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Chapter 5

Harvesting prey fish can prevent
fishing-induced collapses of large piscivorous
fish

Floor H. Soudijn, Ulf Dieckmann, Mikko Heino and André M. de Roos
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Harvesting at multiple trophic levels

Abstract

Fishing has induced collapses in large piscivorous fish stocks, such as cod, tuna and
pollock around the world. In many marine ecosystems both large piscivorous fish and
small forage fish, such as herring, capelin and sprat, are commercially exploited. At the
same time, forage fish form an important food source for large piscivores. Therefore, it
is feared that piscivore populations will be harmed by fishing of forage fish. However,
recent studies indicate that this intuitive argument maybe wrong, as intermediate
levels of mortality can increase size-specific biomass. Since predation is often size-
specific, fishing of their prey may actually benefit piscivores. The positive effect of
mortality arises through the resource dependence of reproduction and growth in the
population. Yet, modeling tools used for the assessment of multi-species fisheries
often do not incorporate resource-dependent growth. We tested the effect of fishing
of both forage fish and piscivores using a stage-structured biomass model of the Baltic
Sea. The model includes resource-dependent growth and resource-dependent seasonal
reproduction, population size-structure and species-specific, size-dependent predator-
prey interactions. In addition, we assessed global fish stock data and analyzed historical
patterns in piscivore biomass decline, piscivore fishing mortality and the fishing pressure
on forage fish stocks in the same area. Our analysis shows, that harvesting prey fish can
protect piscivores from a collapse induced by fisheries targeting their own population.
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Chapter 5

5.1 Introduction

Fishing has severely impacted marine ecosystems all around the world (Jackson et al.,
2001; Myers and Worm, 2003; Frank et al., 2005; Casini et al., 2008). Large piscivorous
fish, such as tuna, cod and pollock are among the species caught most for human
consumption (Food and Agriculture Organization of the United Nations, 2014). Yet,
small planktivorous fish, or forage fish, such as herring, capelin and sprat make up a
substantial 20-30% of global fisheries landings and are mostly used for the production
of fishmeal and fish oil (Tacon and Metian, 2009). In several instances fishing has led
to catastrophic collapses of fish stocks with, even decades later, little sign of recovery
(Hutchings, 2000). It seems that large piscivorous fish are more prone to collapse than
other types of fishes (Myers and Worm, 2003; Mullon et al., 2005). The collapse of a
large piscivore population can have far reaching consequences for the whole ecosystem
as the loss of the predator cascades through the system (Frank et al., 2005; Jackson
et al., 2001; Casini et al., 2008). In many ecosystems both forage fish and large
piscivorous fish are fished for (Engelhard et al., 2014; Pikitch et al., 2014). Since large
piscivorous fish in these systems depend on forage fish as a food source (Engelhard
et al., 2014; Pikitch et al., 2014) it is feared that large piscivorous fish will suffer from
fishing of forage fish through a decline in their food availability.

The potential indirect effects between fisheries of different fish stocks underline
the importance of a multi-species fisheries management approach. Moreover, it has
become apparent that fishing can have more wide-ranging consequences than the
decline of the target species (Frank et al., 2005; Jennings and Kaiser, 1998; Casini
et al., 2008). Indeed, fish stock management has started to shift from a single-species
perspective to an ecosystem-based perspective over the last decades (Pikitch et al.,
2004; Rice and Duplisea, 2014). Obvious trade offs exist between different commercial
fisheries but also between maintaining species diversity and optimizing fisheries yield
(Hilborn et al., 2012; Rice and Duplisea, 2014). As an extreme example, optimal
multi-species yield may be reached only when the predators in the system are fished
to extinction (May et al., 1979; Christensen, 1996; Matsuda and Abrams, 2006; Houle
et al., 2013). A wide range of strategies for optimal fisheries management of forage
fish has been suggested (Smith et al., 2011; Rice and Duplisea, 2014). Generally, less
fishing of forage fish is considered best for the sake of predatory fish (Smith et al.,
2011; Rice and Duplisea, 2014).

Thorough understanding of the ecosystem and species interactions in relation to
multi-species fisheries lies at the foundation of ecosystem-based fisheries management.
However, unravelling the effect of multi-species fisheries is a serious challenge due to
the feedbacks that exists between fisheries, fish species and the fish’s food sources.
Understanding is further complicated by nonlinearities in population-level processes.
Recent theory shows that the food-dependent nature of individual development can
lead to a highly counter-intuitive increase of biomass in a certain size class of the
population in response to mortality (Schröder et al., 2009, 2014). Yet, modeling
tools developed for the assessment of multi-species fisheries do not incorporate food-
dependent growth and/or ignore the energetic costs of reproduction or maintenance
(Persson et al., 2014). Also ecological theory regarding multi-species systems does
not recognize the potentially positive effects of mortality on abundance as it is mostly
based on models that do not consider size-differences between individuals altogether
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Harvesting at multiple trophic levels

(May et al., 1979; Matsuda and Abrams, 2006).
In this study, we will investigate the effect of fishing of forage fish on their preda-

tors, large piscivorous fish. We will do this using a previously published model of
the central Baltic Sea (van Leeuwen et al., 2008) and a data analysis of fish stock
data from the RAM Legacy database (Ricard et al., 2012). Using the model, that
incorporates population size-structure and assumes that growth and reproduction are
food-dependent processes, we explore potential effects of harvesting forage fish in the
central Baltic Sea. We focus our modeling on the Baltic Sea as it has a relatively sim-
ple food web, where both piscivorous fish (cod) and forage fish (sprat and herring) are
commercially exploited (ICES, 2014b). Using the fish stock data we assess historical
patterns in large piscivorous fish stock biomass and fishing pressure on their prey fish
on a global scale. Our model analysis shows that fishing of forage fish can prevent
fishing-induced population collapses of a large piscivorous fish. In addition, the data
analysis shows that biomass declines of large piscivores have been less severe for the ar-
eas where fishing of forage fish was higher. While the relation was not significant, this
result indicates that fishing of forage fish does not necessarily negatively affect large
piscivores. Our results imply that in systems with a strong coupling between piscivores
and forage fish, fishing of forage fish protects large piscivores against fishing-induced
collapses. Reducing fishing of forage fish to low levels in these systems may lead to a
collapse of the large piscivores that are heavily fished.

5.2 Methods

Model description

To analyze the effect of multi-species fishing we used a stage-structured predator-
consumer-resource model of the central Baltic Sea as previously described by van
Leeuwen et al. (2008). The model structure and parameterization is based on data
from Baltic cod, sprat and herring. The main prey fish species for cod in the central
Baltic Sea are sprat and herring and cod, herring and sprat are subject to commercial
fishing (ICES, 2014b). In our model, the clupeids are assumed to have a similar
ecological role and are, for the sake of simplicity, modeled as one consumer population
that depends on the same resource (zooplankton) throughout its life (figure 5.1).
Cod switches resources after maturation and depends on differently sized clupeids
depending on its own body size. Below we only provide a general overview of the
model, a description of model details, all equations, techniques used for model analysis
and the parameter values can be found in appendix 5.A.

Both the population of the predator (cod) and the consumer (clupeids) are stage
structured and modeled using one juvenile stage and two adult stages (van Leeuwen
et al., 2008). The model is based on a bioenergetics approach, where energy from
ingested resources is first used to cover maintenance costs. If there is energy left after
the maintenance costs are covered, individuals can invest the energy in growth and/or
reproduction. Juveniles are assumed to invest all net-energy production in somatic
growth, while small adults allocate part of their energy to somatic growth and part
of their energy to reproduction. Individuals in the large adult stage invest all energy
in reproduction and stop investing in somatic growth. The transition rate from the
juvenile to the small adult stage and the small adult stage to the large adult stage
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Figure 5.1: Trophic structure of the model system. Trophic interactions in the model are
shown between cod stages, clupeid stages and resources (black arrows, see table 5.A.4 for
the foraging preferences of the cod stages) and fisheries and cod and clupeids (grey arrows).
Fish individuals grow through the different stages from left to right (broad grey arrows).

depends on stage-specific net-energy production and mortality rates. If the energy
from resource ingestion is not enough to cover the maintenance costs, all growth and
reproduction stops, no transitions occur between stages and an individual is assumed
to experience increased mortality due to starvation.

We extended the model originally published by van Leeuwen et al. (2008) by
accounting for reproductive storages for all adult fish stages to enable the implemen-
tation of reproduction as a seasonal process. The part of the reproductive energy
that is allocated to seasonal reproduction is stored until the reproductive season. The
reproductive storages are part of the adult body and are thus affected by the same
processes as the adults do. Gonadal biomass may transition to the reproductive stor-
age of the larger adult stage and decreases with the mortality rate of the adult stage
it belongs to. Maintenance costs for stored reproductive energy are assumed absent
following Kooijman in his argument that storage of lipids and fat tissue should be
costless (Kooijman 2000). Reproduction is modeled as an instantaneous event, at
the start of the reproductive season all reproductive biomass is converted to juvenile
biomass in both cod and clupeids. The model we designed allows both for the imple-
mentation of seasonal and continuous reproduction. The amount of the reproductive
energy that is allocated towards continuous and seasonal reproduction is controlled
by a model parameter. The results in the main text are based on a model system
with fully seasonal reproduction. We describe the effect of fully continuous instead of
seasonal reproduction on the model predictions in appendix 5.B.
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The three unstructured resources in the model follow semi-chemostat growth in
absence of foraging, and decline through ingestion of the resources by the fish.

Data analysis

We acquired time series data of fish stocks from the RAM Legacy database (Ri-
card et al., 2012). We first defined forage fish stocks based on the list of Essington
et al. (2015). We collected information on the trophic level of all fish stocks in the
database from fishbase using Rfishbase (Boettiger and Chamberlain, 2015). Based
on this trophic level data from fishbase we defined fish stocks as piscivorous (Trophic
level > 4.0). The RAM Legacy database contains information regarding the fisheries
assessment area of each stock. For each forage fish stock we compiled a list of its
potential predators by selecting those piscivorous fish stocks of which the assessment
area, according to the information in the RAM Legacy database, shows some overlap
with the assessment area of the particular forage fish stock (see appendix 5.C). We
excluded all piscivorous species that are classified as highly migratory species by the
United Nations (1982) from our list. Highly migratory species are expected to depend
on several prey species over their migration route, and are probably also fished upon
at different locations along their migration route.

From the list of (potentially) interacting fish stock pairs, we selected pairs for which
the piscivorous fish stock data spanned at least 25 years. For each of these piscivore
stocks we then defined the 15 year period (about 3 generations) over which the decline
in biomass was the steepest. We excluded data points representing piscivore stocks
that did not decrease over a period of 15 years. As a measure for the decline in
biomass of the large piscivores we calculated the proportion of the biomass at the end
of the 15 year decline compared to the beginning. Based on this period of steepest
piscivore decline we selected the interacting fish stock pairs for which the forage fish
stock data had at least a 5 year overlap with the first 10 years of piscivore decline. We
focused on stocks with data on the fisheries exploitation rate since this information was
available for most of the stock pairs and we did not want to mix different measures
of fisheries mortality. The resulting interacting fish stocks are listed in table 5.C.1
in appendix 5.C. We excluded prey stock assessments that were doubly represented
(table 5.C.1). Subsequently we calculated the average fishing exploitation rates for
the large piscivores and the forage fish during the first 10 years of the 15 year decline.
Finally, we averaged the fisheries exploitation rates for all the forage fish stocks that
potentially interacted with a particular piscivore stock. The resulting dataset is listed
in table 5.C.2 in appendix 5.C. We analyzed the data using R (R Core Team, 2015),
we performed an ordinary least squares multiple regression analysis of the biomass
ratios and exploitation rates of piscivores and forage fish. We performed the analysis
using natural log transformed values of the exploitation rates to reduce the variance
between the data points. Based on AIC scores for model fit, we selected the model
without an interaction term between the exploitation rates of piscivores and forage
fish.
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Figure 5.2: Left 6 panels: Biomass of cod and clupeids in the adult stages (including
reproductive storages) and the clupeid resource over time for low (a, FS = 0.2) and high (b,
FS = 0.5) fishing of clupeids. Between year 0 to 10, cod fishing is low (FC = 0.5) and from
year 10 onwards cod fishing is high (FC = 1.2). Right 3 panels: The average biomass during
year 0 to 10 and year 15 to 25 (c) of total annual clupeid reproduction, clupeid juveniles and
mass-specific net-biomass production rate of adult clupeids for low fishing of clupeids (black
bars) and high fishing of clupeids (grey bars).
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5.3 Results

Fishing of cod and clupeids in the central Baltic Sea

Figure 5.2 shows the effect of an increase in the fishing pressure on the cod population
for a situation with low and high harvesting of the clupeids in the model system of
the Baltic Sea. With low harvesting of the clupeids, the cod population collapses as
a result of the increased fishing pressure on cod. Surprisingly, with high harvesting
of the clupeids, the cod population biomass declines but does not collapse after the
increase in fishing pressure on cod. Harvesting of the clupeids thus prevents a fishing
induced collapse of cod (figure 5.2a, 5.2b).

Harvesting of clupeids decreases the clupeid biomass and during the period that
the cod population is lightly fished, annual clupeid reproduction is lower with high
harvesting of clupeids (figure 5.2c). After the increase of the fishing pressure on cod,
clupeid total biomass increases (figure 5.2a, 5.2b). Logically, this increase in clupeid
biomass is lower with high harvesting of the clupeids. Yet, the annual reproduction of
the clupeids is now higher with high harvesting than with low harvesting of clupeids
(figure 5.2c). Harvesting of the clupeids reduces the clupeids and thereby reduces
intra-specific competition for food, the clupeid resource biomass is on average higher
with high harvesting of the clupeids (figure 5.2a, 5.2b). Due to the higher resource
availability for the adult clupeids, they have more energy available for reproduction
(figure 5.2c). Therefore, the production of juvenile clupeid biomass is higher with high
harvesting of the clupeids after cod declines.

Cod depends strongly on juvenile clupeids in its diet (figure 5.1) and thus benefits
from harvesting of the clupeids. The additional production of juvenile clupeids is
countered by the increase in foraging of the (non-collapsed) cod population and does
therefore only result in a small increase of juvenile clupeid biomass (figure 5.2c). The
trophic transfer between clupeids and cod is hence much higher with high clupeid
harvesting.

At low fishing pressure on cod when cod is present at high density, the predation
pressure exerted by cod on the clupeids keeps the clupeid population at a low level
(figure 5.3). In particular, because adult clupeid biomass is strongly reduced (notice
the difference in y-axis scale of the middle and bottom panels in figure 5.3). As a result,
clupeid competition for food is low and reproduction and average biomass of juvenile
clupeids are higher than at high fishing pressure when cod has collapsed. When cod is
not heavily fished, it is thus able to sustain a beneficial state of the clupeid population
through the predation pressure it exerts on the clupeids (figure 5.2c, 5.3).

Increasing fishing pressure on cod however, makes that it loses its control over the
clupeid population, which eventually results in a catastrophic collapse of the piscivore
(around FC = 0.4, figure 5.3a). With high harvesting of the clupeids (figure 5.3b),
cod biomass decreases gradually with increasing cod fisheries mortality and cod can
sustain a much higher fisheries mortality. Harvesting of clupeids keeps the adult clupeid
biomass at a low level (figure 5.3b) and the production of juvenile clupeid biomass at
a high level. Harvesting of clupeids in a way compensates for the decrease in predation
mortality when the cod population is heavily fished.

For a range of low cod mortality values the system can exhibit two alternative
patterns of stable dynamics, depending on initial conditions, in which the predator is
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Figure 5.3: Cod and clupeid biomass in the adult stages (top and bottom panels, respectively,
including reproductive storages) and clupeid juvenile stage (middle panel) as a function of
the fishing pressure on cod for low (a, FS = 0.2) and high (b, FS = 0.5) fishing of clupeids.
Resource productivity of the clupeid resource is low (RSmax = 95.0). Biomass dynamics over
time classify as regular 1 year cycles (black solid lines) or regular predator-prey cycles with a
long cycle period (grey solid lines).

either absent or present (figure 5.3a, annual fisheries mortality of cod between 0.2 and
0.45). For these mortality values, cod can not invade the system from low density due
to the low juvenile clupeid biomass. With high harvesting of the clupeids (figure 5.3b)
the range of cod mortality values with alternative stable dynamics has become much
smaller and has shifted to higher values of cod mortality (annual fisheries mortality
of cod between 1.0 and 1.1). Also, cod can in this situation more easily reinvade the
system when cod fisheries mortality is reduced (figure 5.3).

Generally, the same patterns as described in the two paragraphs above can be ob-
served with a high resource productivity of the clupeid resource (figure 5.4). Compared
to low clupeid resource productivity cod can persist for higher cod fisheries mortality
values. In addition, the area of mortality values with alternative stable dynamics is re-
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Figure 5.4: Cod and clupeid biomass in the adult stages (top and bottom panels, respectively,
including reproductive storages) and clupeid juvenile stage (middle panel) as a function of
the fishing pressure on cod for low (a, FS = 0.2) and high (b, FS = 0.5) fishing of clupeids.
Resource productivity of the clupeid resource is high (RSmax = 130.0). Biomass dynamics
over time classify as regular 1 year cycles (thick solid lines), regular 2 year cycles (thin solid
lines), regular predator prey cycles with a long cycle period (grey solid lines) or chaotic
dynamics (thin grey lines).

duced for the high clupeid resource productivity compared to the low clupeid resource
productivity. Still, a high fishing pressure of the clupeids increases the resilience of
the cod population to fishing. This is again the result of the reduced adult clupeid
biomass with high clupeid harvesting and the increased production of juvenile clupeid
biomass that stems from the release of the intra-specific clupeid competition.

The effects we describe can be observed for a large range of combinations of cod
and clupeid fisheries mortality values (figure 5.5). For the parameter values that we
use, increased fishing of clupeids increases the maximum fishing mortality that cod
can sustain without going extinct up to a clupeid fishing mortality of FS = 1.0.
Further increases of clupeid harvesting make the cod persistence range again smaller
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Figure 5.5: Adult biomass (including storages) of cod (a) and clupeids (b) and annual
fisheries yield of cod (c) and clupeids (d) as a function of the fishing pressure on cod and
clupeids. Both yield and biomass for a particular combination of cod and clupeid fishing
pressures are expressed relative to the average yield and biomass at low fishing pressure of cod
and clupeids (FC = 0.5, FS = 0.2). Yield is defined as the fisheries catch of adult individuals
for cod and catch of both adults and juveniles for the clupeids. Resource productivity of the
clupeid resource is high (RSmax = 130.0).
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and around FS = 1.7 the cod population goes extinct. While the cod persistence
boundary shifts to increasingly higher cod mortality values with increasing clupeid
mortality, average cod biomass decreases. As a result of the decrease in cod biomass,
the cod yield also decreases and cod has to be fished at increasingly higher values to
pertain the optimum yield with increasing fishing of the clupeids (figure 5.5c). On
the other hand, with increasing cod mortality the clupeid biomass and yield increase
(figure 5.5b, d).

With continuous as opposed to seasonal reproduction, there are quantitative but
no qualitative differences in the model predictions. Appendix 5.B describes the model
predictions regarding the effect of fishing on cod and clupeids for a model system with
continuous reproduction.

Historical patterns in piscivore and forage fish stock data

The data that we compiled shows large variation in both response and explanatory
variables (figure 5.6). One of the data points is characterized by a fishing effort on
forage fish that is substantially lower than all other forage fishing efforts in the data
set (see figure 5.6). To check wether this particular data point biases our regression
analysis we carried out the analysis with or without including it, which, however, did
not change the result of our analysis and we report the results of the analysis without
the outlier. Biomass of piscivore stocks after the periods of steep decline (relative to
the biomass before decline) shows a negative trend with the fishing pressure on the
piscivorous fish stocks (slope = -0.07, T = -2.01), supporting the intuitive expectation
that higher exploitation rates of a piscivorous fish stock leads to stronger declines in
its biomass. In contrast, we found a positive trend between the piscivore biomass
ratios and the fishing pressure on the forage fish stocks (slope = 0.09, T = 1.79).
Higher fishing of forage fish thus seems to weaken declines in piscivore biomass. The
relationships we found are not significant (at the 5% level as both-values are between
0.05 and 0.1), but we definitely did not find support for a negative effect of fishing of
forage fish on large piscivore stock biomass.

5.4 Discussion

The effect that fishing can have on size distributions of fish is widely recognized
(Ricker, 1981; Ernande et al., 2004). In this study we show that through this side
effect of fishing, harvesting of forage fish may prevent a fishing-induced collapse of
large piscivorous fish. These findings oppose the current view that fishing of forage
fish is always harmful for large piscivorous fish (Smith et al., 2011; Rice and Duplisea,
2014). Our results indeed show that fishing of forage fish decreases biomass and yield
of piscivores that are not heavily fished. At the same time, piscivore populations can
persist at much higher fishing pressures with substantial harvesting of their prey. The
positive effect of harvesting forage fish comes about through a release of intra-specific
competition in response to mortality. Mortality reduces adult forage fish abundance
and thus prevents competition for food and maintains high reproduction in the forage
fish. As a result, the production of juvenile forage fish is higher with high (fisheries)
mortality in the forage fish population. Normally, the piscivore itself keeps the forage
fish population in a "beneficial state" through predation mortality exerted on the
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Coefficient Standard Error T - statistic p - value
Intercept 0.339 0.0895 3.79 <0.001
ER piscivore (ln) -0.072 0.0359 -2.01 0.054
ER forage fish (ln) 0.09257 0.0516 1.79 0.083

Figure 5.6: Declines of piscivore spawning stock biomass over a 15 year period with the
largest biomass decline in relation to fishing pressure on the piscivore stock (top panel)
and forage fish stock(s) (bottom panel) in the same fisheries area. The decline in biomass
is expressed as the biomass at the end of the 15 year period relative to the biomass at the
beginning. The fishing pressure on the fish stocks is represented by the exploitation rate (ER),
which is defined as the annual catch as a ratio of the stock biomass. Note that the natural
log of these values are plotted. The star indicates the datapoint with a significantly lower
value for the forage fish exploitation rate, which is excluded from the presented regression
analysis results (see also main text). The table summarizes the multiple regression analysis
that was performed on the data (R2 = 0.1706, N = 32).
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forage fish. When the piscivore is heavily fished, it cannot exert a strong predation
pressure on the forage fish. The resulting increase in competition and reduction of
reproduction in the forage fish eventually results in a catastrophic collapse of the
piscivore. Fishing of forage fish helps the piscivores by replacing predation mortality
with fishing mortality when the piscivores are reduced through heavy fishing. Previous
studies have shown that also after a population collapse large piscivores may benefit
from increased fishing of the forage fish in the system (Persson et al., 2007; van
Leeuwen et al., 2008). The same mechanism as presented in this study underlies this
effect. In accordance with our model findings, we found a positive (non-significant)
trend between the fishing pressure on forage fish stocks and piscivore stock biomass
after steep declines. Our data analysis does not support the thesis that fishing of
forage fish affects large piscivores negatively.

At the basis of the positive effect of fishing of forage fish on large piscivores lies the
effect of mortality on intra-specific competition of the forage fish. More specifically,
that mortality increases reproduction and therefore the biomass production of the
smallest individuals in the forage fish population. Compensatory density dependence
is an important concept in management of fish populations (Myers, 2001; Rose et al.,
2001; Minto et al., 2008). The Ricker stock-recruitment model that is commonly
used in fisheries biology predicts overcompensation in the number of recruits with a
decreasing stock (Myers, 2001). The actual mechanisms underlying compensatory
density dependence in fish populations is a highly debated topic (Rose et al., 2001;
Minto et al., 2008).

In our model, a release of competition for resources results in a significant increase
in reproduction. Resource limitation has been shown to occur in marine fishes at high
abundance (Rose et al., 2001; Lorenzen and Enberg, 2002; Casini et al., 2006; van
Leeuwen et al., 2008; Jansen and Burns, 2015). It is especially reproduction that
increases in our model when competition is released due to the scaling of clupeid
metabolic rate and maximum ingestion rate with body size. As a consequence of the
scaling relationships of these parameters, small individuals are energetically superior
over large individuals. And, the adults are most limited by resources when mortality is
low and competition is intense. The stronger limitation of adults by resources at low
mortality gives rise to the overcompensatory response in clupeid reproduction when
mortality relaxes competition (de Roos et al., 2007). There are several experimental
examples of this overcompensatory effect in response to mortality (e.g. Schröder et al.,
2009, 2014). These effects emerge as mortality releases competition for the resources.
In zooplanktivorous fish, small individuals usually have a competitive advantage over
large individuals since the metabolic rate increases faster with body size than the
foraging rate (Hjelm and Persson, 2001; Byström and Andersson, 2005, our model
parameters). Therefore it is plausible to expect that, when resources are limited,
reproduction will increase in response to increased mortality in many populations of
small fish.

Piscivorous interactions are known to be strongly dependent on both predator
and prey body size (Scharf et al., 2000). For example, the prey weight that cod
in the northern Gulf of St. Lawrence concentrates on lies in the range of 0.5 - 2
gram (Duplisea, 2005). Moreover, most large piscivores have a complex life cycle
(Keast, 1985; Winemiller, 1989; Mittelbach and Persson, 1998). Before they forage
on fish, piscivores rely on resources such as zooplankton and zoobenthos. Fish is

92



Chapter 5

generally more nutritious and protein rich than these resources and the switch to fish
enhances growth in piscivores (Olson, 1996; Mittelbach and Persson, 1998; Juanes
et al., 2002). Especially during the onset of piscivory, relatively small prey items are
important because of the piscivore’s body size constraints (Mittelbach and Persson,
1998; Juanes et al., 2002). The production of the smallest size class of clupeids
decreases in our model when predation pressure declines and competition for food
between clupeids becomes fiercer.

Documented declines of piscivorous fish stocks often coincide with an increase of
forage fish biomass (Frank et al., 2005; Daskalov et al., 2007; Casini et al., 2008).
Even so, piscivores in the Baltic Sea and North West Atlantic appear to suffer from
a reduced body condition, that can be associated with a shortage of food (Lambert
and Dutil, 1997; Eero et al., 2012; Mullowney and Rose, 2014; Eero et al., 2015).
Unfortunately, a decline in the production of smallest individuals in forage fish is hard
to detect as monitoring typically starts around a bodyweight of 2 - 5 gram at best
for fish and usually does not include measures of egg production. Still, forage fish
populations show reduced growth and body condition since the decline of the cod
populations in the North West Atlantic and the Baltic Sea (van Leeuwen et al., 2008;
Fisher et al., 2010; Casini et al., 2011). Moreover, estimates of the reproductive
output of the clupeids in the Baltic Sea show a steep decline that parallels the decline
in cod biomass in the years leading up to the collapse of cod (van Leeuwen et al.,
2008). While the high biomass of forage fish observed in areas with declining piscivore
populations may suggest a high food abundance for piscivores, the signs of food
shortage in the forage fish implicate that the right size of prey may actually not be
abundantly present. Harvesting of forage fish can under these circumstances release
competition and increase reproduction and the production of forage fish in the size
class important for the large piscivore.

The global fish stock RAM Legacy database (Ricard et al., 2012) we used for our
data analysis is currently the most extensive source of fish stocks data. While our
data analysis seems to support our model findings, caution is needed as we based the
analysis on a relatively small number of data points. In addition, the statistical model
holds potential biases that may hinder the detection of any (positive or negative)
effect. For example, variability in primary production between the areas implies that
fisheries mortalities may not be directly comparable. Moreover, the method we used
for establishing potential interactions between forage fish and piscivorous fish stocks
does not necessarily identify the actual interactions.

Forage fish form an essential link in many food webs for the transfer of energy from
lower to higher trophic levels (Cury, 2000; Fréon et al., 2005; Pikitch et al., 2014).
Forage fish stocks show a tendency to fluctuate widely in biomass, but generally
recover relatively easy after a decline (Hutchings, 2000). It is argued that collapses
of forage fish stem from overfishing in combination with variations in productivity of
the system (Hjermann et al., 2004; Essington et al., 2015). There are some examples
of collapsed picivores that are induced by a collapse of forage fish (Cury, 2000).
Forage fish declines can also lead to harmful jellyfish blooms (Daskalov et al., 2007;
Richardson et al., 2009) and negatively affect predatory seabirds (Cury et al., 2011).
The decreasing trophic level in global fisheries landings have created the fear that the
fisheries industry is moving its effort towards fish stocks lower down the food chain
(Pauly, 1998; Essington et al., 2006). While we argue that an intermediate fishing
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pressure on forage fish can benefit large piscivorous fish, forage fish should obviously
not be overfished.

The positive effect of fishing of forage fish on the large piscivore that we show in this
study has not been reported by other modeling studies that have considered fishing on
multiple trophic levels (e.g. Gislason, 1999; Smith et al., 2011). However, the models
used in these studies do not account in a consistent way for the energy budget of fish
(Persson et al., 2014). Often, growth is assumed independent of food availability, or
costs for maintenance and/or costs and food-dependence of reproduction are ignored
(Persson et al., 2014). A consistent treatment of the individual energy budget is
crucial for the effect of fishing mortality on the forage fish size-distribution to become
apparent (de Roos et al., 2007; Schröder et al., 2014; Persson et al., 2014). In
addition, the size-dependence of the predator-prey interaction between the piscivores
and forage fish is essential for the positive effect of the change in the size-distribution
in the forage fish on the large piscivore to show. The only class of models, next to the
size-structured population models such as used in this study, that follows a consistent
energetics approach and considers population size-structure are size-spectrum models
(Houle et al., 2013). Yet these models typically do not consider a high resolution for
species identities and thereby miss the potential for competition between differently
sized individuals in one population. The model we use in this study considers resource-
dependent growth and reproduction, seasonal reproduction, population size-structure
and species-specific, size-dependent predator-prey interactions.

The frequently reported decrease in the trophic level of global catches that is
referred to as "fishing down the food-web" or "fishing through the food-web", is
thought to stem from an increase in fishing of forage fish (Pauly, 1998; Essington
et al., 2006). This idea has ignited debate about the importance of forage fish for
the rest of the ecosystem and the indirect contribution of forage fish to the economic
value of fisheries (Pikitch et al., 2014). It is understandable that fisheries biologists
urge a cautious approach with respect to fishing of forage fish. Yet, our results imply
that drastically lowering the fishing of forage fish can also have unwanted negative
side-effects on large piscivorous fish populations. In some cases decreasing fishing of
forage fish may even lead to a collapse of the large piscivore populations. Our study
underlines the importance of a mechanistic understanding of population dynamics and
trophic interactions for multi-species fisheries management.
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5.A Model and parameters

Model description

The model we use is based on the stage-structured model of the central Baltic Sea
earlier described by van Leeuwen et al. (2008). The stage-structured biomass model
(de Roos et al., 2007) that is used for the fish species in this study is a stage-structured
extension of the bioenergetics approach introduced by Yodzis and Innes (1992). Fol-
lowing this approach, net-biomass production is a balance between assimilated energy
and maintenance, which processes are both assumed to be proportional to individual
body mass. Food ingestion takes place following a Holling Type II functional response
as a function of the encountered food density E and the net-biomass production per
unit body mass hence is:

ν(E) = σ
M E

H + E
− T. (5.A.1)

The intake rate of food depends on the maximum-ingestion rate M and the half-
saturation density H. Ingested food is assimilated with conversion efficiency σ. Subse-
quently, the assimilated energy is used to cover the mass-specific somatic-maintenance
costs T . The food encounter rate E is different for the different stages of clupeids
and cod and depends on their feeding preferences for different resources (see below).

When the assimilated energy exceeds the maintenance costs, it is invested in so-
matic growth in the juvenile stages, somatic growth and reproduction in the small
adult stage and only reproduction in the large adult stage. Under starvation condi-
tions, somatic growth halts and hence maturation stops and no energy is invested in
reproduction. The net-biomass production restricted to positive values is indicated by:

ν
+(E) =

�
ν(E), if ν(E) > 0,

0, otherwise.
(5.A.2)

The function for the transition rate from one stage to the next is derived from a contin-
uously size-structured model with seasonal reproduction. It translates the individual-
level assumptions about energy expenditure into a stage-level transition rate (see the
derivation in chapter 2 of this thesis):

γ(ν(E)) =






κ ν(E) − d

1 − z
1− d

κ ν(E)
, if ν(E) > 0,

0, otherwise.

(5.A.3)

Transitions from one stage to the next are restricted to positive values of the net-
energy production and depend on the fraction of net-energy production invested in
somatic growth κ. The transition rate further depends on the mortality rate d and
the ratio between the size at the beginning and the size at the end of the stage z.

The part of the energy that is not invested in somatic growth (1 − κ) is allocated
to reproduction. Parameter ψ controls the part of the reproductive energy used for
continuous reproduction and 1 − ψ of the reproductive energy is stored for seasonal
reproduction. In this study we consider either fully seasonal (ψ = 0.0, results main
text) or fully continuous (ψ = 1.0, results appendix 5.B) reproduction. In the case of
seasonal reproduction, reproductive energy is stored throughout the growing season.
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For small adults the transition rate therefore not only describes the recruitment of
these small adult individuals to the large adult size class, but also the transfer of their
reproductive storage to the reproductive storage accumulated by large adults.

All individuals suffer from background mortality µ and when the food intake is
not sufficient to cover the maintenance costs from starvation mortality. Also fish-
eries induce stage-specific mortality F and clupeids suffer from predation mortality P

through predation by cod. Fisheries and predation mortality are stage- and species-
specific as discussed below, and depend, among others, on the differential sensitivity
of juveniles and adults to fisheries and the preferences of different cod stage for prey
in the different size classes of clupeids. Furthermore, when adult individuals die the
energy they have stored for reproduction dies with them, such that adult mortality
rate also governs mortality losses of the storage. This results in the following general
expression for the mortality rates for cod and clupeids, dC and dS respectively:

dC(E) =
�

µ + F − ν(E), if ν(E) < 0,

µ + F, otherwise,
(5.A.4)

dS(E) =
�

µ + F + P − ν(E), if ν(E) < 0,

µ + F + P, otherwise.
(5.A.5)

Note that the actual expressions are stage-specific as they depend on the stage-specific
values of the fisheries mortality F , the predation mortality P and the starvation mor-
tality ν(E) when the resource encounter rate E is low.

The lowest trophic level of the system consists of a resource for clupeids RS , a
resource for cod juveniles RJ and a resource for cod adults RA. The clupeid is divided
in one juvenile stage SJ , two adult stages, SA and SB and their reproductive storages
SgA and SgB . For cod, one juvenile stage CJ and two adult stages CA and CB and
their reproductive storages CgA and CgB are modeled.

Resources follow semi-chemostat growth with turn-over rate δ and maximum re-
source density Rmax and declines through grazing of the fish stages.

Clupeids forage on the clupeid resource throughout their life and the food en-
counter rate is thus equal for all clupeid stages (table 5.A.1). Cod on the other hand,
switches its diet and the food-encounter rate in each stage depends on the stage-
specific foraging preference for a certain food source β and the biomass density of
that resource or clupeid stage. Predation of adult clupeid stages by cod occurs on
somatic biomass and stored reproductive biomass simultaneously. The stage-specific
functions for food encounter rates E, predation rates P and grazing rates of the re-
sources G are all described in table 5.A.1. The encounter rates of the different fish
stages with their food sources lead to the grazing and predation rates as given in table
5.A.1. Table 5.A.4 lists the foraging preferences of the cod stages for the different
food sources.

The dynamics over time t during the growing season of duration Y , (0 ≤ t < Y )
are all continuous and can be described by the following set of ordinary differential
equations:

dRS

dt
= δ(RSmax − RS) − GS RS (5.A.6)
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dRJ

dt
= δ(RJmax − RJ) − GJ RJ (5.A.7)

dRA

dt
= δ(RAmax − RA) − GA RA (5.A.8)

dSJ

dt
= ψ ν

+
SB

(ES) SB + ψ (1 − κ) ν
+
SA

(ES) SA + ν
+
SJ

(ES) SJ

− γSJ

�
νSJ (ES)

�
SJ − dSJ (ES) SJ (5.A.9)

dSA

dt
= γSJ

�
νSJ (ES)

�
SJ + κ ν

+
SA

(ES) SA − γSA

�
νSA(ES)

�
SA

− dSA(ES) SA (5.A.10)
dSB

dt
= γSA

�
νSA(ES)

�
SA − dSB (ES) SB (5.A.11)

dSgA

dt
= (1 − ψ) (1 − κ) ν

+
SA

(ES) SA − γSA

�
νSA(ES)

�
SgA

− dSA(ES) SgA (5.A.12)
dSgB

dt
= γSA

�
νSA(ES)

�
SgA + (1 − ψ) ν

+
SB

(ES) SB

− dSB (ES) SgB (5.A.13)

dCJ

dt
= ψ ν

+
CB

(ECB ) CB + ψ (1 − κ) ν
+
CA

(ECA) CA + ν
+
CJ

(ECJ ) CJ

− γCJ

�
νCJ (ECJ )

�
CJ − dCJ (ECJ ) CJ (5.A.14)

dCA

dt
= γCJ

�
νCJ (ECJ )

�
CJ + κ ν

+
CA

(ECA) CA − γCA(νCA

�
ECA)

�
CA

− dCA(ECA) CA (5.A.15)
dCB

dt
= γCA

�
νCA(ECA)

�
CA − dCB (ECB ) CB (5.A.16)

dCgA

dt
= (1 − ψ) (1 − κ) ν

+
CA

(ECA) CA − γCA

�
νCA(ECA)

�
CgA

− dCA(ECA) SgA (5.A.17)
dCgB

dt
= γCA(νCA

�
ECA)

�
CgA + (1 − ψ) ν

+
CB

(ECB ) CB

− dCB (ECB ) SgB . (5.A.18)

At the end of each growing season of length Y , reproduction takes place instanta-
neously, that is at intervals tn = nY :

RS(t+
n ) = RS(t−

n ) (5.A.19)
RJ(t+

n ) = RJ(t−
n ) (5.A.20)

RA(t+
n ) = RA(t−

n ) (5.A.21)

SJ(t+
n ) = SJ(t−

n ) + SgA(t−
n ) + SgB(t−

n ) (5.A.22)
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SA(t+
n ) = SA(t−

n ) (5.A.23)
SB(t+

n ) = SB(t−
n ) (5.A.24)

SgA(t+
n ) = 0.0 (5.A.25)

SgB(t+
n ) = 0.0 (5.A.26)

CJ(t+
n ) = CJ(t−

n ) + CgA(t−
n ) + CgB(t−

n ) (5.A.27)
CA(t+

n ) = CA(t−
n ) (5.A.28)

CB(t+
n ) = CB(t−

n ) (5.A.29)
CgA(t+

n ) = 0.0 (5.A.30)
CgB(t+

n ) = 0.0 (5.A.31)

During a reproductive event biomass in the reproductive storages is transformed to
juvenile biomass for both clupeid (5.A.22) and cod (5.A.27). At the same moment,
the storages are set to zero (5.A.25, 5.A.26, 5.A.30, 5.A.31) while the biomass of the
resources (5.A.19 - 5.A.21) and adult somatic biomass of the fishes (5.A.23, 5.A.24,
5.A.28, 5.A.29) do not change.

Parameterization of the model

For the model parameterization we completely follow van Leeuwen et al. (2008). The
body sizes of the fish stages and species interactions are based on data from the
Baltic Sea. Parameterization for each stage is based on the average body mass in the
stage. All of the values of parameters in the model are derived from estimates based
on individual-level data; no population-level data were used for the parameterization.
We derived the parameter values for seasonal reproduction and fishing of the clupeids
as described below. Table 5.A.2 lists the sizes, energetic and mortality parameters of
each fish stage; note that the values for M and T are mass-specific values. Table
5.A.4 lists the foraging preferences of the cod stages for the different fish and non-fish
resources and table 5.A.3 lists all species-specific and system parameters. We test the
effect of different levels of the maximum resource density of the clupeid resource and
have reported values for which cod can persist in the system.

Reproduction occurs annually and in the model a year is modeled as 250 days;
during winter all processes are assumed to slow down to negligible levels. Egg surveys
between 1978 and 1995 (Wieland, 2000; Köster et al., 2003) indicate that the timing
of peak spawning of clupeids is relatively constant over the years and falls in the end of
May or beginning of June. Peak spawning of cod has been more variable but generally
falls between half May and the beginning of July. Both species spawn over a period
of about 90 days (Wieland, 2000; Köster et al., 2003). For the sake of simplicity we
assume that spawning of cod and clupeids occurs simultaneously and is hence a set,
instantaneous event at the beginning of the year.

We use a range of different values for the fishing mortality rate of cod and clupeids.
Fishing is implemented as a size-dependent fishing pressure; small individuals are
affected by fishing to a lesser extend than large individuals. The fisheries mortality
rate of age-1 cod for trawl and gill-net fishery is estimated to be a proportion of about
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0.02 compared to the fisheries mortality rate for adult cod, based on 3-7 year old cod
(Kuikka and Hildén, 1999). A size-based estimate of retention of herring individuals
with a size equal to the average size of juvenile clupeids in our model, 3.4 g or about 8
cm (FishBase, 2015) based on trawling nets with a small mesh size is 26.4 % (Kuikka
et al., 1996). Since this estimate increases to 50 % for herring of only one cm larger,
we use a conservative value of 0.5. The fisheries yield for cod is based on catch of
adult individuals only, since there is a minimum allowable landing size of 38 cm for cod
(ICES, 2014a). For Baltic sprat and herring there are no regulations for a minimum
allowable landing size and the clupeid yield is thus defined of the fisheries catch of
both juveniles and adults.

Model analysis

Model analysis is based on numerical simulations that were carried out using C-based
simulation programs. Parameter dependence of the dynamics was studied with inte-
grations over long time periods, of 50,000 days, while varying a parameter value in
small steps (see de Roos and Persson, 2013, box 3.5, for an explanation of this pro-
cedure to study parameter dependence). The average values for the model variables
are calculated over the whole year over the last 60% of such periods of 50,000 days.
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Table 5.A.1: Functions for the encounter rates, predation rates and grazing rates.

Description Function
Cod
Juvenile food encounter rate ECJ = βCJ RJ RJ + βCJ SJ SJ

Small adult food encounter rate ECA = βCARA RA + βCASA (SA + SgA)
+ βCASB (SB + SgB)

Large adult food encounter rate ECB = βCBRA RA + βCBSA (SA + SgA)
+ βCBSB (SB + SgB)

Clupeid
Food encounter rate ES = RS

Predation rate on juveniles PSJ = MCJ

βCJ SJ

H + ECJ

CJ + MCA

βCASJ

H + ECA

CA

+ MCB

βCBSJ

H + ECB

CB

Predation rate on small adults PSA = MCA

βCASA

H + ECA

CA + MCB

βCBSA

H + ECB

CB

Predation rate on large adults PSB = MCA

βCASB

H + ECA

CA + MCB

βCBSB

H + ECB

CB

Resources
Clupeid resource grazing rate GRS = MSJ

1
H + ES

SJ + MSA

1
H + ES

SA

+ MSB

1
H + ES

SB

Juvenile cod resource grazing
rate

GRJ = MCJ

βCJ RJ

H + ECJ

CJ

Adult cod resource grazing rate GRA = MCA

βCARJ

H + ECA

CA + MCB

βCBRJ

H + ECB

CB
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Table 5.A.2: Default parameter values for all fish stages (from van Leeuwen et al., 2008)

Description SJ SA SB CJ CA CB

Initial size (g) Wb 0.55 10.7 15.0 0.35 104 832
Average size (g) W̄ 3.4 12.7 15.0 18.2 350 832
Maximum ingestion rate (d−1) M 0.23 0.078 0.078 0.08 0.022 0.022
Half-saturation density (g V−1) H 1 1 1 1 1 1
Assimilation efficiency σ 0.3 0.3 0.3 0.3 0.4 0.4
Maintenance rate (d−1) T 0.032 0.02 0.02 0.015 0.006 0.006
Energy to somatic growth κ 1.0 0.8 0.0 1.0 0.8 0.0
Ratio initial to final body size z 0.05 0.7 - 0.003 0.125 -
Background mortality rate (d−1) µ 0.001 0.001 0.001 0.001 0.001 0.001
Fisheries mortality rate (d−1) F ρS FS FS FS ρC FC FC FC

Table 5.A.3: Default values of species and system parameters (from van Leeuwen et al.,
2008)

Symbol Value Unit Description Source
FS varied day−1 Fisheries mortality rate clupeids
FC varied day−1 Fisheries mortality rate cod
ρS 0.5 - Fisheries retention clupeid juveniles 1, 2
ρC 0.02 - Fisheries retention cod juveniles 3
δRS 0.1 day−1 Turn-over rate clupeid resource
δRJ 0.1 day−1 Turn-over rate juvenile cod resource
δRA 0.1 day−1 Turn-over rate adult cod resource
RSmax varied g V

−1 Maximum density clupeid resource
RJ max 1.0 g V

−1 Maximum density juvenile cod resource
RAmax 0.75 g V

−1 Maximum density adult cod resource
Y 250 days Length of the growing season
ψ 0.0 - Proportion of net-energy to continuous reproduction

(see Appendix 5.B for results with ψ = 1.0)

(1) FishBase 2015 , (2) Kuikka et al. 1996, (3) Kuikka and Hildén 1999

Table 5.A.4: Foraging preferences of cod stages

βCJ βCA βCB

RS 0.0 0.0 0.0
RJ 0.8 0.0 0.0
RA 0.0 0.5 0.2
SJ 0.2 0.3 0.25
SA 0.0 0.1 0.3
SB 0.0 0.1 0.25
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5.B Continuous reproduction

To test the effect of the reproductive strategy (seasonal or continuous reproduction)
that is implemented in the model we compare the results from the main text (section
5.3) with results of a model with fully continuous reproduction. In order to realize fully
continuous reproduction, parameter ψ in the model is set to a value of 1.0. In this
case, all energy allocated towards reproduction in the adult fish stages is continuously
converted to juvenile biomass (equations 5.A.6 - 5.A.18). As no energy is stored
for reproduction, the energetic storages remain empty and equations 5.A.19 - 5.A.31
become redundant. For this value of ψ, the model is completely identical to the model
previously described by van Leeuwen et al. (2008).

Results

Generally, the predictions regarding the effect of harvesting clupeids and cod simul-
taneously is the same with continuous reproduction and seasonal reproduction. Also
with continuous reproduction harvesting clupeids increases the resilience of cod to har-
vesting (figures 5.B.1 - 5.B.3). Yet, there are a few quantitative differences between
the two types of reproduction. Comparing figure 5.B.1 with figure 5.5 shows that
the extinction boundary of cod and clupeids lies at a much higher fisheries mortality
value for the model system with continuous reproduction than for the model with
seasonal reproduction. With seasonal reproduction, the fish species are more sensitive
to mortality. Moreover, the positive effect of harvesting clupeids on the cod extinction
boundary is much more pronounced in the model system with seasonal reproduction
(figure 5.5) than for continuous reproduction (figure 5.B.1). With seasonal reproduc-
tion, high harvesting of the clupeids shifts the extinction boundary of cod to a value
of Fcod that is about 4 times higher than the extinction boundary with low harvesting
of the clupeids. With continuous reproduction on the other hand, high harvesting
of the clupeids results in an extinction boundary that lies at a mortality value that
is maximally 1.5 times higher than for low clupeid harvesting. Note that the results
shown in figure 5.5 and figure 5.B.1 are based on the same parameter values.

Interestingly, with seasonal reproduction persistence of cod is possible at a value
of the maximum resource density of the clupeid resource RSmax = 95.0, such as
is shown in figure 5.3, where this is not possible with continuous reproduction (not
shown). This indicates that the energy transfer between the trophic levels is more
efficient with seasonal reproduction than with continuous reproduction. Finally, with
continuous reproduction the range of mortality values with alternative dynamics does
not decrease with increasing values of RSmax as in the case for seasonal reproduction
(compare figures 5.B.2 and 5.B.3 with figures 5.3 and 5.4).
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Figure 5.B.1: Adult biomass of cod (a) and clupeids (b) and annual fisheries yield of
cod (c) and clupeids (d) as a function of the fishing pressure on cod and clupeids. Both
average yield and biomass for a particular combination of cod and clupeid fishing pressures
are expressed relative to the average yield and biomass at low fishing pressure of cod and
clupeids (FC = 0.5, FS = 0.2). Yield is defined as the fisheries catch of adult individuals for
cod and catch of both adults and juveniles for the clupeids. Reproduction is a continuous
process through time (ψ = 1.0). Resource productivity of the clupeid resource is equal to
the value used to produce figure 5.5 (RSmax = 130.0).
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Figure 5.B.2: Cod and clupeid biomass in the adult stages (top and bottom panels, re-
spectively, including reproductive storages) and clupeid juvenile stage (middle panel) as a
function of the fishing pressure on cod for low (a, FS = 0.2) and high (b, FS = 0.5) fishing
of clupeids. Resource productivity of the clupeid resource is high (RSmax = 130.0). Biomass
dynamics over time classify as stable equilibria (black solid lines) or regular predator-prey
cycles with long cycle periods (grey solid lines, representing averages over time).
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Figure 5.B.3: Cod and clupeid biomass in the adult stages (top and bottom panels, re-
spectively, including reproductive storages) and clupeid juvenile stage (middle panel) as a
function of the fishing pressure on cod for low (a, FS = 0.2) and high (b, FS = 0.5) fishing
of clupeids. Resource productivity of the clupeid resource is higher than in Figure 5.B.2
(RSmax = 160.0). Biomass dynamics over time classify as stable equilibria (black solid lines)
or regular predator-prey cycles with long cycle periods (grey solid lines, representing averages
over time).
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5.C Data analysis

The RAM Legacy database contains information regarding the assessment area of
each fish stock. Based on the description of these assessment areas in the database,
we made a list of all assessment areas that partly overlap. We did this by identify-
ing assessment areas that contain identical subareas. For example, stock assessment
area ICES 28-32 includes the subareas ICES 28,29,30,31 and 32 and thus overlaps
with stock assessment area ICES 27-29. In some cases, different assessment agencies
employ a different name for the same (sub)area. Where possible, we identified such
areas with the use of maps of the assessment agencies. Whenever we were unsure of
an overlay between two areas we assumed no overlap. Based on the list of overlap-
ping assessment areas we compiled a list of all forage fish assessment areas and the
assessment areas of piscivores with whom they potentially interact.
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Table 5.C.1: Information of piscivore and forage fish stocks. Listed are common names, scientific names and the year span of data used for the
analysis. Stocks marked with an asterisks were excluded from the analysis, because the prey stocks were doubly represented.

Piscivores Forage Fish
Common
name

Scientific name Location stock Yearspan Common
name

Scientific name Location stock Yearspan

Argentine
hake

Merluccius
hubbsi

Northern
Argentina

1986-2000 Argentine
anchoita

Engraulis
anchoita

Northern Argentina 1989-2000

Arrowtooth
flounder

Reinhardtius
stomias

Pacific Coast 1961-1975 Pacific chub
mackerel

Scomber
japonicus

Pacific Coast 1961-1975

Atlantic cod Gadus morhua Eastern Baltic 1985-1999 *Herring Clupea harengus Bothnian Bay 1985-1999
*Herring Clupea harengus Bothnian Sea 1985-1999
Herring Clupea harengus Eastern Baltic 1985-1999
*Herring Clupea harengus Gulf of Riga East of

Gotland
1985-1999

Sprat Sprattus sprattus Baltic Areas 22-32 1985-1999
Atlantic cod Gadus morhua Faroe Plateau 1977-1991 Mackerel Scomber

scombrus
Northeast Atlantic 1977-1991

Atlantic cod Gadus morhua Irish Sea 1996-2010 Herring Clupea harengus Irish Sea 1996-2010
Atlantic cod Gadus morhua Kattegat and

Skagerrak
1995-2009 Herring Clupea harengus 22-24-IIIa 1995-2009

Mackerel Scomber
scombrus

Northeast Atlantic 1995-2006

Atlantic cod Gadus morhua North Sea 1987-2001 Herring Clupea harengus North Sea 1987-2001
Mackerel Scomber

scombrus
Northeast Atlantic 1987-2001
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Table 5.C.1: continued

Piscivores Forage Fish
Common
name

Scientific name Location stock Yearspan Common
name

Scientific name Location stock Yearspan

Sand lance Ammodytes
marinus

North Sea Area 1 1987-2001

Sand lance Ammodytes
marinus

North Sea Area 2 1987-2001

Sand lance Ammodytes
marinus

North Sea Area 3 1987-2001

Atlantic cod Gadus morhua West of Scotland 1992-2006 *Herring Clupea harengus ICES VIa, VIIb and
VIIc

1992-2006

Herring Clupea harengus West of Scotland 1992-2006
Atlantic cod Gadus morhua Western Baltic 1978-1992 Sprat Sprattus sprattus Baltic Areas 22-32 1978-1992
Blue whiting Micromesistius

poutassou
Chile 1997-2011 Chilean jack

mackerel
Trachurus
murphyi

Chile 1997-2010

Blue whiting Micromesistius
poutassou

Northeast
Atlantic

1981-1995 Anchovy Engraulis
encrasicolus

Bay of Biscay 1986-1995

Capelin Mallotus villosus Barents Sea 1981-1995
Capelin Mallotus villosus Iceland Grounds 1981-1995
European
pilchard

Sardina
pilchardus

ICES VIIIc-IXa 1981-1995

Herring Clupea harengus Iceland Grounds 1984-1995
Herring Clupea harengus North Sea 1981-1995
Mackerel Scomber

scombrus
Northeast Atlantic 1981-1995
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Table 5.C.1: continued

Piscivores Forage Fish
Common
name

Scientific name Location stock Yearspan Common
name

Scientific name Location stock Yearspan

Sand lance Ammodytes
marinus

North Sea Area 1 1983-1995

Sand lance Ammodytes
marinus

North Sea Area 2 1983-1995

Sand lance Ammodytes
marinus

North Sea Area 3 1983-1995

Golden
Redfish

Sebastes
norvegicus

North-East Arctic 1996-2010 Capelin Mallotus villosus Barents Sea 1996-2007

Greenland
halibut

Reinhardtius
hippoglossoides

North-East Arctic 1970-1984 Capelin Mallotus villosus Barents Sea 1970-1984

Haddock Melanogrammus
aeglefinus

Faroe Plateau 1997-2011 Mackerel Scomber
scombrus

Northeast Atlantic 1997-2006

Haddock Melanogrammus
aeglefinus

Iceland Grounds 1982-1996 Capelin Mallotus villosus Iceland Grounds 1982-1996

Herring Clupea harengus Iceland Grounds 1984-1996
Haddock Melanogrammus

aeglefinus
ICES IIIa and
North Sea

1965-1979 Herring Clupea harengus North Sea 1965-1979

Haddock Melanogrammus
aeglefinus

ICES VIIb-k 1996-2010 Herring Clupea harengus ICES VIa, VIIb and
VIIc

1996-2010

Haddock Melanogrammus
aeglefinus

North-East Arctic 1969-1983 Capelin Mallotus villosus Barents Sea 1969-1983

Haddock Melanogrammus
aeglefinus

West of Scotland 1986-2000 *Herring Clupea harengus ICES VIa, VIIb and
VIIc

1986-2000109



Table 5.C.1: continued

Piscivores Forage Fish
Common
name

Scientific name Location stock Yearspan Common
name

Scientific name Location stock Yearspan

Herring Clupea harengus West of Scotland 1986-2000
Hake Merluccius

merluccius
ICES IIIa-IV-VI-
VII-VIIIabd

1984-1998 Herring Clupea harengus North Sea 1984-1998

Mackerel Scomber
scombrus

Northeast Atlantic 1984-1998

Sand lance Ammodytes
marinus

North Sea Area 1 1984-1998

Sand lance Ammodytes
marinus

North Sea Area 2 1984-1998

Sand lance Ammodytes
marinus

North Sea Area 3 1984-1998

Hake Merluccius
merluccius

ICES VIIIc-IXa 1984-1998 European
pilchard

Sardina
pilchardus

ICES VIIIc-IXa 1984-1998

Mackerel Scomber
scombrus

Northeast Atlantic 1984-1998

Megrim Lepidorhombus
whiffiagonis

ICES VIIIc-IXa 1990-2004 European
pilchard

Sardina
pilchardus

ICES VIIIc-IXa 1990-2004

Mackerel Scomber
scombrus

Northeast Atlantic 1990-2004

Pacific hake Merluccius
productus

Pacific Coast 1986-2000 Pacific chub
mackerel

Scomber
japonicus

Pacific Coast 1986-2000

Pacific sardine Sardinops sagax Pacific Coast 1986-2000
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Table 5.C.1: continued

Piscivores Forage Fish
Common
name

Scientific name Location stock Yearspan Common
name

Scientific name Location stock Yearspan

Petrale sole Eopsetta jordani Pacific Coast 1942-1956 Pacific chub
mackerel

Scomber
japonicus

Pacific Coast 1942-1956

Pink cusk-eel Genypterus
blacodes

Chile 1978-1992 Chilean jack
mackerel

Trachurus
murphyi

Chile 1978-1992

Pollock Pollachius virens Faroe Plateau 1978-1992 Mackerel Scomber
scombrus

Northeast Atlantic 1978-1992

Pollock Pollachius virens Iceland Grounds 1982-1996 Capelin Mallotus villosus Iceland Grounds 1982-1996
Herring Clupea harengus Iceland Grounds 1984-1996

Pollock Pollachius virens ICES IIIa, VI and
North Sea

1975-1989 Herring Clupea harengus North Sea 1975-1989

Mackerel Scomber
scombrus

Northeast Atlantic 1975-1989

Pollock Pollachius virens North-East Arctic 1973-1987 Capelin Mallotus villosus Barents Sea 1973-1987
South pacific
hake

Merluccius gayi Chile 1996-2010 Chilean jack
mackerel

Trachurus
murphyi

Chile 1996-2010

Southern hake Merluccius
australis

Chile 1978-1992 Chilean jack
mackerel

Trachurus
murphyi

Chile 1978-1992

Whiting Merlangius
merlangus

West of Scotland 1993-2007 *Herring Clupea harengus ICES VIa, VIIb and
VIIc

1993-2007

Herring Clupea harengus West of Scotland 1993-2007
Yelloweye
rockfish

Sebastes
ruberrimus

Pacific Coast 1984-1998 Pacific chub
mackerel

Scomber
japonicus

Pacific Coast 1984-1998
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Table 5.C.1: continued

Piscivores Forage Fish
Common
name

Scientific name Location stock Yearspan Common
name

Scientific name Location stock Yearspan

Pacific sardine Sardinops sagax Pacific Coast 1984-1998
Yellownose
skate

Zearaja chilensis Chile 1989-2003 Chilean jack
mackerel

Trachurus
murphyi

Chile 1989-2003
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Table 5.C.2: Data of interacting fish stocks. The decline in biomass of piscivore stocks
was calculated as the ratio of the biomass at the end of the steepest 15 year decline in the
time series compared to the biomass at the beginning of this decline. The average annual
exploitation rate (ER, defined as the annual catch as a ratio of the stock biomass) over the
first 10 years of the 15 year decline is listed for the piscivore stock and the average of the
number of forage fish stocks n per piscivore stock. Stocks marked with an asterisks were
excluded from the analysis.

Piscivores Forage Fish

Common name Location stock Decline ER ER n

Argentine hake Northern Argentina 0.162 0.47 0.01 1
Arrowtooth flounder Pacific Coast 0.554 0.04 0.18 1
Atlantic cod Eastern Baltic 0.166 0.45 0.13 2
Atlantic cod Faroe Plateau 0.189 0.27 0.2 1
Atlantic cod Irish Sea 0.165 0.48 0.21 1
Atlantic cod Kattegat and Skagerrak 0.14 0.43 0.29 2
Atlantic cod North Sea 0.39 0.42 0.31 5
Atlantic cod West of Scotland 0.121 0.31 0.16 1
Atlantic cod Western Baltic 0.307 0.5 0.08 1
Blue whiting Chile 0.482 0.03 0.25 1
Blue whiting Northeast Atlantic 0.782 0.22 0.4 10
Golden Redfish North-East Arctic 0.426 0.12 0.1 1
Greenland halibut North-East Arctic 0.282 0.25 0.28 1
Haddock Faroe Plateau 0.184 0.19 0.22 1
Haddock Iceland Grounds 0.511 0.43 0.78 2
*Haddock ICES VIIb-k 1.839 0.27 0.22 1
Haddock ICES IIIa and North Sea 0.224 0.18 0.3 1
Haddock North-East Arctic 0.327 0.43 0.28 1
Haddock West of Scotland 0.343 0.33 0.16 1
Hake ICES IIIa-IV-VI-VII-VIIIabd 0.3 0.82 0.3 5
Hake ICES VIIIc-IXa 0.154 0.21 0.17 2
Megrim ICES VIIIc-IXa 0.312 0.28 0.17 2
Pacific hake Pacific Coast 0.303 0.1 0.14 2
Petrale sole Pacific Coast 0.362 0.16 0.13 1
Pink cusk-eel Chile 0.327 0.16 0.09 1
Pollock Faroe Plateau 0.572 0.2 0.21 1
Pollock ICES IIIa, VI and North Sea 0.248 0.36 0.2 2
Pollock North-East Arctic 0.144 0.34 0.3 1
Pollock Iceland Grounds 0.413 0.23 0.78 2
South pacific hake Chile 0.158 0.13 0.26 1
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Southern hake Chile 0.309 0.04 0.09 1
Whiting West of Scotland 0.122 0.26 0.16 1
Yelloweye rockfish Pacific Coast 0.349 0.09 0.17 2
Yellownose skate Chile 0.114 0.13 0.26 1
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