is the connection between the intensity of the
Californian current regime and the development of mesos-
cale eddies which can constitute suitable retention areas
for sardine eggs in the Pacific region; that is, the greater
the intensity of the Californian current, the larger the
number of mesoscale eddies [36].

Thus, studying the link between recruitment and
environment within the unified framework of ecosystem
oceanography requires quantifying and linking processes
that occur at different spatial and temporal scales. This
implies three challenges. The first one is to use the mesos-
cale physical activity as the proper scale to relate fish
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Figure 1. Schematic representation of past and present concepts together with
future investigations on recruitment controls in fish populations. (a) Population
scale: following the two main mechanisms proposed by Hjort [13], fluctuations in
fish populations have been mostly explained by (i) a trophic and temporal
hypothesis, known as the match-mismatch hypothesis, developed by Cushing
[61], completed by Lasker [18] and Cury and Roy [19], among others and (ii) a
transport and spatial hypothesis, known as the member-vagrant hypothesis,
developed by Sinclair [23]. The fundamental triad of Bakun [25] has reconciled
these two approaches in a unifying framework (iii). (b) Focussing on mesoscale:
future investigations should track and model mesoscale ocean processes that
affect fish recruitment, using both in situ information (e.g. satellite images) as well
as outputs from 3D hydrodynamic models. (¢) Linking scales: focussing on
mesoscale processes should further help in building bridges to larger (e.g. basin
scale indicators such as NAO, ENSO and global change indicators) and smaller
environmental scales (e.g. turbulence).

recruitment to ocean productivity, and to relate fish
recruitment to large-scale environmental indices such as
the NAO (Figure 1c). The second challenge is to revisit
the fish recruitment issue in the context of global
climate change by proposing testable hypotheses, such
as the match—mismatch hypothesis (Box 1). The third
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challenge is to link recruitment of a given fish species to
an integrated view of food web dynamics.

Food webs: integrating views on bottom-up and
top-down controls

The general consensus is that controls by the environment
(bottom-up, i.e. plankton production) and by predation
(top-down) act on populations and communities simul-
taneously, and sometimes in synergy as stated by Frank
et al. [37]. Nevertheless, studies of food web dynamics are
classically conducted by considering them independently.
For example, the trajectories of major resources in the
North Sea were recently explained by emphasising the
role of environmental forcing (bottom-up [38]), whereas
another study focussed on anthropogenic forcing (top-down
[39]). However, to explore the susceptibility of marine
ecosystems to climate change on the one hand and exploi-
tation on the other, we need to understand their relative
impact on food web structure and dynamics [37].

Two recent studies reveal that control in marine food
webs is dynamic and can switch between bottom-up and
top-down, or be a combination of both. For example, major
regime shifts, such as drastic changes of ecosystem func-
tioning and structure, in the Black Sea and the eastern
Scotian Shelf in the northwest Atlantic were triggered by
both intense fishing (top-down control), resulting in sys-
tem-wide trophic cascades involving four trophic levels (i.e.
piscivore fish, planktivorous fish, zooplankton and phyto-
plankton), and changes in nutrient production (bottom-up
control) [40,41]. In the Black Sea, the relative abundances
of consumer versus resource species determined the occur-
rence of regime shifts that were amplified by eutrophica-
tion [42]. In heavily exploited regions of the northwest
Atlantic, both primary productivity and fish species diver-
sity at high trophic levels determine whether a trophic
cascade ultimately takes place [43]. These examples show
that the driving forces shaping ecosystems cannot exclu-
sively be explained by only one of the two control para-
digms.

The quantitative analysis of long-term time series can
help prevent oversimplified views of how food webs might
react to future changes. For instance, the Lofoten-Barents
Sea, a relatively simple ecosystem compared to others [44],
includes several direct and indirect controls between
species and environmental factors that can be disen-
tangled using time-series analysis (Box 2).

Ecosystems: developing integrated and focussed
models

Analyses of marine system time series sometimes indicate
drastic changes in species composition, such as demo-
graphic explosions of previously low-abundant populations
(e.g. jellyfish [45]) or, on the contrary, the nonrecovery of
collapsed populations after a ban of fishing (e.g. Canadian
northern cod [46]). These regime shifts have usually been
ascribed to large and irregular changes in oceanic con-
ditions that spread through the food web [47]. Recent
findings, however, suggest that overexploitation can also
promote such long-term changes in marine ecosystems [7].
How can we predict such changes and understand the role
of climate change and exploitation in producing them?
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Box 2. From quantitative analysis of long-term time series to food web representation

The Lofoten-Barents Sea pelagic ecosystem can be simplified taking
into account only the main components of the food web. There are
three main prey species in the system (Figure la presents the
geographical relationships between them): the Norwegian spring
spawning herring Clupea harengus spawning in the southern
Norwegian coast and spending its first 2-3 years of life in the Barents
Sea (in red); the northeast Arctic cod Gadus morhua spawning along
the northern Norwegian coast (in green); and the capelin Mallotus
villosus, a semelparous fish spawning north of the Norwegian coast
in May which follows the zooplankton that is thriving at the ice edge
(in blue). Using time series (Figure Ib) of the species abundance
(numbers in logarithm) and environmental variables (North Atlantic
Oscillation index [NAO]; sea temperature [°C]) and time-series
analysis techniques, it is possible to unravel controls and construct
a food web diagram for the Barents Sea pelagic ecosystem (Figure Ic).
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For instance, the following models describe how the capelin
population is controlled by herring and cod, and how the cod is
controlled by the capelin, cannibalism on young codfish by older
individuals and climate variations:
e Cod + Sea temperature + (Cod/Capelin ratio) — Cod recruitment
(R%=0.72 [66])
e Cod + Capelin + NAO — Cod population growth (R2=0.82 [67])
e Capelin + Herring + NAO + Sea temperature — Capelin popula-
tion growth (R? = 0.88 [68])
e Capelin + Cod — Capelin population growth (R?=0.70 [68])
e Herring + Sea temperature — Herring recruitment (R%?=0.65
[66])
The strengths of the trophic relationships between the main
components of the food web, including cod cannibalism, are
indicated using different arrow thicknesses.
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Figure I. The Lofoten-Barents Sea ecosystem description (population distribution, time series and food web).

Recent fish-centered models have improved our under-
standing of long-term changes occurring in ecosystems by
including explicit trophic interactions and addressing
trophic controls (e.g. the widely used Ecopath-Ecosim
model [48], the Atlantis model [49] and the Osmose model
[50]). To anticipate the many ecological surprises that arise
in marine ecosystems, however, models have to progress-
ively integrate food web dynamics with dynamic environ-
mental forcing of marine ecosystems.

To support an ecosystem approach to fisheries man-
agement, marine ecosystem modelling needs to move
toward so-called end-to-end modelling. Models focussing
on only one trophic level [51] or interaction are useful but
might fail to capture regime shifts at the ecosystem level.
End-to-end models are also based on simplifying assump-
tions, but are developed to represent the entire food web
and the associated abiotic environment. This requires

342

intergrating physical and biological processes at different
scales, implementing feedback between ecosystem com-
ponents and taking into account the dynamic forcing effect
of climate and human impacts at multiple trophic levels
[11].

In practice, end-to-end models are best achieved by
coupling three classes of existing models: physical
models of the abiotic environment, biogeochemical
models describing nutrient and plankton dynamics,
and models describing higher trophic levels (i.e. fishes,
marine birds, mammals and fishery). The advantages of
coupling existing models are that it can be time and cost
effective and that each submodel of the food web (life
stages, populations or functional groups) represents key
processes at adequate spatio-temporal scales. However,
coupling models also requires resolving the conceptual
and technical difficulties arising from differences in the



formulation, in the structure and in the spatio-temporal
resolution of the models.

Coupling trophic models

Coupling models across trophic levels requires integration
across previously separate scientific disciplines that have
different objectives and tools. Biogeochemical modellers
traditionally focus on the dynamic forcing of the oceans and
its impact on primary production and nutrient fluxes, and
fisheries modellers focus on the impact of fishing on
exploited fish stocks, starting from a purely single-species
approach that subsequently is extended to communities.
To couple biogeochemical and fisheries models into an end-
to-end model, one has to focus on the main processes that
link the different components of the ecosystem. The key
process linking low trophic level models (LTL) to high
trophic level models (HTL) is predation, which affects both
the growth rate of predators and the mortality of the prey.
At the individual level, modelling growth rates of predators
requires formalisation of energy allocation (i.e. how

Trends in Ecology and Evolution Vol.23 No.6

the food is used in the body of the predator for e.g.
maintenance, and somatic and gonadal growth). At the
population level, the functional and numerical responses of
predators have to be characterised. The functional
response of a predator describes the per capita consump-
tion of prey; the numerical response describes how their
population growth rate increases with prey consumption.
Furthermore, it is also important to specify whether the
preferences of the predator are size based or species based.

An explicit representation of predation allows for study-
ing the propagation of direct effects of climate change (e.g.
on primary production and thus prey biomass) and over-
fishing (e.g. removal of top predator biomass) both up and
down the food web. Further processes require attention
when coupling HTL and LTL models into an end-to-end
model, depending on the issue that is addressed. For
example, when fish excretion and egestion are explicitly
represented in HTL models, these processes involve the
transfer of matter down to LTL models by contributing to
the ammonium and nitrogen pools [52]. Similarly, the loss
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Figure 2. End-to-end models can be built by coupling three types of models: high trophic level (HTL) models, low trophic level (LTL) models and physical models (output of
physical model from [62]). The boxes represent key species or groups of species, the lines represent the trophic interactions (pathways) and the arrows represent the forcing
of hydrodynamic models on the LTL model. The pathways-oriented approach acknowledges the role of biodiversity in the emergence of alternative trophic pathways.
Depending on the climate and fishing forcings, the dominance of trophic pathways alternates, for example, ‘sardine’ or ‘anchovy’ regimes can alternate in upwelling
ecosystems as illustrated here. By carefully selecting the species to represent using empirical and retrospective analyses, this pathways-oriented approach could help

predict drastic ecosystem responses to changes in climate and fishing.
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Box 3. Validating ecosystem models using the pattern-oriented modelling approach

The principle of pattern-oriented modelling (POM) [12,60,69] is to use
multiple patterns of different scales and hierarchical levels, as
observed in real systems, at two steps of the modelling process, that
is, during model building and validation (Figure I):

Model building

Figure la: end-to-end models easily include too many choices in how
to represent coupling processes, species or functional groups. To
narrow down this structural uncertainty, in POM field data are
scanned for patterns, that is, regularities of any kind that subse-
quently are interpreted as indicators of the internal organisation of the
ecosystem. If, for example, we see major patterns in the body-size
structure of the populations, then size-dependent processes, such as
trophic interactions, are likely to be key processes. Therefore, body
size should explicitly be represented in the model. Observed patterns
thus provide hints as to what entities, variables and processes a
model should include.

Model validation

Figure Ib: a single pattern, such as a certain size structure, might be
relatively easy to reproduce with all kinds of alternative models.
However, simultaneously reproducing an entire set of patterns,
observed at different scales and hierarchical levels, is much more
demanding and requires that the model is ‘structurally realistic,”
that is, captures the system’s key elements and processes of a
system. For example, a model that simultaneously reproduces
multiple patterns at the individual, population and community level
is more likely to be structurally realistic than a model that
reproduces only one of these patterns. A strong indicator of
structural realism is if the model can be validated by patterns that
are predicted by the model but were not used, or even known, while
developing the model.

The patterns chosen for model development and validation could
be spatially or temporally structured and originate from different data
sources (e.g. catch or survey data). At the community level, a set of
indicators based on size (e.g. slope of size spectrum), on biodiversity
(e.g. species dominance) and on trophic interactions (e.g. trophic
level) can also be used, as they are estimated routinely by scientific
surveys for an ecosystem approach to fisheries and underlie diverse
ecological processes.

of biomass from HTL models as a result of natural
mortality of fish can be considered as a coupling process,
as it will contribute to the detritus and bacterial pool of
LTL models. Climate change can have a direct effect on the
habitat of species (i.e. habitat loss, fragmentation or shift)
causing potential changes in fish spatial distribution; such
potential effects can be represented in coupled biophysical
models [53].

Selecting key species and alternative pathways
In addition to selecting the processes that couple LTL and
HTL models, building end-to-end models also involves
choosing the species or functional groups to be represented,
which can be challenging. The structure of food web models
is classically guided by the consideration of the most
abundant species and the dominant trophic interactions
at a given time and location. Because these features are
highly variable in marine ecosystems, however, this
method might produce only a snapshot of the ecosystem
that does not necessarily reflect its dynamic functioning. In
particular, dominance patterns can be completely reversed
when regime shifts occur.

In the context of food webs, regime shifts can be seen as
the emergence of dominant food chains to the detriment of
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Figure I. lllustration of the pattern-oriented modelling approach applied to a
marine ecosystem model.

alternative competitive food chains. Thus, to predict
possible ecosystem impacts of climate change and over-
exploitation, the structure of end-to-end models should
reflect the existence of major alternative food chains by
explicitly representing the corresponding species or func-
tional groups. Alternative food chains can be characterised
by specific properties. For example, there is a growing
consensus that the energy content of food chains is crucial
for understanding how marine pelagic food webs are reor-
ganised [54]. In the North Sea, the replacement of a high-
energy food chain by a low-energy one forced the most
abundant bird population (common murre Uria aalge) to
switch its prey from sandeels to sprat, leading to a major
breeding failure in 2004 [55]. Similarly, Parsons and Lalli
[56] identified large fish as being part of high-energy food
chains, so that overexploitation by targeting large fish
would favour the emergence of the alternative low-energy
food chain where flagellates, jellyfish and small fish dom-
inate. Rooney et al. [57] also distinguish fast and slow
pathways within the food web, that is, chains with different
turnover rates characterised by their production to bio-
mass ratios, which can be important for the stability of the
food web. Much progress in understanding and predicting
long-term ecosystem responses to fishing and climate
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change can be achieved if a pathways-oriented approach
guides the structure of future end-to-end models, allowing
for the emergence of alternative energetic pathways
(Figure 2).

Coping with complexity

Coupling models and including alternative food chains
could easily lead to models that are too complex to be
properly analysed and parameterised. A first approach
to assess the relevance of end-to-end models is to develop
null models that do not assume any functional relationship
and make minimal assumptions on the processes at stake
[58]. Comparing null models with models of increasing
complexity can provide a rigorous framework for identify-
ing those key elements and processes of ecosystems that
are needed to explain observed patterns [59].

Another strategy for limiting the complexity of end-to-
end models is to use the general strategy of pattern-
oriented modelling (POM [60]). With POM, data analysis
serves as a basis for building models, and eventually our
confidence in the model is enhanced by validating the
model output with a multiplicity of patterns observed at
various levels in the real ecosystem (Box 3).

Toward ecosystem oceanography

Fisheries oceanography traditionally divided the controls
of fish stocks into two paradigms, bottom-up (resource-
driven) and top-down (consumer-driven) forces, and
focussed mostly on single species. By contrast, ecosystem
oceanography is the study of interactions among ecosystem
components and drivers at the level of the population, the
food web and the ecosystem. Ecosystem oceanography does
not contrast the two main control paradigms but aims at
understanding their contribution and interactions at each
level of organisation by confronting model results with the
empirical reality expressed in the data.

In terrestrial and aquatic ecology, there is an urgent
need both to make complex ecosystem models efficient for
solving pending ecological issues and to find ways to reju-
venate existing ‘simple’ models in the context of global
change. The ecosystem remains an uncomfortably large-
scale unit for ecological studies. However, it is now viewed
as a structural organisation that can be integrated into
fisheries management. With global change, new environ-
mental and ecological surprises are challenging our pre-
sent ecological perception. To acknowledge the complexity
of marine ecosystems in a comprehensive manner, the
analysis of a limited number of controlling processes at
the proper level of organisation will greatly improve the
way we understand ecosystem functioning. Consequently,
it will provide new avenues for contributing to the ecosys-
tem-based fisheries management. Through the balanced
modelling perspective attempted by ecosystem oceanogra-
phy, we might be able to provide innovative answers to old
riddles, but also to new problems that fisheries are going to
face in our changing world.

Acknowledgements

This work was supported by EUR-OCEANS (http://www.eur-oceans.org),
a European Network of Excellence co-funded by the European
Commission (FP 6, contract n°511106). We thank the Ocean Biology

Trends in Ecology and Evolution Vol.23 No.6

Processing Group (Code 614.2) at the Goddard Space Flight Center,
Greenbelt, MD, USA, for the production and distribution of the ocean
color data presented in Figure 1b. We would like to thank the participants
of the Eur-Oceans ‘EuroVision’ workshop (Nantes, 7-8 March 2006)
during which many ideas and views of this paper were debated: Kenneth
Drinkwater, Pierre Fréon, Simeon Hill, Christian Méllmann, Christian
Mullon and Marie-Joélle Rochet. P.M.C. and Y-J.S. thank the French
ANR ‘Chaloupe’ project and IFB (Institut Francais de la Biodiversité),
and V.G. thanks the European Commission (FP 6, Nest project PATRES,
contract n°043268), for financial support. We thank Pierrick Penven and
Claude Roy for providing outputs of the hydrodynamic models and Pierre
Lopez, who drew the figures.

References
1 Pauly, D. et al. (2002) Towards sustainability in world fisheries. Nature
418, 689-695
2 Hughes, T.P. et al. (2003) Climate change, human impacts, and the
resilience of coral reefs. Science 301, 929-933
3 Hsieh, C.H. et al. (2006) Fishing elevates variability in the abundance
of exploited species. Nature 443, 859-862
4 David, J.H.M. et al. (2003) Assessing conservation priorities in marine
ecosystems—choosing between protected species in the Benguela
ecosystem, South Africa. Biol. Conserv. 114, 289—292
5 Whitehead, H. and Reeves, R. (2005) Killer whales and whaling: the
scavenging hypothesis. Biol. Lett. 1, 415-418
6 Jackson, J.B.C. et al. (2001) Historical overfishing and the recent
collapse of coastal ecosystems. Science 293, 629-638
7 Cury, P. and Shannon, L. (2004) Regime shifts in upwelling
ecosystems: observed changes and possible mechanisms in the
northern and southern Benguela. Prog. Oceanogr. 60, 223-243
8 Pikitch, E.K. et al. (2004) Ecosystem-based fishery management.
Science 305, 346-347
9 Francis, R.C. et al. (2007) Ten commandments for ecosystem-based
fisheries scientists. Fisheries 32, 217-233
10 Harley, C.D.G. et al. (2006) The impacts of climate change in coastal
marine systems. Ecol. Lett. 9, 228-241
11 Travers, M. et al. (2007) Towards end-to-end models for investigating
the effects of climate and fishing in marine ecosystems. Prog. Oceanogr.
75, 751-770
12 Grimm, V. and Railsback, S.F. (2005) Individual-Based Modeling and
Ecology, Princeton University Press
13 Hjort, J. (1914) Fluctuations in the great fisheries of northern Europe
viewed in the light of biological research. Rapp. P.-V. Réun. Cons. Int.
Explor. Mer. 20, 1-228
14 Cury, P.M. (2005) Towards ‘ecosystems oceanography’. Science 308,
358
15 Duffy-Anderson, J.T. et al. (2005) Phase transitions in marine fish
recruitment processes. Ecol. Complex. 2, 205-218
16 Cushing, D.H. (1990) Plankton production and year-class strength in
fish populations: an update of the match/mismatch hypothesis. Adv.
Mar. Biol. 26, 249-293
17 Platt, T. et al. (2003) Spring algal bloom and larval fish survival. Nature
423, 398-399
18 Lasker, R. (1975) Field criteria for survival of anchovy larvae: the
relation between inshore chlorophyll maximum layers and successful
first feeding. Fish. Bull. (Wash. D. C.) 73, 453-462
19 Cury, P. and Roy, C. (1989) Optimal environmental window and pelagic
fish recruitment success in upwelling areas. Can. J. Fish. Aquat. Sci.
46, 670-680
20 Beaugrand, G. et al. (2003) Plankton effect on cod recruitment in the
North Sea. Nature 426, 661-664
21 Durant, J.M. et al. (2005) Timing and abundance as key mechanisms
affecting trophic interactions in variable environments. Ecol. Lett. 8,
952-958
22 Durant, J.M. et al. (2007) Climate and the match or mismatch between
predator requirements and resource availability. Climate Res. 33, 271—
283
23 Sinclair, M. (1988) Marine Populations: An Essay on Population
Regulation and Speciation, Washington Press
24 McQuinn, I.H. (1997) Metapopulations and the Atlantic herring. Rev.
Fish Biol. Fish. 7, 297-329
25 Bakun, A. (1996) Patterns in the Ocean: Ocean Processes and Marine
Population Dynamics, California Sea Grant

345


http://www.eur-oceans.org/

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Roy, C. et al. (2001) Extreme oceanographic events recorded in the
southern Benguela during the 1999-2000 summer season. S. Afr. J.
Sci. 97, 465-471

Planque, B. et al. (2007) Modelling potential spawning habitat of
sardine (Sardina pilchardus) and anchovy (Engraulis encrasicolus)
in the Bay of Biscay. Fish. Oceanogr. 16, 16-30

Miller, P. (2004) Multi-spectral front maps for automatic detection of
ocean colour features from SeaWIFS. Int. J. Remote Sens. 25, 1437—
1442

Doglioli, A.M. et al. (2007) Tracking coherent structures in a regional
ocean model with wavelet analysis: application to Cape Basin eddies.
J. Geophys. Res. 112, C05043

Segond, M. et al. (2004) Ant algorithm for detection of retentive
structures in coastal waters. In Artificial Evolution 2003, LNCS
2936 (Liardet, P. et al., eds), pp. 166-176, Springer-Verlag

Heath, M.R. and Gallego, A. (1998) Bio-physical modelling of the early
life stages of haddock, Melanogrammus aeglefinus, in the North Sea.
Fish. Oceanogr. 7, 110-125

Allain, G. et al. (2003) The selection process from larval to juvenile
stages of anchovy (Engraulis encrasicolus) in the Bay of Biscay
investigated by Lagrangian simulations and comparative otolith
growth. Fish. Oceanogr. 12, 407-418

Parada, C. et al. (2003) Modelling the effect of buoyancy on the
transport of anchovy (Engraulis capensis) eggs from spawning to
nursery grounds in the southern Benguela: an IBM approach. Fish.
Oceanogr. 12, 170-184

Fromentin, J-M. et al. (2001) Effects of density-dependent and
stochastic processes on the stabilization of cod populations. Ecology
82, 567-579

Birkeland, C. and Dayton, P.K. (2005) The importance in fishery
management of leaving the big ones. Trends Ecol. Evol. 20, 356—-358
Bakun, A. (2005) Regime shifts. In The Sea (Vol. 13) (Robinson, A.R.
and Brink, K., eds), pp. 971-1026, Harvard University Press

Frank, K.T. et al. (2007) The ups and downs of trophic control in
continental shelf ecosystems. Trends Ecol. Evol. 22, 236-242
Stenseth, N.C. et al. (2004) Marine Ecosystems and Climate Variation,
Oxford University Press

Pauly, D. and MacLean, J. (2003) In a Perfect Ocean: The State of
Fisheries and Ecosystems in the North Atlantic Ocean, Island Press
Daskalov, G. (2002) Overfishing drives a trophic cascade in the Black
Sea. Mar. Ecol. Prog. Ser. 225, 53—-63

Frank, K.T. et al. (2005) Trophic cascades in a formerly cod-dominated
ecosystem. Science 308, 1621-1623

Daskalov, G.M. et al. (2007) Trophic cascades triggered by overfishing
reveal possible mechanisms of ecosystem regime shifts. Proc. Natl.
Acad. Sci. U. S. A. 104, 10518-10523

Frank, K.T. et al. (2006) Reconciling differences in trophic control in
mid-latitude marine ecosystems. Ecol. Lett. 9, 1-10

Ciannelli, L. et al. (2005) Climate forcing, food web structure, and
community dynamics in pelagic marine ecosystems. In Aquatic Food
Webs: An Ecosystem Approach (Belgrano, A. et al., eds), pp. 143-169,
Oxford University Press

Lynam, C.P. et al. (2006) Jellyfish overtake fish in a heavily fished
ecosystem. Curr. Biol. 16, 492—-493

Hutchings, J.A. (2000) Collapse and recovery of marine fishes. Nature
406, 882-885

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Trends in Ecology and Evolution Vol.23 No.6

Chavez, F.P. et al. (2003) From anchovies to sardines and back:
multidecadal change in the Pacific Ocean. Science 299, 217-221
Pauly, D. et al. (2000) Ecopath, Ecosim, and Ecospace as tools for
evaluating ecosystem impact of fisheries. ICES J. Mar. Sci. 57, 697—
706

Fulton, E.A. et al. (2004) Biogeochemical marine ecosystem models I:
IGBEM—a model of marine bay ecosystems. Ecol. Model. 174, 267—
307

Shin, Y-J. and Cury, P.M. (2004) Using an individual-based model of
fish assemblages to study the response of size spectra to changes in
fishing. Can. J. Fish. Aquat. Sci. 61, 414-431

deYoung, B. et al. (2004) Challenges of modeling ocean basin
ecosystems. Science 304, 1463-1466

Megrey, B.A. et al. (2007) A bioenergetics-based population dynamics
model of Pacific herring (Clupea harengus pallasi) coupled to a lower
trophic level nutrient—phytoplankton—zooplankton model: description,
calibration, and sensitivity analysis. Ecol. Model. 202, 144-164
Lehodey, P. et al. (2003) Modelling climate-related variability of tuna
populations from a coupled ocean—biogeochemical-populations
dynamics model. Fish. Oceanogr. 12, 483-494

Litzow, M.A. et al. (2006) Climate regime shifts and reorganization of
fish communities: the essential fatty acid limitation hypothesis. Mar.
Ecol. Prog. Ser. 315, 1-11

Wanless, S. et al. (2006) Low energy values of fish as a probable cause of
a major seabird breeding failure in the North Sea. Mar. Ecol. Prog. Ser.
294, 1-8

Parsons, T.R. and Lalli, C.M. (2002) Jellyfish population explosions:
revisiting a hypothesis of possible causes. La Mer 40, 111-121
Rooney, N. et al. (2006) Structural asymmetry and the stability of
diverse food webs. Nature 442, 265-269

Mullon, C. et al. (2004) Viability model of trophic interactions in marine
ecosystems. Nat. Res. Model. 17, 27-58

Fulton, E.A. et al. (2003) Effect of complexity on marine ecosystem
models. Mar. Ecol. Prog. Ser. 253, 1-16

Grimm, V. et al. (2005) Pattern-oriented modeling of agent-based
complex systems: lessons from ecology. Science 310, 987-991
Cushing, D.H. (1969) The regularity of the spawning season of some
fishes. J. Cons. Int. Explor. Mer 33, 81-97

Penven, P. et al. (2001) A regional hydrodynamic model of upwelling in
the southern Benguela. S. Afr. J. Sci. 97, 472475

Visser, M.E. et al. (2004) Global climate change leads to mistimed avian
reproduction. Adv. Ecol. Res. 35, 89-110

Philippart, C.J.M. et al. (2003) Climate-related changes in recruitment
of the bivalve Macoma baltica. Limnol. Oceanogr. 48, 2171-2185
Schiér, C. et al. (2004) The role of increasing temperature variability in
European summer heatwaves. Nature 427, 332-336

Hjermann, D.@. et al. (2007) Food web dynamics affect northeast Arctic
cod recruitment. Proc. R. Soc. Lond. B Biol. Sci. 274, 661-669
Durant, J.M. et al. (2008) Northeast Arctic cod population persistence
in the Lofoten-Barents Sea system under fishing. Ecol. Appl. 18, 662—
669

Hjermann, D.@. et al. (2004) Indirect climatic forcing of the Barents Sea
capelin: a cohort effect. Mar. Ecol. Prog. Ser. 273, 229-238

Wiegand, T. et al. (2003) Using pattern-oriented modelling for
revealing hidden information: a key for reconciling ecological theory
and conservation practice. Oikos 100, 209-222

Endeavour is available on ScienceDirect, www.sciencedirect.com

Endeavour
Coming soon in the quarterly magazine for the history and philosophy of science:
Earthquake theories in the early modern period by F. Willmoth

Science in fiction - attempts to make a science out of literary criticism by J. Adams w3
The birth of botanical Drosophila by S. Leonelli

346



	Ecosystem oceanography for global change in fisheries
	A balanced research strategy for the exploitation of marine resources
	Populations: from small to large scales
	Mesoscale approaches for studying fish recruitment
	Relating mesoscale events to other scales and �climate change
	Food webs: integrating views on bottom-up and �top-down controls
	Ecosystems: developing integrated and focussed models
	Coupling trophic models
	Selecting key species and alternative pathways
	Coping with complexity
	Toward ecosystem oceanography
	Acknowledgements
	References


