
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

How cod shapes its world

van Leeuwen, A.; de Roos, A.M.; Persson, L.
DOI
10.1016/j.seares.2008.02.008
Publication date
2008

Published in
Journal of Sea Research

Link to publication

Citation for published version (APA):
van Leeuwen, A., de Roos, A. M., & Persson, L. (2008). How cod shapes its world. Journal of
Sea Research, 60(1-2), 89-104. https://doi.org/10.1016/j.seares.2008.02.008

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

Download date:12 Oct 2026

https://doi.org/10.1016/j.seares.2008.02.008
https://handle.uba.uva.nl/personal/pure/en/publications/how-cod-shapes-its-world(c896d088-e3f6-4fee-8380-3f7efd868446).html
https://doi.org/10.1016/j.seares.2008.02.008


How cod shapes its world

A. Van Leeuwen a, A.M. De Roos a,⁎, L. Persson b

a Institute for Biodiversity and Ecosystem Dynamics, University of Amsterdam, P.O. Box 94084, 1090 GB Amsterdam, the Netherlands
b Department of Ecology and Environmental Science, Umeå University, SE-90187 Umeå, Sweden

Received 15 October 2007; received in revised form 27 February 2008; accepted 29 February 2008

Available online 8 March 2008

Abstract

Cod stocks in the North West Atlantic and the Baltic Sea have shown similar dynamics in recent decades with a rapid decline in
abundance and a lack of stock recovery following a period of large biomass. We explore whether the lack of recovery can be
ascribed to an emergent Allee effect, which is a mechanism intrinsic to the community in contrast to explanations involving
environmental factors. We formulate a stage-structured biomass model for the cod–sprat interaction in the Baltic Sea, paying
special attention to the size-dependent prey preference of differently sized cod. The model predicts that alternative community
states can occur under the same environmental conditions, in which cod is either present or absent. In a stable equilibrium with its
main prey cod has a strong effect on the prey size distribution, resulting in larger densities of preferred prey sizes for cod than in the
absence of any predation. Cod thus shapes its food environment to its own benefit. Furthermore, in response to increased
exploitation cod biomass and yield tend to increase unless a stock collapse is imminent. After a cod stock collapse and the
consequent drop in predation the prey size distribution becomes stunted and offers insufficient food for cod to grow and recover.
These results are consequences of the indirect effects of predation and harvesting, whereby increased mortality relaxes competition
among surviving individuals, leading to an increase in food intake and hence increased somatic growth and reproduction. We
review observed community changes following the collapse of the cod stocks in the North West Atlantic and the Baltic Sea in the
light of model predictions. In line with our model predictions growth in body size of cod has slowed down after the collapse,
despite high densities of prey biomass. Furthermore, estimates of total prey population fecundity in the Baltic Sea identify the
emergent Allee effect as a potentially important mechanism contributing to the lack of cod recovery.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Increases in both fishing intensity as well as fishing
capacity in the last century have led to the present rapid

decline of commercially exploited fish populations.
Worldwide, cases of depleted fish stocks cause concern
about the sustainability of these populations (e.g. Myers
et al., 1997; Jackson et al., 2001; Myers and Worm,
2003; Hutchings and Reynolds, 2004; Reynolds et al.,
2005). More than 50% of all the world's fisheries
resources are fully exploited and another 24% is cate-
gorized as over-fished or completely depleted (Garcia
et al., 2005).
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Well known is the collapse of the cod stocks (Gadus
morhua) in the Northwest Atlantic (NWA, e.g. Hutch-
ings and Myers 1994; Myers et al., 1997; ICES, 2006b)
and the Baltic Sea (ICES, 2006a; Osterblom et al.,
2006). Both stocks have shown a period of large
biomass, where catches were remunerative and the
stocks responded with resilience to increasing fishing
intensity. In the NWA peak abundances of cod biomass
were recorded in the mid 1980s, despite a gradual
increase in exploitation since the early 1960s. In the
Baltic Sea, cod biomass increased up to the early 1980s.
Then, within a relatively short period, the abundances in
both stocks fell sharply. In 1992 all stocks in the NWA
were at less than 15% of the recorded maximum (Myers
et al., 1997; DFO, 2007). In the Baltic Sea, an increase
in effort and more efficient fishing techniques (gillnet
fishery) led to a decline to an “extremely low level in
1992” (ICES, 2006a). Following these rapid declines the
biomass of both stocks has remained extremely low. The
stocks are commercially extinct and do not show any
sign of a possible increase. In the NWA there has been
no recovery already for 15 years (DFO, 2007) despite
the establishment of a fishing moratorium in 1993. Cod
biomass in the Baltic Sea showed a small increase from
1992 to 1995 but was in 2005 down again to just over
10% of the peak recording in 1982 (ICES, 2006a).

Concomitant with the decline in the cod stocks the
ecological communities in the two regions have gone
through some significant changes at several trophic
levels. These changes include direct effects of cod dis-
appearance, such as increases in prey biomass, as well
as indirect effects, such as decreased abundances of
zooplankton (Carscadden et al., 2001; Casini et al.,
2006) and decreased body condition of prey (Davoren
and Montevecchi, 2003; Osterblom et al., 2006). For
both ecosystems the collapse of cod has therefore been
claimed to induce a regime or catastrophic ecosystem
shift (NWA: DFO, 2003; Frank et al., 2005; Baltic Sea:
Alheit et al., 2005; Möllmann et al., 2005, 2008) with
community-wide effects due to cascading trophic inter-
actions. In the context of any attempt to restore deplet-
ed cod stocks it is an important question whether the
situation with high cod biomass that preceded stock
collapse, and very low cod biomass afterward, represent
alternative (stable) equilibrium states of the system. The
shift from a high biomass with abundant cod to a low
biomass, in which cod is commercially extinct, is almost
certainly due to over-fishing. The lack of cod recovery,
however, suggests that the shift is irreversible and that
mechanisms intrinsic to the community stabilize and
maintain the system in its current state with low cod
biomass. A number of studies (DFO, 2003; Choi et al.,

2004; Frank et al., 2005) have ascribed the lack of
recovery of NWA cod following the fishing morato-
rium from 1993 to changes in environmental condi-
tions (temperature, salinity). Similarly, climate-induced
changes in hydrography leading to changes in tempera-
ture and salinity have been argued to keep cod from
recovering in the Baltic Sea (Alheit et al., 2005;
Möllmann et al., 2005, 2008). These explanations hold
bottom-up (environmental) drivers responsible for the
sustenance of the new ecosystem state and imply that
heavy fishing is merely a reinforcing mechanism: once
environmental conditions again change to the better a
fishing moratorium will lead to cod recovery. In con-
trast, if mechanisms intrinsic to the community stabilize
the ecosystem in its current state even the combination
of improved environmental conditions and reduced
fishing may not lead to cod recovery. Several such
mechanisms have been proposed to play a role. The high
planktivore prey abundance that has resulted from the
decline in cod may negatively affect cod population
growth, either because of predation by these plankti-
vores of cod eggs (Köster and Möllmann, 2000; Bakun,
2006; Pepin, 2006) or as a consequence of competition
for shared resources between the planktivores and
juvenile cod (Sparholt, 1994; Walters and Kitchell,
2001; Möllmann et al., 2004). Furthermore, low
densities of cod have been claimed to disproportionally
reduce the likelihood that cod eggs get fertilized (Rowe
et al., 2004). The importance and relevance of these
mechanisms have, however, not been investigated in
much detail and it even remains unclear whether or not
these mechanisms would be strong enough to stabilize
the community in the current state with low cod abun-
dance (Pepin, 2006).

In this paper we propose an additional mechanism
that may prevent cod stocks to recover from a depleted
state due to the occurrence of alternative stable states.
This mechanism, referred to as an emergent Allee effect
(De Roos and Persson, 2002; see Fig. 1 for a schematic
representation), has been shown to occur in predator–
prey–resource systems when predators forage exploita-
tively on selective size ranges of prey only. At low den-
sities the size-selective predators experience a reduced
or negative population growth rate because of a low
abundance of prey in the size range targeted by the
predator (Fig. 1, left panel). This shortage of appro-
priately sized prey occurs despite a high total abundance
of prey. With increasing predator abundance the size-
selective predation pressure on prey releases competi-
tion for resources among prey and thereby speeds
up prey growth in body size and reproduction. Due to
the increased growth and reproduction the prey size
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distribution changes from dominance by large juvenile
and small-adult individuals to dominance by large adults
and high numbers of newly produced offspring (Fig. 1,
right panel). The high density of prey offspring rep-
resents high food availability for the predator, which it
however fostered itself by means of its size-dependent
predation. The effects of predation on prey size dis-
tribution thus lead to positive density dependence in
predator population growth rate and growth depensation
at low predator abundance, which may prevent it to
recover from a depleted state.

Emergent Allee effects have been shown to occur for
predators that selectively forage either on small, juvenile
prey or on large, adult prey (De Roos and Persson 2005).
To investigate whether the emergent Allee effect can
provide an explanation for the lack of recovery observed
in the depleted cod stocks in the NWA and the Baltic Sea
we analyze a population dynamic model that captures in
detail the feeding preferences of cod for prey in different
size ranges. The model is specifically formulated to
account for the two important mechanisms, food-
dependent growth in prey body size and size-selective
predation, which give rise to emergent Allee effects. For
the sake of simplicity we have represented other
life history aspects of cod and its main prey in less
quantitative detail, which allows us to clearly elucidate
how the emergent Allee effect comes about and results

in a lack of recovery. To some extent the model therefore
reflects a strategic model of the real ecological com-
munity and should not be taken as a detailed, quan-
titative representation of it. Nonetheless, model analysis
leads to testable predictions about changes in the
ecological community that are to be expected when
cod abundance declines, some of which can uniquely
identify the occurrence of an emergent Allee effect. In
particular, alternative stable community states occur
over considerable ranges of parameters and changes in
prey size distribution indeed hamper the recovery of cod
after overexploitation. We subsequently review the
changes in the food web of the NWA and the Baltic
Sea that occurred after the collapse of the local cod stock
to assess whether or not these changes support model
predictions.

2. Model formulation

We formulate a stage-structured predator–prey–
resource model, which we parameterized for the in-
teraction between cod, sprat, and their basic resources
in the Baltic Sea. Essentially, the model is a stage-
structured extension of the bio-energetics approach
introduced by Yodzis and Innes (1992), and De Roos
et al. (2007). Dynamics and equilibrium biomass den-
sities of all trophic levels were studied as a function of

Fig. 1. Sprat population stage distribution in the two alternative community states that give rise to an emergent Allee effect for cod. Left: When cod is
absent and predation low, individuals accumulate in the small-adult stage (stunted population); Right: When cod is present and predation high,
especially on small sprat, recruitment to large size classes of sprat is high due to reduced intra-specific competition. This results in rapid growth of
surviving sprat and high production of offspring (arrows) for (mostly juvenile) cod to forage on. Although cod predation targets all size classes of
sprat, only the biomass flow representing predation on juvenile sprat is shown, as it is the crucial interaction that leads to the alternative community
states.

91A. Van Leeuwen et al. / Journal of Sea Research 60 (2008) 89–104



resource productivity and fishing mortality imposed on
cod. For both sprat and cod we distinguished 3 life
history stages: juveniles, small, and large adults. The
focus of our analysis is the influence that cod exerts on
the prey population. We therefore formulate the model
including only interactions of metamorphosed indivi-
duals and ignore interactions that take place in the egg or
larval stage of the two species, including the possible
feeding of sprat on cod eggs (Köster and Möllmann,
2000).

Two functions play an important part in the biomass
dynamics of all stages of both cod and sprat: the
weight-specific net-biomass production rate, ν(I), and
the weight-specific maturation rate γ(I) that both
depend on the weight-specific rate of food ingestion,
I. The net-biomass production rate per unit of biomass
equals the balance between biomass assimilation and
maintenance (Yodzis and Innes, 1992; De Roos et al.,
2007):

v Ið Þ ¼ rI � T : ð1Þ
In this equation σ represents the efficiency with

which food is assimilated and T the metabolic require-
ments per unit biomass. Food ingestion depends on the
diet composition, which differs for the different life
history stages of cod and sprat, and on the densities
of resources that individuals feed upon. Maturation out
of a particular life stage is modeled with the following
function:

g Ið Þ ¼ jv Ið Þ � d

1� z1�d= jm Ið Þð Þ : ð2Þ

In this equation κ represents the fraction of net
production that individuals in a particular life stage
invest into somatic growth. Hence, the product κν(I)
equals the weight-specific somatic growth rate. d
represents the individual death rate, which is the sum
of background and possibly predation and harvesting
mortality. The parameter z represents the ratio of the
initial and the final body size that a particular life
stage encompasses and hence reflects the size range
that an individual has to grow through before ma-
turing to the next stage. The maturation function γ(I)
is food dependent through its dependence on net-
biomass production, while it moreover decreases with
increasing values of the individual death rate d. This
function constitutes the unique feature of the model.
De Roos et al. (2008) show that with this particular
functional form γ(I) describes weight-specific matura-
tion rate at the population level in a way that is con-
sistent with the individual-level assumptions that (1)

individuals in a particular life stage grow in body size
at a weight-specific rate κν(I), while (2) experiencing
a per capita death rate equal to d throughout the entire
life stage.

Net-biomass production and maturation rates of the
functional form discussed here occur in all dynamic
equations for biomass density in the various life stages
of cod and sprat. These rates may differ because of
differences in diets and differences in parameter values,
which are both species and stage specific. In the fol-
lowing we will hence label variables and parameters
with a subscript where needed to indicate the species
and life stage the quantity relates to.

2.1. Resource dynamics

The model accounts for biomass densities of three
different resources (in gram per unit volume), referred to
as RS, RJ and RA. Juvenile and adult sprat feed on and
compete for the shared resource RS. Juvenile and adult
cod feed on separate resources, RJ and RA, respectively,
and hence do not compete with each other, nor with
sprat, for a shared resource. We assume, however, that
the productivity of RJ and RA is too low for cod to
persist on. Biomass dynamics for all three resources are
described by similar equations:

dRS

dt
¼ PS � dRS � GS ð3Þ

dRJ

dt
¼ PJ � dRJ � GJ ð4Þ

dRA

dt
¼ PA � dRA � GA: ð5Þ

These equations reflect that resource dynamics is a
balance between a (constant) productivity P, resource
turn-over with turn-over rate δ and resource grazing,
referred to as G. The productivities of the three re-
sources are considered constant system parameters (see
Table 1).

2.2. Sprat dynamics

Biomass densities in the three life stages (in gram
per unit volume) are referred to as SJ, SA and SB.
Juveniles invest all their net-biomass production into
somatic growth (κSJ =1), while large adults invest all
their net energy into reproduction (κSB=0). Small adults
grow and reproduce. Biomass dynamics are described
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by the following set of ordinary differential equations
(ODEs; see De Roos et al., 2008, for a derivation).

dSJ
dt

¼ 1� jSAð ÞmþSA ISAð ÞSA þ mþSB ISBð ÞSB
þ mSJ ISJð ÞSJ � gþSJ ISJð ÞSJ � dSJSJ ð6Þ

dSA
dt

¼ gþSJ ISJð ÞSJ þ mSA ISAð ÞSA
� 1� jSAð ÞmþSA ISAð ÞSA � gþSA ISAð ÞSA
� dSASA ð7Þ

dSB
dt

¼ gþSA ISAð ÞSA þ mSB ISBð ÞSB � mþSB ISBð ÞSB
� dSBSB: ð8Þ

Juvenile biomass SJ increases through reproduction
by small and large adults, denoted by (1−κSA)νSA

+ (ISA)SA
and νSB

+ (ISB )SB, respectively, which is in both cases the
product of weight-specific net-biomass production and

adult biomass density. In addition, small adults only
invest a fraction 1−κSA into reproduction. Here and
below a superscript ‘+’ indicates that a quantity is
restricted to non-negative values and equal to 0 when
negative values would occur. In the context of re-
production, the superscript indicates that reproduction
is assumed to stop when net-biomass production turns
negative and individuals starve. Juvenile biomass further-
more increases through somatic growth, νSJ(ISJ)SJ, and
decreases through maturation and death, described by the
terms γSJ

+(ISJ )SJ and dSJSJ, respectively. Juvenile matura-
tion increases the biomass density of small adults, which
moreover increases through net-biomass production by
small adults themselves (first and second term in Eq. (7)).
Small-adult biomass density decreases through their
investment into reproduction, (1−κSA)νSA

+ (ISA)SA, through
maturation, γSA

+ (ISA)SA and through mortality dSASA.
Biomass density of large adults increases through
maturation of small adults and through net-biomass
production by large adults themselves (first and second

Table 1
Model parameters and their default values for cod (Gadus morhua), preying on sprat (Sprattus sprattus)

Parameter Value Unit Description

Individual energetics
TCJ

0.015 g g−1 day−1 Metabolic rate of juvenile cod
TCA

,TCB
0.006 g g−1 day−1 Metabolic rate of small- and large-adult cod

MCJ
0.08 g g−1 day−1 Maximum ingestion rate of juvenile cod

MCA
,MCB

0.022 g g−1 day−1 Maximum ingestion rate of small- and large-adult cod
κCA

0.8 – Fraction of net production channelled to somatic growth
TSJ 0.032 g g−1 day−1 Metabolic rate of juvenile sprat
TSA,TSB 0.02 g g−1 day−1 Metabolic rate of small- and large-adult sprat
MSJ 0.23 g g−1 day−1 Maximum ingestion rate of juvenile sprat
MSA, MSB 0.078 g g−1 day−1 Maximum ingestion rate of small- and large-adult sprat
κSA 0.8 – Fraction of net production channelled to somatic growth
σ 0.3 g g−1 Assimilation efficiency of sprat and juvenile cod
σP 0.4 g g−1 Assimilation efficiency of adult cod

Mortality
Μ 0.001 d−1 Background mortality
F Varied – Fishing mortality (as multiple of μ)

Body size ratios
zCJ

0.003 – Initial–final size ratio of juvenile cod stage
zCA

0.125 – Initial–final size ratio of small-adult cod stage
zSJ 0.05 – Initial–final size ratio of juvenile sprat stage
zSA 0.7 – Initial–final size ratio of small-adult sprat stage

Resource dynamics
d 0.1 d−1 Resource turn-over rate
PS Varied g V−1 day−1 Productivity of shared resource for all sprat stages
PJ 0.075 g V−1 day−1 Productivity of shared resource for juvenile cod
PA 0.1 g V−1 day−1 Productivity of shared resource for adult cod

The factors q, indicating the fraction of time that individual cod in a particular life stage spend searching for a particular type of resource, are specified
in the food web diagram shown in Fig. 2. The factor V represents the unit of system volume, in which the community is considered to live (see
Electronic Appendix).
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term in Eq. (8)). Large-adult biomass density decreases
through their investment into reproduction, νSB

+ (ISB)SB
and through mortality dSBSB. Note that the net-biomass
production by large adults and their investment into
reproduction cancel, reflecting the assumption that large
adults invest all their net production in producing off-
spring, except under starvation conditions, when large-
adult biomass declines and their reproduction halts
(De Roos et al., 2008).

2.3. Cod dynamics

Biomass densities in the three life stages of cod (in
gram per unit volume) are referred to as CJ, CA and CB.
Juvenile cod are assumed to only grow in body size,
while large-adult cod do not grow at all. Only small-
adult cod both grow in size as well as invest in
reproduction. Biomass dynamics in these three life
stages are described by a set of 3 ODEs that are
analogous to the system of equations for sprat, discussed
above:

dCJ

dt
¼ 1� jCAð ÞmþCA

ICAð ÞCA þ mþCB
ICBð ÞCB

þ mCJ ICJð ÞCJ � gþCJ
ICJð ÞCJ � dCJCJ ð9Þ

dCA

dt
¼ gþCJ

ICJð ÞCJ þ mCA ICAð ÞCA

� 1� jCAð ÞmþCA
ICAð ÞCA � gþCA

ICAð ÞCA

� dCACA ð10Þ

dCB

dt
¼ gþCA

ICAð ÞCA þ mCB ICBð ÞCB � mþCB
ICBð ÞCB

� dCBCB: ð11Þ

The terms occurring in these 3 equations are entirely
analogous to the terms occurring in the ODEs (6)–(8)
above and we will hence not discuss their interpretation
any further.

2.4. Ingestion and mortality

Feeding relations between resources, sprat and cod
are summarized in the schematic representation of the
food web shown in Fig. 2. All feeding interactions are
assumed to follow type II functional responses with a
maximum ingestion rateM and a half-saturation resource
density, which is uniformly taken equal to 1 (see the
Electronic Appendix for justification of this value).
Maximum ingestion rates are species and stage specific
and are hence labeled with a subscript, indicating the
particular species and stage where appropriate.

Juvenile and adult sprat are assumed to feed on their
shared resource only (Fig. 2), but with different
maximum ingestion rates (see Table 1). Small and
large-adult sprat, however, are assumed to have the
same weight-specific maximum ingestion rates. Feeding
by juvenile, small-adult and large-adult sprat is hence
described by:

ISJ ¼ MSJ
RS

1þ RS
ISA ¼ MSA

RS

1þ RS
ISB ¼ MSB

RS

1þ RS
:

ð12Þ

Grazing by sprat on their shared resource is the sum
of the grazing imposed by each of the three sprat stages
separately, in which the stage-specific grazing pressure
equals the product of the weight-specific ingestion rate
and the stage-specific biomass density. Hence:

GS ¼ ISJSJ þ ISASA þ ISBSB: ð13Þ

Juvenile cod are assumed to feed on their own
alternative resource RJ, as well as on juvenile sprat.
Adult cod are assumed to feed on all stages of sprat in
addition to feeding on their alternative resource RA. To
model the relative intensity with which cod individuals
forage on different resources, we introduce factors q that
indicate the fraction of time that an individual in a
particular life stage spends searching for a particular
type of resource. For example, for juvenile cod we in-
troduce the parameters qCJ→RJ

and qCJ→ SJ representing
the fraction of time that a juvenile cod forages on
alternative resource and on juvenile sprat, respectively.
The values of these fractions are shown in the food web
diagram in Fig. 2 and are derived from literature data on
diet composition (see the Electronic Appendix for the
derivation of these parameters). For any particular life

Fig. 2. Schematic representation of the feeding relations between
juvenile, small- and large-adult cod (CJ, CA and CB) and sprat (SJ, SA
and SB) and their alternative resources (RJ, RA and RS). The values
next to all arrows are the factors q that represent the fraction of time
spent foraging on the particular food resource.
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stage of cod the various values of q sum to 1, hence
qCJ→RJ

+qCJ→ SJ =1. The rate with which cod in differ-
ent life stages encounter prey biomass now equals a
weighted sum over the biomass densities of the different
types of prey, in which the factors q are the weighting
factors. Hence, for juvenile, small-adult and large-adult
cod the prey encounter rate, referred to as ECJ

, ECA
and

ECB
, respectively, equals:

ECJ ¼ qCJYRJRJ þ qCJYSJSJ ð14Þ

ECA ¼ qCAYRARA þ qCAYSJSJ þ qCAYSASA
þ qCAYSBSB ð15Þ

ECB ¼ qCBYRARA þ qCBYSJSJ þ qCBYSASA
þ qCBYSBSB: ð16Þ

Food intake rates of juvenile, small-adult and large-
adult cod depend on these encounter rates following a
type II functional response with unit handling time and
maximum ingestion rate M:

ICJ¼ MCJ

ECJ

1þ ECJ

ICA¼ MCA

ECA

1þ ECA

ICB¼ MCB

ECB

1þ ECB

:

ð17Þ

These expressions for the prey encounter rate and the
functional response of cod imply that the grazing rate of
juvenile and adult cod on their alternative resources is
described by:

GJ ¼ MCJ

qCJYRJRJ

1þ ECJ

CJ ð18Þ

GA ¼ MCA

qCAYRARA

1þ ECA

CA þMCB

qCBYRARA

1þ ECB

CB: ð19Þ

The death rates of juvenile, small-adult and large-
adult sprat follow similar expressions, depending on the
prey encounter rate of the different cod stages, as well as
on their diet composition and the biomass density in a
particular cod life stage. These death rates are described
by the following equations:

dSJ ¼ AþMCJ

qCJYSJ

1þ ECJ

CJ þMCA

qCAYSJ

1þ ECA

CA

þMCB

qCBYSJ

1þ ECB

CB ð20Þ

dSA ¼ AþMCA

qCAYSA

1þ ECA

CA þMCB

qCBYSA

1þ ECB

CB ð21Þ

dSB ¼ AþMCA

qCAYSB

1þ ECA

CA þMCB

qCBYSB

1þ ECB

CB: ð22Þ

Notice that the above expressions specify the per-
capita death rates and hence do not include stage-
specific biomass density of the target prey stage in the
numerator of all functional response terms. Furthermore
notice that we have assumed that all individuals expe-
rience the same constant background mortality risk,
referred to as μ.

For cod we assume that in all life stages cod in-
dividuals experience a low background mortality μ,
which equals the background mortality of sprat. We
furthermore assume that small-adult and large-adult cod
are equally vulnerable to fishing mortality, which we
express as a multiple of the background mortality rate μ.
Hence, adult fishing mortality equals Fμ, while we
assume juvenile cod to run a reduced risk and expe-
rience an additional mortality through fishing equal
to ρFμ. The per-capita death rates of juvenile, small-
adult and large-adult cod are therefore described by:

dCJ ¼ 1þ qFð ÞA dCA ¼ 1þ Fð ÞA
dCB ¼ 1þ Fð ÞA: ð23Þ

In the Electronic Appendix we discuss in detail how
we derived default values of the model parameters
from published data on individual energetics and diet
composition. All parameter values are summarized in
Table 1. Analytical expressions for the equilibria of the
model cannot be derived. Hence, model analysis
was entirely numerical, for which we used CONTENT
(Kuznetsov et al., 1996), an interactive software pack-
age for numerical bifurcation analysis of dynamic sys-
tems (see Kuznetsov, 1995 for an introduction and
overview).

3. Model predictions

Fig. 3 illustrates the model predictions regarding the
effect of a period of increasing fishing pressure on
the cod–sprat community. When the community is un-
exploited (Fig. 3; first 20 years) and both cod and sprat
are present, the cod population is dominated by juvenile
individuals, whereas large adults dominate the sprat
population. Large- and small-adult cod are present in a
ten times lower abundance than juveniles (Fig. 3, lower
panel). This population structure reflects that competi-
tion among juveniles is strong and that consequently
they take a long time to mature. Small- and large-adult
cod have ample food, mainly due to the high density of
large-adult sprat (Fig. 3), experience low competition
for resources and hence have a large reproductive
output. This large production of offspring together with
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the relatively low availability of juvenile resources
causes the accumulation of cod biomass in the juvenile
stage. As such, the population is regulated through
juvenile maturation (De Roos et al., 2007). In terms of
numbers, especially large-adult, but also juvenile sprat
are relatively abundant while small-adult sprat are
present in low numbers. Because of their larger body
size, however, large-adult sprat constitute the main
component of the population biomass (Fig. 3, upper
panel). Risk of predation by cod is highest for juvenile
sprat (result not shown), which keeps their density
down and prevents high competition among them. As a
consequence, juvenile sprat that survive mature rapidly.
Indirectly, cod predation on juveniles also keeps adult
sprat density down, as only few juvenile sprat survive
till maturation. Adult sprat hence also experience little
competition and realize a high reproduction rate. Cod
predation is therefore the major factor determining the

U-shaped population structure of sprat and is indirectly
responsible for the high growth rate of juvenile and
small-adult sprat and the high reproduction rate for
small- and large-adult sprat.

Exposing the cod population to an increasing fishing
pressure (Fig. 3, lower panel, between year 20 and 60)
strongly reduces the biomass of large-adult cod. On the
other hand, biomass of juvenile and small-adult cod
shows an oscillatory increase. After some twenty years
of a gradually increasing fishing pressure cod biomass
starts to decline steadily. The decline continues even
when harvesting is stopped completely after 40 years.
This collapse of the cod population is irreversible as the
population fails to recover from low densities (note that
we have implemented a small invasion of large cod to
allow for population recovery if this would be at all
possible). After collapsing adult cod biomass has
decreased to zero, while juvenile biomass is some 2%
of the biomass before fishing started. The cod biomass
that is still present results from the immigration of large-
adult cod into the system. These adults produce low
numbers of juveniles that themselves fail to mature
because the resource densities they encounter are too
low. As a consequence, small-adult cod are absent.

The collapse of the cod population leads to a con-
comitant increase in sprat biomass (Fig. 3, upper panel).
Although initially all three stages increase in abundance,
only small-adult biomass continues to increase, whereas
juvenile and large-adult biomass ultimately decline to
biomass densities that are 1.5–2.5 times lower than
before the cod collapse. The population shifts from
dominance by large adults to being dominated by small
adults with low densities of both juveniles and large
adults. In the absence of cod predation the sprat pop-
ulation is hence characterized by a unimodal, stunted
size distribution as opposed to the U-shaped size dis-
tribution before the cod population disappeared. All
sprat compete for the same resource, but juveniles have
a more positive net-energy production than adults due to
their larger ratio of maximum ingestion over main-
tenance rate (see Table 1). Adult growth and reproduc-
tion is much more limited by competition for resources
than juvenile growth and maturation. Because of this
slow recruitment into and rapid maturation out of the
juvenile stage, sprat biomass is concentrated in the
small-adult stage. Despite the fact that total sprat
biomass is high in the absence of cod predation, the
cod population cannot recover after harvesting has
stopped completely. Due to the low density of juvenile
sprat food availability for juvenile cod is too low for
them to grow and mature sufficiently fast. After har-
vesting has stopped environmental conditions are

Fig. 3. Response of an unexploited cod–sprat community to a fishing
mortality (dashed line; lower panel) that increases linearly over time
from t=20 to t=60 and subsequently stops. Top: sprat biomass in the
juvenile (thin, black line), small-adult (thick, grey line) and large-adult
life stage (thick, black line); Bottom: cod biomass in the juvenile (thin,
solid line), small-adult (thick, grey line) and large-adult life stage (thick,
black line). Productivity of the sprat resource: PS=12.0 g V−1 day−1;
Juvenile cod experience a fishing mortality 20 times lower than adults
(ρ=0.05). Note that we have implemented a small invasion of large-
adult cod to allow for population recovery if this would at all be
possible. Other parameters have default values.
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identical as before harvesting started (Fig. 3, lower
panel, compare before year 20 and after year 60), except
for the fact that predation by the cod population shaped
the sprat size distribution in such a way that more food
was available for juvenile cod. Cod hence exerted a
positive feedback on its own food availability through
its size-selective feeding on prey fish, which relaxed
competition among prey and resulted in asymmetric
responses in reproduction and somatic growth rate of the
different prey life stages.

Fig. 4 shows the possible equilibria of the cod–sprat
community, at different values for the sprat resource
productivity, PS, in the absence of any harvesting of cod.
For these results we have assumed that the densities of
alternative resources for juvenile and adult cod are so
low that an exclusive diet of alternative resources would
only satisfy 50% of their daily maintenance require-
ments. Both juvenile and adult cod hence need to forage
on sprat for persistence. At low productivities of the sprat
resource (PSb8.7 g V−1 day−1) cod does not encounter
sufficient food to persist at all, while at high productiv-

ities of the sprat resource (PSN16.0 g V−1 day−1) cod
and sprat coexist. These predictions are in agreement
with classic predictions about community structure in a
food chain with three trophic levels as a function of
system productivity (Hairston et al., 1960; Oksanen
et al., 1981). In contrast, however, equilibria with and
without cod both represent stable community states in
between these two threshold productivities. As discussed
before, in a cod–sprat community state the densities of
small-adult sprat are considerably lower than when cod
is absent in contrast to juvenile and large-adult sprat
densities that are higher when cod is present (Fig. 4).

The results shown in Fig. 3 are obtained with a
productivity of sprat resource that is within the region
with two stable community states. Fig. 1 illustrates
schematically how these two states differ in terms of
prey size distribution, growth and reproduction. When
present cod predation represents a considerable drain of
sprat biomass, especially of juveniles, which limits
recruitment to larger stages and thereby gives rise to the
U-shaped size distribution of sprat. Under these con-
ditions cod cannot recover from low densities after high
harvesting mortalities have led to a population collapse,
irrespective of whether fisheries is banned completely or
not. For the same value of sprat resource productivity
Fig. 5 (top panel) shows the total cod population bio-
mass and the yearly harvesting yield as a function of
increasing fishing mortality. Given that the community
state without cod is stable at zero fishing mortality, it is
also a stable equilibrium for any higher level of fishing.
Nonetheless, cod and sprat can persist in stable equi-
librium for a range of fishing mortality rates, which is
significantly smaller if juvenile individuals are exposed
to exploitation as well (compare top-left and top-right
panel in Fig. 5). The maximum fishing mortality, for
which a stable cod–sprat equilibrium can occur, we will
refer to as the persistence limit or persistence boundary.
The persistence limit occurs at 14 times the background
mortality that we assumed in case juveniles are pro-
tected from exploitation, but only 7 times the back-
ground mortality if juveniles are exposed to a fishing
mortality that is just 5% of the mortality imposed on
adults. Exposing a population to a higher mortality than
this persistence limit will initiate a rapid decline. Indeed,
during the period of increasing fishing mortality shown
in Fig. 3, cod biomass starts to decline when fishing
mortality exceeds the persistence limit (roughly 7 times
background mortality).

The same bistability between a stable equilibrium
without cod and one with both cod and sprat also
occurs at higher values of the productivity of sprat
resource (Fig. 5, lower panels). For these higher system

Fig. 4. Possible community equilibria of cod (bottom panel) and sprat
(top panel) as a function of the productivity of the resource for sprat,
PS, in the absence of any fishing mortality. Other parameters have
default values. Thin, black lines represent biomass in the juvenile
stage, while thick grey and black lines represent biomass in the small-
and large-adult stage, respectively. Thin grey lines represent unstable
equilibria that are only represented for completeness.
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productivities the range of fishing mortalities that a
cod–sprat community can face without collapsing is
substantially larger, especially when juvenile cod is
protected against exploitation (Fig. 5, lower-left panel).
For higher system productivities a community without
cod is no longer a stable equilibrium in the absence of
any fishing. Cod can hence recover from low densities if
fishing mortality is below a threshold level (vertical
dashed line in Fig. 5, lower panels), which we refer to as
invasion limit or invasion boundary. After a population
collapse, cod may in this case still face difficulties
recovering from low densities if fishing mortality cannot
be reduced below the invasion limit. This may for ex-
ample occur when cod is caught as by-catch in fisheries
that target other fish species than cod itself.

As a remarkable feature of the results shown in Fig. 5
increased exploitation of the cod population leads to an
increase in both total cod biomass as well as total yearly
harvest over large ranges of the fishing intensity. This
positive response in biomass and yearly yield to an
increase in exploitation is especially apparent at higher
productivities of the sprat resource and when juveniles
are exposed to some exploitation as well (Fig. 6). An
increase in exploitation will only lead to a decrease in
cod biomass and yield at exploitation levels close to the
persistence limit, that is, under conditions when a stock

collapse is imminent. The increase in total biomass is
primarily due to an increase in biomass of juvenile cod
(Fig. 6). Biomass of small-adult cod shows an initial,
weakly positive response over a small range of fishing
mortalities, leveling off at higher fishing mortalities
(Fig. 6). Biomass of large-adult cod monotonically
declines with increasing exploitation. Biomass in all
sprat life stages increases with increasing exploitation of
cod, especially biomass of large-adult sprat (Fig. 6, top
panel). The population stage distribution of sprat is
primarily shaped by cod predation, as sprat resource
density is consistently high (results not shown). The
decrease in large-adult cod biomass especially releases
large-adult sprat from predation, which allows them to
achieve a high reproductive output. This increased
production of newborn sprat implies an increased
production rate of food for cod, which results in the
increase in biomass of both juvenile and small-adult
cod. At the same time, the more abundant cod impose
sufficient predation pressure on sprat to prevent any
density dependence among them to play a role. In sum,
the increase in cod biomass and yearly yield results from
a subtle interplay between (1) the stage distribution
of cod, (2) the diet preferences of differently sized cod
individuals for differently sized sprat, (3) the con-
sequences of the previous two factors for the stage

Fig. 5. Total cod population biomass (thick, black lines) and yearly harvesting yield (cod biomass harvested per year; thick, grey lines) as a function of
fishing mortality for two different values of the productivity of the resource for sprat, PS=12.0 g V

−1 day−1 (top) and PS=18.0 g V
−1 day−1 (bottom).

Juvenile cod are either not exposed to any fishing mortality at all (left panels) or experience a fishing mortality 20 times lower than adults (ρ=0.05;
right panels). Other parameters have default values. A stable equilibrium with zero density of cod occurs for all values of fishing mortality (top) and
all fishing mortalities to the right of the vertical dashed line (bottom), as indicated by the horizontal, thick black lines. Thin grey lines represent
unstable equilibria that are only represented for completeness.
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distribution of sprat, and (4) the differences in net-
energy production capacity of juvenile, small-adult and
large-adult sprat.

4. Empirical observations

The food webs in the NWA and in the Baltic Sea are
broadly similar. Cod is the top predator in both the NWA
(DFO, 2003) as well as in the Baltic Sea (Sparholt,
1994). In the NWA the main prey species of cod is
capelin (Mallotus villosus), which itself forages mainly
on zooplankton. In the Baltic Sea, the main prey species
are the clupeids sprat (Sprattus sprattus) and herring
(Clupea harengus) that are both also predominantly
zooplanktivorous (Bagge et al., 1994; Rudstam et al.,
1994; Sparholt, 1994). Sprat and herring compete with
each other for the same resources (Möllmann et al.,
2004), which is comparable to the intra-specific com-
petition within both populations. In its simplest form the

food web can thus be described as a three trophic
system, consisting of zooplankton, planktivorous prey
fish and piscivores.

From the perspective of the community as a “classic”
food chain with three trophic levels (Oksanen et al.,
1981) a decrease in predator biomass would be expected
to (1) decrease predation mortality on its main prey and
hence lead to (2) an increase in prey biomass. Indirectly,
the increase in prey biomass will lead to (3) a reduction in
zooplankton abundance and hence to (4) increased
competition among prey for food. This increase in
competition may translate into (5) a declining body
condition of prey and (6) a slowing down of prey growth
in body size. In both the NWA and the Baltic Sea the
collapse of the local cod stock has triggered community
changes that are in broad agreement with the above
predictions. In Table 2 we review and summarize
empirical evidence for these changes in different parts
of the NWA and in the Baltic Sea. These predictions
and observations corroborate the idea that the collapse of
cod induces a cascade of community-wide effects
(NWA: DFO, 2003; Frank et al., 2005; Baltic Sea:
Alheit et al., 2005; Möllmann et al., 2005; Möllmann
et al., 2008) and support the perspective of the com-
munity as a “classic” food chain with three trophic levels.

The stage-structured predator–prey–resource model
that we analyze in this paper generates all of the afore-
mentioned predictions as well, but in addition predicts
that in low density situations cod suffers from food
shortage as a consequence of the changed size dis-
tribution of its prey. This latter prediction is in fact at
odds with the conceptualization of the community as a
classic three-link food chain or a trophic cascade, which
would predict that the high prey abundance would result
in very favorable growth conditions for cod. Due to the
predation on selected size ranges of prey only, however,
cod growth is predicted to slow down and hence give
rise to an emergent Allee effect. Decreases in body con-
dition and average size at age have indeed been observed
for cod in both the NWA and the Baltic Sea, as is sum-
marized in Table 2, which supports the hypothesis that an
emergent Allee effect contributes to the lack of cod
recovery from its depleted state.

A critical prediction of the stage-structured model is
that growth depensation of cod at low densities arises
especially because of the lack of juvenile sprat that are
appropriately sized prey for juvenile cod. This predic-
tion distinguishes the emergent Allee effect from other
mechanisms that might give rise to such growth
depensation, in particular the cultivation–depensation
mechanism proposed by Walters and Kitchell (2001).
We tested this prediction against data from sprat and

Fig. 6. Changes in equilibrium stage-specific biomass of sprat (top)
and cod (bottom) with increasing fishing mortality for a sprat resource
productivity of PS=18.0 g V−1 day−1. Juvenile cod experience a
fishing mortality 20 times lower than adults (ρ=0.05). Other
parameters have default values. Thin, black lines represent biomass
in the juvenile stage, while thick grey and black lines represent
biomass in the small- and large-adult stage, respectively. Only
equilibrium densities for the stable community state in which cod
and sprat coexist are shown. A stable equilibrium with zero density of
cod occurs for all values of fishing mortality to the right of the vertical
dashed line.
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herring in the Baltic Sea. Juvenile cod in the Baltic Sea
switch to piscivory once they have reached a length of
15–20 cm (Sparholt, 1994), corresponding to a body
weight below 100 g (Andersen and Riis-Vestergaard,
2004). Given that predator–prey body weight ratios are
in the order of 100 (Ursin, 1973) piscivory by juvenile
cod will mainly occur on prey fish well below 4 g in
body weight. The latter, however, is the minimum
weight at which clupeids first show up in the stock
abundance estimates for the Baltic Sea (ICES, 2006a),
which can hence not be taken as a reliable estimate
of prey fish abundance. We therefore assessed prey
fish availability for juvenile cod by estimating from

literature data the population fecundity of herring and
sprat over the past decades (Fig. 7; see Electronic
Appendix for calculation details). Our estimates indicate
that total clupeid population fecundity has shown an
oscillatory, but consistently declining trend over the
period 1974–2004. Over the first half of this period
herring produced most of these offspring, whereas sprat
dominated the offspring production in the second half,
reflecting the trend in total biomass of the two species.
Most importantly, over the period 1992–2004, when
cod experienced a continued low population biomass,
total clupeid population fecundity decreased by a factor
of 2.7. Furthermore, temporary increases in cod biomass

Table 2
Community changes in the NWA (codes refer to DFO management regions) and the Baltic Sea after the collapse of the local cod stock

Prediction Observation Time period Area/division Ref.

A) Northwest Atlantic
Predation mortality Capelin predation mortality down by factor 2.5 1980–2000 Gulf of St. Lawrence (4RST) 1

Increased spawning and recruitment due to reduced
cod predation

1990–2000 Eastern Scotian Shelf, Grand Banks 2

Groundfish biomass declined 2 orders of magnitude 1970–1990 Eastern Scotian Shelf (4VW) 3
Prey biomass Capelin occurrence up Since 1990 Gulf of St. Lawrence (4RST) 4

Pelagic fish biomass up 1980-, highest in
mid 1990s

Eastern Scotian Shelf (4VW) 5

Pelagic biomass increased 2 orders of magnitude 1970–2004 Eastern Scotian Shelf (4VW) 3
Community shift from groundfish to small pelagic
species

1980–2003 Eastern Scotian Shelf (4VW) 6

Indirect effects Below-average densities of copepods and euphausiid
prey of capelin

1990–2000 Gulf of St. Lawrence, Eastern
Scotian Shelf, Grand Banks

2

Capelin body condition declined 1982–1999 Grand Banks (3KL) 7
Decreased condition of capelin fed to guillemot chicks 1990s Grand Banks (3KL) 8
Condition of all pelagic species declined Since mid 1980s Eastern Scotian Shelf (4VW) 6
Reduction in mean size of capelin Since late 1980s Gulf of St. Lawrence (4RST) 1
Capelin body size below pre-1991 average 1991–2005 Gulf of St. Lawrence (4RST) 1, 4

Cod size at age and
condition

Size of 5-year old cod declined by 25% 1970–2000 Eastern Scotian Shelf (4VW) 6
Cod older than 3-years of age show reduced length
at age

1970–1998 Gulf of St. Lawrence (4T) 9

Reduced cod body condition 1970–2000 Eastern Scotian Shelf (4VW)Gulf
of St. Lawrence (4RS)

6, 10

B) Baltic Sea
Predation mortality Age-specific predation mortality of herring and sprat

decreased to below 20%
1980–2005 Baltic Sea 11

Predation mortality on herring longer than 10 cm
decreased 30-fold

1990–1992 Baltic Sea 12

Prey biomass Total clupeid biomass (sprat, herring) doubled 1988–1995 Baltic Sea 11
Sprat biomass increased with factor 4 1980–2005 Baltic Sea 11

Indirect effects Competition for food causes decreased clupeid condition 1980–2005 Baltic Sea 13
Condition decrease of 22% for sprat and 24% for herring 1990–1995 Baltic Sea 13
Sprat weight at age (1–8 yrs.) around 70% of weight at
age during 1980–1994

1995–2005 Baltic Sea 11

Cod size at age Decreased mean weight at age of especially older cod 1992–2005 Baltic Sea 11

1: Grégoire et al. (2005). 2: Carscadden et al. (2001). 3: Choi et al. (2004). 4: DFO (2006). 5: Frank et al. (2005). 6: DFO (2003). 7: Carscadden and
Frank (2002). 8: Davoren and Montevecchi (2003). 9: Sinclair et al. (2002). 10: Lambert and Dutil (1997). 11: ICES (2006a). 12: Beyer and Lassen
(1994). 13: Casini et al. (2006).

100 A. Van Leeuwen et al. / Journal of Sea Research 60 (2008) 89–104



seem to mirror brief increases in total clupeid fecundity
(for example, in 1992 and 2000). We therefore conclude
that these data indeed seem to support the hypothesis
that low prey fish availability for juvenile cod plays a
role in the lack of recovery of the cod population in
recent years and thus identify the emergent Allee effect
as a potentially important mechanism.

5. Discussion

The model analysis presented in this paper leads to two
main conclusions: (1) the food web interactions between
cod and sprat are likely to result in an emergentAllee effect
for cod, such that in a depleted stock individual cod
encounter too little food to rebuild the population despite
high sprat densities; and (2) over a substantial range of
conditions increased exploitation of cod may lead to
higher biomass densities of both cod and sprat as well as to
an increased harvesting yield. Both effects are conse-
quences of the subtle interplay between size-dependent
food intake and energetics of both sprat and cod and the
size-dependent predation that cod exerts on sprat. This
predation releases competition among surviving sprat and
thus indirectly increases net-energy production, which
subsequently translates into increased somatic growth and
maturation to larger size classes as well as to increased
reproduction. It is especially the link between food intake
on the one hand and individual growth and reproduction
on the other that has been ignored in most previous
modeling studies of fish population dynamics.

The poor food conditions that individual cod ex-
perience in a sprat population that is not exposed to any

predation result from the inter-stage differences in net-
energy production of sprat. On a weight-specific basis
juvenile sprat are more efficient foragers and use less
energy for maintenance than adults. As a consequence, a
sprat population that is not exposed to predation is
dominated by small-adult individuals (with a relatively
low reproductive output) and contains only low den-
sities of potential prey especially for juvenile cod
(Fig. 1, left panel). Substantial predation on sprat can
effectively counter the dominance by small adults and
give rise to a U-shaped population stage distribution
with higher densities of juvenile sprat that (juvenile) cod
can forage on (Fig. 1, right panel). The change in sprat
stage distribution comes about because of the indirect,
positive effects of cod predation, that is, a release of
competition and an accelerated somatic growth of sprat
that survive. By feeding size selectively on different
sprat stages cod may hence change the structure of its
main prey population, exert a positive feedback on
its own food availability and thus shape its feeding
environment to its own benefit. This positive feedback
of cod on its own food environment is possible, as long
as predation does not primarily target the small-adult
sprat themselves (De Roos et al., 2003). In the Gulf of
St. Lawrence cod predation has indeed been shown to be
highest for prey individuals of 0.5–2 g (Duplisea, 2005).
Therefore, also there cod predation mainly affects prey
before they reach the dominant life stage, which is most
effective to achieve a release of competition.

The increase in cod biomass and yield with in-
creasing exploitation over substantial ranges of the
parameters also results from the effects of cod predation
on sprat dynamics, in particular the size selectivity of
this predation. The decline in large-adult cod as a result
of harvesting releases large-adult sprat from predation,
increasing their numbers. These large adults fuel the
production of new biomass through their high fecundity,
which ultimately translates into an increased production
of the sprat population as a whole and hence an in-
creased food availability for cod. The release of large-
adult sprat from predation is possible, because small-
adult cod forage to a much lesser extent on large-adult
sprat than large-adult cod. The differences in prey size
preference among differently sized adult cod hence
allows for a decreased predation pressure on large-adult
sprat despite that total biomass of adult cod increases.
Increases in biomass of particular life stages in response
to an increase in mortality have been shown to occur in a
variety of systems (reviewed in De Roos et al., 2007).
The mechanism behind such increases was recently
elucidated using a stage-structured biomass model
similar to the one analyzed in this paper (De Roos

Fig. 7. Estimated total population fecundity (numbers of eggs
produced) of herring (dash-dotted line) and sprat (dashed line) and
total cod biomass (ICES estimates, thick, grey line) in the Baltic Sea
from 1974 until 2004. Total clupeid population fecundity (thick, black
line) is the sum of herring and sprat fecundity. See Electronic
Appendix for calculation details regarding clupeid fecundity.
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et al., 2007). In none of these studies, however, total
population biomass increased in response to an in-
creased mortality. As explained above, this unique result
of the model presented here comes about because of the
size selectivity of cod predation and the increase in
biomass production by large-adult sprat, which follows
from it.

The predictions of the stage-structured cod–sprat
model we developed in this paper are qualitatively in
agreement with the changes that have occurred in the
NWA and Baltic Sea ecosystem after the collapse of the
cod population. Most of the observed changes relate to a
decrease in top-down effects as a result of the decline
of cod as main predator. These changes can hence be
explained in terms of a trophic cascade or a classic food
chain (Hairston et al., 1960; Oksanen et al., 1981).
However, such explanations cannot account for ob-
served declines in cod size at age and cod body con-
dition in the presence of high abundances of prey fish. In
contrast, the emergent Allee effect explicitly predicts
that cod growth in body size and reproduction is poor in
a depleted stock as a consequence of the lack of ap-
propriately sized prey, even though total prey biomass is
high. The changes in total clupeid population fecundity
in the Baltic Sea in recent decades furthermore support
the hypothesis that the emergent Allee effect is at least
one of the mechanisms intrinsic to the community that
stabilize the current sprat domination in the Baltic Sea
and contribute to the lack of cod recovery. Feeding of
sprat on cod eggs (Köster and Möllmann, 2000) and
competition between sprat and cod larvae for a shared
resource (Sparholt, 1994; Möllmann et al., 2004) have
also been proposed to play a role in this stabilization, but
a more rigorous analysis of these mechanisms is lacking.
To compare the importance of all the aforementioned
mechanisms for the stability of the current ecosystem
state and to study their additive effects on community
dynamics are important questions for future research.

On purpose we formulated a strategic model without
attempting to be complete, i.e. to capture all known
mechanisms affecting cod and prey dynamics, or to
construct a detailed, quantitative representation of the
system. Rather, we developed a model, which was
specifically aimed at identifying the consequences of the
basic feeding interactions between cod and sprat for
community dynamics, but which could nonetheless
generate testable predictions. We therefore did not
account for cannibalism in cod (Rudstam et al., 1994;
Sparholt, 1994), although we have verified that the
inclusion of cannibalism does not qualitatively change
the results presented. Furthermore, we used sprat to
represent the main prey of cod in the Baltic Sea, even

though cod also feeds on herring. As important quali-
tative prediction the model reveals that cod collapse is
associated with a shift in dominance from large-adult
sprat to small-adult sprat, while recovery of the cod
population would reverse this shift. For the Baltic Sea
we postulate that this shift in dominance from small
to large-adult sprat can be interpreted not only intra-
specifically but also inter-specifically. Cod recovery
would significantly relax competition among prey and
make resistance to predation a decisive factor for the
outcome of the interaction between different prey
species. Because of its larger body size herring can be
expected to benefit more from cod recovery than sprat,
whereas sprat's smaller body size gives it an edge over
herring at low cod abundance when competing for
resources, a prediction that corresponds to the observa-
tion of continued decline in herring biomass alongside
with the increase in sprat biomass in the Baltic Sea.
Decline and recovery of Baltic Sea herring can thus be
expected to be closely linked to decline and recovery of
the cod stock. Preliminary analysis of an extended
model that accounts for a second, larger prey species
indeed confirms the idea that cod facilitates the
persistence of the larger of the two competing prey
species and is crucial for its persistence (results not
shown).

Österblom et al. (2007) have expressed the expecta-
tion that cod stocks in the Baltic Sea would recover if
harvesting would be limited. Our model predictions
suggest that the likelihood of cod recovery will depend
on system productivity. At lower levels of productivity,
in the region with two alternative stable states, cod
will not be able to recover even if fishing is banned
completely. At higher productivities cod recovery is
possible, but fishing mortality has to be reduced and be
in the same range as background mortality. Measures
that would reduce the productivity of the Baltic Sea
would hence be counter-productive for rebuilding the
cod stock.

The most important aspect of the model developed
here is the explicit link between individual food intake,
net-energy production, growth in body size and
reproduction, in other words, the models' accounting
for a complete, individual energy budget. As a con-
sequence of this link size-selective predation exerts an
indirect, positive effect on reproduction and somatic
growth in prey stages. Clearly identifying the con-
sequences of this positive feedback allows for the
development of management actions that at first sight
seem counter-intuitive. For example, De Roos and
Persson (2002) suggested that, if indeed the change
in prey population size distribution after a predator
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collapse prohibits recovery of the predator, thinning the
prey population might be an effective strategy to foster
recovery. Modeling studies suggested that such a
counter-intuitive approach might be more successful
than release or stocking of predators (van Kooten et al.,
2005). The validity of this counter-intuitive approach
was recently demonstrated in a whole-lake study, in
which substantial thinning of a prey population indeed
led to a rapid recovery of the overexploited top predator
population (Persson et al., 2007). This study further-
more provided compelling evidence for the occurrence
of two alternative community states, one with a depleted
predator stock and one in which predators are abundant,
as a consequence of an emergent Allee effect for the
predator. Given that both the NWA and the Baltic Sea
community show signs that cod recovery is impeded by
an emergent Allee effect, we suggest that thinning its
main prey population should be considered as a serious
management strategy, the more so given the other
mechanisms, such as egg predation and competition, by
which planktivorous prey fish are supposed to nega-
tively affect cod population growth.

Appendix A. Supplementary data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/j.
seares.2008.02.008.
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