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a b s t r a c t

Fishing mortality and primary production (or proxy for) were used to drive the dynamics of

fish assemblages in 9 trophodynamic models of contrasting marine ecosystems. Historical

trends in abundance were reconstructed by fitting model predictions to observations from

stock assessments and fisheries independent survey data. The model fitting exercise derives

values for otherwise unknown parameters that specify the relative strength of trophic inter-

actions and, in some instances, a time series anomaly for changes in primary production.

We measured how much better or worse were model predictions when bottom-up forcing by

primary production were added to top-down forcing by fishing. Searching for cross system

patterns, the relative contribution of fishing and changes in primary production, mediated

through trophic interactions, are evaluated for the ecosystems as a whole and for selected

similar species in different ecosystems. The analysis provides a simple qualitative way to

explain which forcing factors have most influence on modeled dynamics. Both fishing and

primary production forcing were required to obtain the best model fits to data. Fishing effects

more strongly influenced 6 of 9 of the ecosystems, but primary production was more often

found to be the main factor influencing the selected pelagic and demersal fish stock trends.

Examination of sensitivity to ecological and model parameters suggests that the results are
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the product of complex food-web interactions rather than simple deterministic responses

of the models.
Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

That fishing has an impact on an ecosystem is obvious;
removal of biomass from a complex of species that feed on one
another is certain to affect the food-web. Likewise, changes in
primary production affects the amount of available food that
is propagated through the food-web and can lead to changes
that are noticeable throughout an ecosystem (e.g. changes due
to eutrophication). In the move toward developing ecosystem
approaches to fisheries management, the big questions are:
how does each species or component respond to the differ-
ent forcing factors and what might be the consequences for
management?

Teasing apart the multiple, probably confounding, factors
that can have synergistic or antagonistic effects on ecosystem
dynamics is not easy (e.g. Aebischer et al., 1990; Stenseth et
al., 2002; Van der Lingen et al., 2006; Perry et al., in press);
such research is the vanguard of science on the effects of
climate change on fisheries. Modelling studies are at the fore-
front of this research because ecosystem scale experiments
are rarely practicable. From a policy perspective, the value of
modelling comes from being able to identify from a range of
alternative hypotheses (e.g. effects of fishing, climate change,
pollution, disease, . . .) those that best explain historical trends.
Evidence-based policies require that science chooses which
hypotheses are more likely than others and assesses the asso-
ciated risks of being wrong. Where this is not possible, the
critical need is to know whether widely divergent hypotheses
could equally well explain past trends, and if so, to understand
the policy consequences without necessarily assuming that a
particular hypothesis should be given greater weight or cred-
ibility (C.J. Walters, personal communication, 2008). So, with
regard to the ‘Ecosystem Approach to Fisheries’, models are
useful even if they help only to advise on when to ‘tread care-
fully’ on a particular policy route, or for example, that climate
effects might be more important for one species than another.
Furthermore, it is essential that understanding of the factors
that are important in influencing ecosystem dynamics is com-
municated clearly to those tasked with the development of
ecosystem management plans.

Accounting for the interdependencies between species and
environmental effects on the dynamics of ecosystems and
productivity of fisheries requires the application of complex
ecosystem models (see Plagányi, 2007; ICES, 2007 for reviews).
Hjermann et al. (2004a,b) provides a clear example of this,
demonstrating how the dynamics of capelin and the Barents
Sea ecosystem are strongly influenced through external forc-
ing by fishing and climate effects as well as internal feedback
mechanisms governed by predator–prey interactions with her-
ring and cod. Some success at teasing apart the effects of fish-
ing and environmental change has also been realised recently
with ecosystem models developed using Ecopath with Ecosim
(EwE, see Christensen and Walters, 2004 for description of
approach). Recognising albeit that these are aggregated rep-
resentations of complex food-web interactions, they have

proved nonetheless to be important tools for investigation
(Trites et al., 1999; Daskalov, 2002; Shannon et al., 2004, 2008;
Preikshot, 2007; Guénette et al., 2006; Araujo et al., 2006; Lees
and Mackinson, submitted for publication). In most cases the
evidence points to a combination of fishing and environmen-
tal forcing factors being required to adequately reconstruct
historical trends in biomass of ecosystem components. For
example, Guénette et al. (2006) showed that fishing, predation,
competition and environmental variation were all important
factors affecting declines in western populations of Steller sea
lions in the Gulf of Alaska. The earlier work of Trites et al. (1999)
suggested that environmental factors affecting recruitment or
primary production might be more important in determining
the dynamics of an aquatic ecosystem. These broad messages
emerging from ecosystem models are supported by evidence
from detailed empirical analyses and statistical models inves-
tigating species dynamics in an ecosystem context (e.g. Durant
et al., 2003; Ciannelli et al., 2004).

Using ecosystem models constructed with Ecopath with
Ecosim, this investigation searches for cross system patterns
in the relative contribution that fishing and primary produc-
tion forcing has had on past abundance trends, both at the
system level and for selected similar demersal and pelagic
species. It searches for common response patterns in the hope
of being able to generalise (in the broadest sense about groups
and system level response) and use this knowledge in support-
ing the development of long-term management plans based
on an ecosystem approach.

This paper examines only ‘hypotheses’ relating to changes
in fishing and primary production mediated through trophic
interactions. It presupposes that model authors have done
their best to investigate and justify the models’ fits in rele-
vant publications (see Table 1). It does not test all the other
possible hypotheses for changes in species dynamics, such
as environmental forcing of certain key processes that are
not directly affecting primary production. For example those
between zooplankton prey and small pelagic fish in some
upwelling ecosystems (Shannon et al., 2008). Considerably
detailed investigations are required to address such hypothe-
ses, and few researchers have the relevant data and tools to
do this at present.

Although this paper contributes only a small step toward
the sort of detailed analysis that is required, it demonstrates
a willingness and methodology to try and tackle these diffi-
cult questions. As research in progress, it aims to provide a
useful contribution to the science and thinking on the ecosys-
tem approach to fisheries. The investigation concentrates on
addressing 3 questions:

1. What do the selected models suggest are the main driving
forces for different systems?

2. Do similar species in different ecosystems respond in sim-
ilar ways?

3. Are patterns related to ecological metrics that are charac-
teristic of particular groups or biased by model parameters?
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Table 1 – Model and species parameter table.

Region/author Species/
functional group

TL P/B F M2 M1 F/Z Phyto PP
(t/km2/yr)

North Sea 3.81 0.248 7% 2150
Mackinson and Daskalov

(2007)
Cod (adult) (Gadus
morhua)

4.78 1.19 1.12 0.05 0.03 94%

Whiting (adult)
(Merlangus merlangus)

4.43 0.89 0.69 0.20 0.00 77%

Haddock (adult)
(Melanogrammus
aeglefinus)

4.26 1.14 1.01 0.07 0.06 89%

Herring (adult) (Clupea
harengus)

3.44 0.80 0.64 0.13 0.03 80%

Sprat (Sprattus sprattus) 2.96 2.28 0.14 0.75 1.40 6%
Horse mackerel
(Trachurus trachurus)

3.68 1.20 0.20 0.65 0.35 17%

Plaice (Pleuronectes
platessa)

3.99 0.85 0.07 2.14 0.06 9%

Sole (Solea solea) 4 0.80 0.30 0.48 0.02 37%

Irish Sea 6.19 0.11 2% 1474
Lees and Mackinson

(submitted for
publication)

Adult Cod 2+ (Gadus
morhua)

4.16 0.97 0.57 0.33 0.08 59%

Adult Plaice 2+
(Pleuronectes platessa)

3.67 0.96 0.51 0.34 0.11 53%

Whiting (Merlangus
merlangus)

4.26 0.84 0.23 0.39 0.23 27%

Sole (Solea solea) 3.65 0.56 0.04 0.50 0.02 8%
Small Pelagic
Planktivorous Fish
(Clupea harengus and
Sprattus sprattus)

3.72 0.73 0.18 0.20 0.34 25%

Northern Benguela 37.07 0.03 0.1% 21615
Heymans and Sumaila

(2007)
Adult Anchovy
(Engraulis japonicus)

2.76 0.85 0.0006 0.67 0.18 0.1%

Adult Sardine (Sardinops
oscellatus)

2.43 0.53 0.07 0.14 0.32 12%

Adult Horse mackerel
(Trachurus trachurus
capensis)

3.34 0.40 0.0007 0.16 0.24 0.2%

Adult Hake (Merluccius
spp.)

3.35 0.40 0.01 0.16 0.24 1%

Southern Benguela Southern Benguela 53.34 0.07 0.1% 11879
Shannon et al. (2004) Anchovy (Engraulis

japonicus)
3.55 1.40 0.21 0.87 0.27 15%

Sardine (Sardinops
oscellatus)

2.91 1.20 0.53 0.61 0.11 44%

Horse mackerel
(Trachurus trachurus
capensis)

3.8 1.50 0.10 0.72 0.69 6%

Hake (Merluccius
capensis)

4.77 0.80 0.18 0.51 0.11 23%

Hake (Merluccius
paradoxus)

4.61 0.80 0.47 0.33 0.00 58%

East China Sea 39.43 0.99 3% 1981
Cheng et al. (2007), Jiang et

al. (2008)
Adult Largehead hairtail
(Trichiurus lepturus)

3.64 1.59 1.20 0.12 0.27 75%

Filefish (Thamnaconus
sp.)

3.45 1.60 0.30 0.57 0.74 19%

Yellow croaker
(Larimichthys polyactis)

2.92 2.41 1.35 0.94 0.12 56%

Chub mackerel (Scomber
japonicus)

2.58 2.79 1.23 1.51 0.06 44%

South Catalan Sea 33.74 0.38 1% 1577
Coll et al. (2008) Mullets (Mullus sp.) 3.16 2.29 0.04 0.08 2.18 2%

Anglerfish (Lophius sp.) 4.39 1.00 0.68 0.30 0.02 68%
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Table 1 – (Continued )

Region/author Species/
functional group

TL P/B F M2 M1 F/Z Phyto PP
(t/km2/yr)

Flatfishes 3.2 2.10 0.76 1.30 0.04 36%
Adult hake (Merluccius
merluccius)

4.11 0.90 0.46 0.00 0.44 51%

Juvenile hake 3.45 1.00 0.12 0.42 0.47 12%
European anchovy
(Engraulis encrasicolus)

3.05 1.33 0.46 0.56 0.31 34%

European pilchard
(sardine, Sardina
pilchardus)

2.97 1.50 0.78 0.67 0.04 52%

La Paz Bay 58.50 0.07 0.1% 3140
Arreguín-Sánchez et al.

(2007)
Sharks (Carcharhinus
spp.)

4.21 1.05 0.71 0.29 0.05 67%

Groupers (Epinephelus
spp.)

3.59 0.42 0.37 0.04 0.01 88%

Red snapper (Lutjanus
peru)

3.21 0.43 0.36 0.05 0.02 85%

Scallop (Veneridae) 2.43 2.12 0.24 1.57 0.31 12%

Campeche Bank 26.14 0.28 1% 5570
Zetina-Rejon (2004) Pink shrimp

(Farfantepenaeus
duorarum)

2.31 11.79 5.76 5.28 0.75 49%

Red snapper (Lutjanus
campechanus)

3.34 0.54 0.17 0.31 0.05 32%

Southern Humboldt 74.51 0.09 0.1% 29474
Neira (2008) Chilean hake (adults)

(Merluccius gayi)
3.55 0.68 0.47 0.18 0.03 69%

Horse mackerel
(Trachurus symmetricus)

3.99 0.82 0.19 0.15 0.49 23%

Common sardine
(Strangomera bentincki)

2.14 1.23 0.06 1.09 0.08 5%

Anchovy (Engraulis
ringens)

2.14 1.44 0.07 1.12 0.25 5%

Note: TL, Trophic level; F, fishing mortality; P/B, production/biomass; Z, total mortality; M2, predation mortality; M1, other mortality; Phyto PP,
phytoplankton primary production.

2. Methods

The analysis presented here relies on ecosystem models that
have already been ‘calibrated’ by fitting model predictions to
time series reference data (observations) and so it is useful for
readers to have knowledge of the procedure that the various
model authors have applied. In this procedure, time dynam-
ics of the models are ‘forced’ top-down by fishing mortality
(or fishing effort) data, and bottom-up by primary production.
Parameters representing the strength of interaction between
predators and prey (vulnerability1), and sometimes a primary

1 The vulnerability parameter typifies flow control between
predator and prey. EwE assumes the “foraging arena” hypothesis
(see Walters and Martell, 2004) in estimating consumption rates;
prey biomass is split into vulnerable and non-vulnerable
portions; control of flow between prey and predator is
determined by the transfer rate between the vulnerable and
non-vulnerable portions of the prey biomass (Walters et al., 1997;
Christensen and Walters, 2004). The default setting for
vulnerabilities is 2, representing mixed flow control, whereas
values closer to 1 describe bottom-up flow control and values
around 10–30 result in strong top-down control. Values higher
than this have little extra additional effect. The control of

production anomaly are estimated using an optimisation rou-
tine in Ecosim such that the model predictions get closer to the
observation reference data. The sums of squared differences
(SS) is used to measure how well the model fits the data. A
more detailed discussion of the procedures used in the current
models is provided in Appendix A.

In this analysis, the influence of vulnerability parameters
on the model fit to data is viewed as the trophic mediation
of fishing and primary production driving forces. The mod-
elled effects of fishing and primary production depend on
how the various model ecosystem components interact with
one another. Because the influence of trophic controls are

predation impacts in Ecosim, as implemented through the
vulnerability parameter, can be interpreted in relation to
population ecology. For predators whose initial biomass is
already close to their carry capacity, it is expected that any
increases in abundance should have little effect on the predation
mortality of their prey (low vulnerability value). Conversely,
predators whose biomass is low relative to some historical past,
might be expected to be able to increase predation rates as
biomass increases (high vulnerability value), thus enabling them
to ‘recover’ faster (see Christensen et al., 2005).
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Fig. 1 – Examples of data used to drive (top left panel) and fitted model predictions (solid line) to data (dots): (a) Irish Sea
(Lees and Mackinson, submitted for publication) and (b) Southern Benguela (Shannon et al., 2004).
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Fig. 2 – Colour coding scheme criteria for 1st and 2nd controlling factors. Red: fishing. Green: primary production. Model fit
assessed relative to no effects. “?”: question mark stands for some other unaccounted for environmental effects might be
important in determining the model fit. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

integrated to give the simulated ecosystem response to fishing
and changes in primary production in the calibrated models,
the minimum sums of squares is used to describe for each
model how well the selected ‘hypothesis’ (combination of driv-
ing forces and trophic controls) fits the data, rather than for
selecting between alternative hypotheses.

For each model, a combination of fishing, trophic flow
strength (vulnerability of prey to predators) and bottom-up
forcing of primary production (increasing or decreasing food
availability in the form of phytoplankton throughout the
ecosystem) were used in fitting the model predictions to past
trends in stock abundance. Examples are provided in Fig. 1.
Commercially important pelagic and demersal species were
selected from the models for investigation (e.g. gadoids such
as cod and hake and small pelagic fish species such as anchovy
and sardine). Important parameters for each of the groups are
described in the summary Table 1.

To investigate the trophically mediated system and species
assemblages patterns in response to fishing and primary pro-
duction, the degree to which the model predictions improved
(became closer to observation data) or worsened was mea-
sured. This was done by recording the contributions to the
residual variance of the model fit to data (through SS) when
fishing and primary production were used as forcing factors in
driving the model simulations. To enable comparisons among
models, the variance contributions were expressed relative to
a baseline situation, where neither fishing or primary produc-
tion forcing were used to drive the model. The ‘baseline’ is
thus a ‘flatline’ simulation. The results are presented as the
degree to which the model fit improved or worsened when
fishing alone was applied as a driving force and when primary
production forcing was added to fishing.

A deliberate effort is made to simplify the results in to a
form that is easily communicated, demonstrating the impor-
tance of having simple messages from complex models. A
simple 2-stage colour-coding scheme is used to depict the
dominance of controlling factors across systems and species
(Fig. 2). It is also used purposely to avoid pretending (or
readers believing) that such models can be used reliably to
make accurate quantitative assessment of the degree to which
fishing and primary production influence ecosystem dynam-
ics.

To investigate possible explanations for cross-system pat-
terns and responses of demersals and pelagic species, and to
test for possible spurious effects caused by model parameters,
the quality of the model fit was related to position in the food-
web, the degree of past exploitation (Fishing mortality/Total
mortality, F/Z, productivity (Production/Biomass)) and the vul-
nerability parameter describing predator–prey interactions.

3. Results

3.1. System level results

With the exception of the North Sea, including primary pro-
duction forcing improved the overall quality of the model fit
in all ecosystems (Fig. 3). In the Irish Sea, East China Sea and
Southern Humboldt, the degree of improvement obtained by
adding primary production forcing is more than twice that
obtained when fishing alone is used as a driver (Fig. 4), suggest-
ing that for the time periods modelled, primary production
had a stronger overall influence on the system level trends
in biomass in these three systems. For the Northern and
Southern Benguela, fishing effects exerted control that was
stronger than primary production. The similarity in the pat-
tern of response from two distinct models representing the
Benguela is an encouraging sign that the models are capable
of representing features that influence systems at a regional
scale (see also Heymans, 2004; Watermeyer et al., 2008a,b). In
the North Sea, the best overall model fit is obtained without
the inclusion of primary production, indicating that fishing,
or some other unaccounted for factors drive the biomass
dynamics in the North Sea during 1973–2003. Moreover, the
Catalan Sea (Mediterranean) and the Mexican case studies
show higher importance of fishing than primary production.
However, while such system level summaries provide broad
insights into the relative importance of these forcing fac-
tors on the overall dynamics of these ecosystems, they mask
important details regarding species level responses.

3.2. Species assemblages

Patterns in the species-level responses to fishing and primary
production forcing were variable. Species within the same
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Fig. 3 – Relative quality of the overall model fit when fishing and fishing + primary production forcing factors are included.
Values made relative to a baseline simulation where no forcing effects are included.

ecosystem often displayed different responses, and only in
a few instances did similar species in different ecosystems
show similarities (Fig. 5). For example, past trends in Hake
in the Northern and Southern Benguela appeared primarily
to be driven by fishing impacts, while cod dynamics in the
Irish and North Sea were best explained by a combination
of forcing by primary production and fishing, with primary
production playing the larger part. That some model fits got
better and others worse demonstrates nicely that the system
level response is a very simplistic summary of the complicated
individual interactions.

The higher level summary of effects presented using the
simplified colour coding scheme is effective at revealing some
important patterns from the analysis (Fig. 6). Fishing was the
dominant driving factor responsible for the best overall model
fit in 6 out of the 9 ecosystems, but primary production was
the dominant factor driving model predictions of trends in
the abundance of pelagic and demersal species twice as often

Fig. 4 – Relative improvement in model fit when primary
production is included. Improvement measured relative to
fishing only effect.

as fishing (Table 2). In only 14% of cases the inclusion of pri-
mary production forcing did not provide any benefit to the
model fit. With the exception of the Southern Humboldt, fish-
ing was found to be the primary factor driving changes in hake
abundance in several ecosystems. There were similarities in
the response of some demersal species in adjacent ecosys-
tems e.g. adult hake in the Northern and Southern Benguela,
cod, whiting and plaice in North and Irish seas. The modelled
dynamics of sardine and anchovy stocks displayed contrast-
ing responses to fishing and primary production. Fishing most
strongly influenced 3 of the 4 sardine stocks, whereas primary
production was the main factor driving changes in all 4 of
the anchovy stocks. With the exception of North Sea sole, pri-
mary production factors were important in driving the model
dynamics of flatfish and ‘others’.

3.3. Are there patterns related to system and species
characteristics/model parameters?

Examination of system level characteristics related to pro-
ductivity (total PP, ratio of secondary production to primary
production) and the degree of exploitation (system F/Z) did not
reveal any cross-system patterns that could be attributed to
how overall system dynamics were influenced by fishing and
primary production. Similarly for species/assemblages, there
were no blatantly obvious connections with indices typically
used to characterise their role in the ecosystem, including
position in the food-web, productivity, degree of exploitation
and vulnerability. For example, even where fishing was often
found to be a stronger forcing factor than primary produc-
tion, there was little evidence that the effect was any stronger
with higher intensities of fishing or with demersal fish that
might be expected to be less directly affected by primary
production (Fig. 7). While these results provide little insight
for causative explanations, they are useful in providing evi-
dence that the results obtained are not simple pathological
responses to model parameters.
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Fig. 5 – Relative quality of the species/assemblage fits when fishing and fishing + primary production forcing factors are
included. Values made relative to a baseline simulation where no forcing effects are included.

4. Discussion

In all but the North Sea, trophically mediated top-down forc-
ing by fishing combined with bottom-up forcing of primary
production yielded the best overall model representations of
historical biomass trends. In 6 of the 9 systems, fishing effects
were considered to be a stronger force influencing past trends,
confirming the widely accepted view and substantial evidence
that fishing has been an important force in shaping biodiver-
sity and abundance of exploited fish stocks (Pauly et al., 1998;
Jennings and Blanchard, 2004; Cheung et al., 2007; Libralato et
al., 2008).

In contrast, primary production effects were found twice
as often to be the strongest factor determining the model rep-
resentations of past biomass trends for the selected demersal
and pelagic species examined. However, at both the system-
level and species level, there was no clear explanation for

the differences among ecosystems and species that could be
related to system level characteristics or indices typically used
to characterise species roles in the ecosystem. The paradoxi-
cal contrast between the system level and species level results
occurs because of the focus on a particular subset of species.
It serves to emphasise the message that important details can
be missed by focussing on system level ‘indicators’. The task
now unveiled is to dig deeper in to each specific system to find
out which groups of species were responsible for this result.
To elucidate the features most important in developing the
ecosystem approach to fisheries complementary studies at
different levels of ecological organisation are required.

Similarities in the system-level response and that of par-
ticular species in adjacent ecosystems subject to similar
climatic-oceanographic events (e.g. hake and sardine in north-
ern and southern Benguela, cod in North and Irish seas)
suggests that the models can be useful in capturing impor-
tant large regional scale effects and that these can be detected

Table 2 – Occurrence of fishing and primary production as the dominant factor in improving model fit. Proportion of
species falling in each colour code of forcing and aggregated to main dominant factor (1st code only).

Number of
functional groups

Occurrence each factor was coded as
1st and 2nd driver (%)

Each factor was coded as
1st driver (%)

Fishing Primary
production

Fishing Primary
production

Demersal 18 17% 28% 17% 39%
Pelagics 17 18% 41% 18% 24%
Flatfish and others 8 0% 38% 13% 50%

Occurrence dominant driver (coded as 1st and 2nd or 1st only) (%)
Demersal 18 33% 67%
Pelagics 17 35% 65%
Flatfish and others 8 13% 88%
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Fig. 6 – Main factors contributing to the model predicted past trends in biomass: (left panel) system level and (right panel)
for selected species/assemblages. Red: fishing. Green: primary production. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

above possible effects due to model specification and param-
eterisation. Indeed, in this comparison there were no obvious
spurious patterns related to model parameters. Some of the
system level results are more intuitive than others. In the
North Sea, with a long history of heavy exploitation, it is
perhaps unsurprising that fishing emerges as the dominant
driving force. Although the addition of a primary production
proxy for the North Sea decreases the overall model fit (i.e.

view of the whole system) and may suggest that bottom-up
effects are not an important controller of the dynamics of
the North Sea ecosystem, this is not true. Indeed, the results
shown here are not, as it might at first appear, inconsistent
with those of Beaugrand et al. (2003) and Heath (2005) who
report that both fishing and climate related effects influence
North Sea communities. Heath (2005) suggests that the pelagic
food-web as a whole is primarily bottom-up controlled. Even

Fig. 7 – Relationship between species parameters used in the model and the quality of the model fit. Left hand side (a, c, e,
g): Fishing only forcing. Right hand side (b, d, f, h): Fishing + primary production forcing. Filled circles: demersal fish; open
circles: pelagic fish groups.
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though some pelagic species might be strongly top-down con-
trolled by fishing, niche substitution in the pelagic food-web
maintains a system whereby pelagic production is depen-
dent on food availability. Conversely, while changes in primary
production and physical oceanographic factors influence the
productivity of particular demersal species (e.g. cod) more
than others (Beaugrand et al., 2003; Clark et al., 2003), the
demersal food-web is primarily top-down controlled; fishing
strongly influencing demersal fish abundance and macroben-
thos production being controlled by predation (Heath, 2005).
The modelling work presented here, needs to be extended to
contribute more fully to understanding the dynamics of the
North Sea.

The simulations of the Northern Benguela capture a period
of very intense fishing (1956–2003), particularly for hake and
sardine (Heymans et al., submitted for publication), and so the
result that fishing emerges as the dominant force at the sys-
tem level is consistent with expectation. This was also the case
of the South Catalan Sea (Mediterranean) in line with the fact
that this ecosystem has been subject to exploitation for a long
time and in line with comparative analysis with upwelling sys-
tems (Coll et al., 2006). In the case of the Southern Benguela,
although the methodological approach is slightly different to
Shannon et al. (2004), the results are the same; fishing com-
bined with trophic interactions explain more of the variability
in catches and abundance time series than does the inclu-
sion of primary production forcing. In Shannon’s 2004 paper,
the effect of fitting parameters for trophic controls (vulnera-
bilities) was measured. It showed that in comparison to using
default values for vulnerabilities combined with fishing (rep-
resented as fishing effects only in that paper), the combination
of fishing and fitted vulnerabilities accounted for around 40%
of the variability observed time series. The interpretation of
this was that the effects of fishing are small compared to
those of internal flow controls. In this paper, it is not con-
sidered that internal trophic controls can be independent of
fishing. Instead, they serve to mediate (through the food-web)
the effects of fishing, or other driving forces.

Intuitively, fishing might be expected to be the strongest
driver in the Eastern China Sea, but primary production
emerges as the dominant force there. An important message
arises from this. It is not possible to say or infer anything
about the relative influence of fishing and primary produc-
tion beyond the time period investigated with the models.
In the case of the East China Sea, the period studied is lim-
ited to the last 8 years. This characterises a system in which
the fish stocks were already heavily depleted by fishing in the
past and so we might expect that the sensitivity to detect
changes due to fishing are more limited than a system in
which healthy stocks have been rapidly depleted by fishing
during the period modelled. Longer time series data provide
the opportunity to learn and be more confident in our judge-
ment about which factors are important. Unfortunately, this
brings us to a related, but rather more insidious problem of
modelling time series dynamics that needs to be considered.
In systems that have undergone dramatic shifts in relative
species abundance (‘regime shift’, see Lees et al., 2006) over
the period modelled, it is necessary to investigate the nature of
responses to changing driving forces over time. Some prelim-
inary investigations of the North Sea model (ongoing) suggest

the direction of responses change qualitatively over time
period modelled, which implies a discontinuous regime shift.
Appropriate protocol would be to split the time series data
and have two models each representing a different regime.
The important message is that model fitting is no substitute
for thorough analysis of empirical time series data. Indeed,
the latter must be used to guide the model fitting process. In
the case where anomalies for primary production are derived
within Ecosim, it is imperative to test if the patterns differ
significantly from random noise. If they do, efforts should
be made to correlate to available time series of environmen-
tal forcing factors in the search of likely “weather packages”
affecting marine ecosystems.

Although intuitively attractive, system level analyses hide
the details important in learning to develop fisheries manage-
ment strategies that are sensitive to the differences in how
species respond to climate change and fishing. Although no
obvious similarities were found in the responses of demersals
and pelagics among contrasting ecosystems, the modelling
‘experiment’ nonetheless enabled diagnosis (albeit tenta-
tively) of whether fishing or primary production was the
major controlling influence explaining past trends in the stock
trends. Even accepting that the relative importance of the con-
trolling factors might change over time, this information is a
useful contribution to the overall knowledge needed to allow
policy decisions to be explored in an ecosystem-scale context,
and thus contributes to knowledge required for developing
long-term harvest strategies.

Many of the systems studied are characterised by over-
fished stocks and it is possible that the tendency for primary
production to play a stronger role in the dynamics of the
selected fish stocks examined may be related to density
dependent environmental control (e.g. Mintoc et al., 2008),
where environmental factors play a stronger role at low pop-
ulation densities. For example, anchovy, a primary target
species in the Catalan area that has shown a continuous
decrease of biomass since the late 1970s, appears to be driven
mainly by primary production variability. Perhaps the same is
true for sardine in the Northern Benguela and cod in the North
Sea? Alternatively or in addition, at an ecosystem level, the
degradation of an ecosystem through the selective removal
by fishing of species at higher trophic levels may lead to
an ecosystem that is more strongly influenced by bottom-
up effects (e.g. likely for upwelling ecosystems changing from
predominantly wasp-waist to more strongly bottom-up con-
trolled, Shannon et al., 2009), thus compounding the possible
effects of climate change in the future (Watermeyer et al.,
2008a). Although the lack of any clear relationships with
fishing pressure and the quality of the model fit does not
provide strong support for this, the topic of whether or not
marine ecosystems under intense exploitation evolve toward
being more strongly influenced by bottom-up control (Perry
et al., in press) (or if changes primary production have a
stronger impact on depressed target stocks) is thus worthy
and amenable to a more detailed investigation. Furthermore,
detailed comparisons of the rates and direction of responses of
similar species, including examination of how responses are
related to life-history traits and behavioural plasticity would
support the broad scale analysis reported here. In this current
work, attention is placed on developing a simple way to try
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and communicate results from complex models in the hope
that the work becomes more accessible to those involved in
developing policies and strategies in support of the ecosystem
approach to fisheries.

Although the models have been used to examine the rel-
ative effects of fishing and primary production mediated by
trophic interactions, any confidence in the evidence suggest-
ing that these are the strongest causative factors in explaining
past abundance trends in the systems investigated should be
taken with caution. Other unknown or untested factors might
provide equally plausible explanations for the past trends.
For example, direct and indirect effects of pollution, disease,
oceanographic change and habitat damage are all likely to
play an important role influencing biomass trends through
survival and growth of fauna. An alternative hypothesis is
that, in some marine ecosystems, fishing and environmen-
tal effects are mediated through “wasp-waist” populations
rather than from the top or the bottom of the food-web (Rice,
1995; Bakun, 1996; Cury et al., 2000). The onus on explor-
ing these lies with model authors, and it is honest to say
that most would consider their best-fit models as work in
progress; each seeking to improve model performance either
through the process of using it to test or generate hypothe-
sis for which evidence is sought. For example, in the case of
the Southern Benguela and Northern Humboldt, exploratory
forcing functions have subsequently been fitted that drive the
interactions between anchovy/sardine and their zooplankton
prey/vertebrate predators (Shannon et al., 2008). In this inves-
tigation, the “?” used in the colour coding scheme provides
an indication that primary production made little improve-
ment or worsened the model fit and that some other unknown
environmental factor might improve model performance, and
so provides some guidance for future investigation. Techni-
cal issues such as using Ecosim to estimate scaling factors of
empirical proxies for primary production and weighting of par-
ticular groups whose dynamics ought to be represented well
by the model (perhaps at the sacrifice of others), are impor-
tant areas of investigation in to model fitting. In an effort
to ensure parsimony, trade-offs will have to be made among
choices on how best to represent driving processes and the
level of detail accepted as representing ‘known’ ecosystem
changes. The quality of the data and strength of underlying
hypotheses upon which possible drivers influence ecosystem
dynamics should always be borne in mind and used to guide
these choices.

It is difficult to escape the truth that investigations of
complex ecosystem scale problems will inevitably result in
complicated models that have the potential to be danger-
ously overparameterised, i.e. estimate more parameters than
needed for the marginal benefit gained. Because fitting Ecosim
models is an exploratory ad-hoc and sometimes subjective
process, modellers have the responsibility of ensuring that
processes and interactions are represented in ways that are
at least plausible. Choices made during fitting should either
be justified on the basis of empirical evidence from the past,
reasoned concepts or well-argued judgements. It is worth cau-
tioning that models with the best numerical fit might not
always be the most plausible; indeed, often more is learned
when models initially do not fit the data well. Nonetheless,
they can be used to help systematically explore which pro-

cesses might be important and hence might compromise
efforts to implement ecosystem-based management.

The present analysis demonstrates that trophically medi-
ated top-down effects of fishing and bottom-up forcing by
primary production have a considerable influence on the abil-
ity of ecosystem models to reconstruct past trends in fish
stock abundance. It implies that these likely are the main fac-
tors explaining past resources dynamics, and confirms the
widely held view that fishing histories have had an impor-
tant influence on stock dynamics and on the overall structure
of ecosystems seen today. Investigations by researchers using
other approaches also point to the combined effects of fish-
ing, climate and trophic interactions as being important in
explaining species and system dynamics (e.g. Durant et al.,
2003; Hjermann et al., 2004a,b; Belgrano et al., 2004; Stenseth
et al., 2003, 2004a,b; Blanchard et al., 2005; Perry et al., in press).

Examination of the relationship between model perfor-
mance and parameters such as the degree of exploitation,
trophic level, productivity and vulnerability, demonstrate that
the results are not simple deterministic responses to model
parameters. Rather, they are complicated responses condi-
tioned by the model parameters specifying the nature of
predator–prey interactions (top-down and bottom-up) and
rates of growth and consumption specified from data. In short,
they evidence the complexities of ecosystem functioning.
Moving toward developing specific long-term management
plans that are centred on an ecosystem approach requires
that the relative influences and linkages among factors con-
tributing to the dynamics of stocks are resolved. Thorough
investigation of empirical data and hypothesis testing using
ecosystem models will play an important role in developing
the required knowledge.

Acknowledgements

This work was carried out as part of the Incofish project, a
European funded international collaboration. We thank Serge
Garcia, Ian Perry, Bernard Megrey and Marie-Joelle Rochet for
feedback provided when an early version was presented. Their
comments helped to shape the presentation and discussion
of methodological approaches and has led to ideas for future
work. The Sino-Europe Science and Technology Cooperation
Program of the Ministry of Science and Technology of the Peo-
ple’s Republic of China, under Contract No. 0710 are kindly
thanked for their support of this work.

Appendix A. The model fitting procedure in
Ecosim

A.1. Fitting approach

Fitting Ecosim model predictions to time series observations
can be described as an ad-hoc exploratory procedure dur-
ing which the modeller parameterises Ecosim for alternative
plausible hypotheses (or ‘models’) that may explain the obser-
vation data equally well. Alternative hypotheses are based
on knowledge (preferably empirical evidence or otherwise
justified assumptions) that trophic effects, fishing and envi-
ronmental changes such as primary production contribute
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Fig. A1 – Schematic overview of the generalised approaches used in fitting models to data. Dotted arrows indicate ongoing
work.

to historical changes in the relative abundance of species.
It is convention (and good practice) to adopt a multiple-
shooting approach, exploring different starting points and
search strategies for parameterisations that best explain the
observation data. The ‘best-fit’ model is determined by the
minimum difference between model predictions to time series
observations. Mathematically, this is the weighted sum of
squared differences (SS) between log reference and log pre-
dicted biomass (Christensen et al., 2005). The influence of
fishing effects together with parameters for the strength of
trophic effects (vulnerability) and changes in system pro-
ductivity are assessed through partitioning of the variance
contributing to the model fit.

Depending on the particular procedure used (Fig. A1), the
number of Ecosim parameters estimated for each alternative

hypotheses may be different. Established procedure is to take
account of this by penalising the model fit for the extra param-
eters, using a scoring such as Aikaike’s information criteria to
select the hypothesis that fits the data best with the minimum
number of parameters. Even where the authors of models
used here have not taken account of the number of estimated
parameters, they have taken care in selecting the best model
on the basis of its fit to data, supporting knowledge and rea-
soned justification. In this analysis, the minimum sums of
squares is used to describe how well the selected hypothesis
for each model fits the data, rather than for selecting between
hypotheses (Table A1).

Because it is possible that any of the tested (and untested
unknown) alternative hypotheses may fit the data equally
well, the choice of the ‘best-fit’ model is partly subjective, and
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should be supported on the basis of best available empirical
evidence. Whilst the formal procure allows users to assess
mathematically how well the model fits the data, reliance
on such a simple statistical test of differences is foolhardy
since it is not able to inform on the fundamental problem
of uncertainty about the causes of variation; only adaptive
management experiments can do that (Walters, personal
communication, 2007). Where information is not available to
help choose among equally plausible models that fit the data
equally well, the challenge is to ascertain whether (and if so
why) the models lead to divergent predictions for any given
policy option.

The key strength of the ad-hoc procedure is that it allows
users to explore a range of possible ecological mechanisms
that may contribute to ecosystem changes on decadal scales.
Such model-based experiments should guide our knowledge
on lines of empirical investigation. It is a truism that most is
learnt when models do not fit the data, forcing us to confront
data issues and consider other equally plausible hypotheses.
The downside is that these models have a risk of becoming
grossly overparameterised and the good practice of parsimony
ignored.

A.2. The formal procedure

Vulnerability is the key trophic parameter that is modified
in the SS minimisation procedure. The vulnerability param-
eter represents the rate of exchange (flow control) of biomass
between two prey behavioural states: a state vulnerable to
predation and a state invulnerable to predation (see Walters
et al., 1997; Walters and Martell, 2004). It determines the
strength of interaction between predators and prey and the
degree of compensatory changes in recruitment for multi-
stanza groups. A Marquardt nonlinear search algorithm with
trust region modification of the Marquardt steps is used to
search for vulnerabilities that improve model fits. For each
step in the search, the algorithm runs the Ecosim model at
least N + 1 times, where N is the number of parameters with
nonzero variances. When vulnerabilities alone are searched
for, N is the number of unique vulnerabilities. When primary
production anomalies are searched for, N is the number of
spline points (up to 1 per simulation) + the number of unique
vulnerabilities (Walters, personal communication, 2007).

The algorithm increments one PP annual value or one
vulnerability block value slightly, so as to calculate the ‘Jaco-
bian matrix’ of sensitivities of each of the predicted time
series observations to each of the parameters. After N + 1 such
checks, the Jacobian matrix is used to estimate an initial best
step change for each parameter, and a few more runs are used
to further improve the step. The algorithm stops when these
changes become very small (or a numerical error occurs in
the search calculations, if the search results in crazy values
for some parameters) (Christensen et al., 2005).

Christensen et al. (2005) state that the Ecosim search
procedure for vulnerabilities is similar to the nonlinear esti-
mation procedures used in single-species stock assessment,
e.g. for fitting production models to time series cpue data.
In essence being just an ‘observation error’ fitting procedure
where vulnerability changes usually have effects quite simi-
lar to changes in population ‘r’ parameters in single-species
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models. Allowing the search to also include historical PP
‘anomalies’ corresponds to searching also for ‘nuisance
parameter’ estimates of what we usually call the ‘process
errors’ in single species assessment (Christensen et al., 2005).
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