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A B S T R A C T

Size of predator and prey determines, to a large extent, predator-prey interactions in aquatic systems.
Understanding the relationship between predator and prey size in the individual predator’s food selection
process is a cornerstone of ecological modelling. Stomach content data are used to inform such models, as they
provide prey species specific information about the predator diet in the wild. These data are strongly relevant as
direct observations of species trophic interactions, but they have limitations, and are costly. Our objective was to
develop and test a model which is able to predict changes in the Baltic cod diet by reconstructing the dynamics of
cod and its prey, herring and sprat, populations, their length distributions, and parametrizing trophic interac-
tions between them. We analysed time-series of cod stomach data and built an age-length structured multispecies
model using Gadget. Both observed and predicted diets of smaller (juvenile) cod consisted mainly of benthos,
while larger cod fed mostly on fishes (herring and sprat). Our model could predict the main patterns in species
and length composition of cod diet. We also identified important knowledge gaps, especially on benthos dy-
namics and processes affecting prey availability and predator preference.

1. Introduction

Size of predator and prey determines, to a large extent, predator-
prey interactions in aquatic systems. Larger predators move at higher
speed and are more successful in catching prey (Lundvall et al., 1999;
Webb, 1976). Prey, on the other hand, may escape predation by either
becoming faster as they grow (Folkvord and Hunter, 1986; Lundvall
et al., 1999), or by growing beyond the size threshold of what predator
can consume (limited by predator gape size; Scharf et al., 2000). In
addition, to avoid direct competition between life stages, many pre-
dators experience partition of food resources into ontogenetic niches,
switching dietary preferences from one prey type to another during life
history (Schoener, 1974; Werner and Gilliam, 1984).

Understanding the relationship between predator and prey size in
the individual predator’s food selection process is a cornerstone of
ecological modelling and it is a fundamental step for the development
of analytical multispecies models in support of an ecosystem based
fisheries management (FAO, 2008). In combination with quantifying

the functional response (Holling, 1959; Solomon, 1949), this knowl-
edge allows to predict predation rates based on predator and prey
abundances and length distributions. Stomach content data are used to
inform such models, as they provide prey species-specific information
about the predator diet in the wild. These data are among the most
relevant direct observations of species trophic interactions, but they
have limitations. What is found in a stomach is a snapshot of what the
predator has consumed recently. Moreover, the evacuation time of each
prey in the stomach, and consequently the detection probability, is
directly related to prey-specific digestion rates, the presence of hard
parts in the prey body and temperature. In addition, it is possible for
predators to consume prey in the fishing gear during the sampling
process, known as net feeding (Hopkins and Baird, 1975). However,
corrected for these potential biases and integrated across a large
number of observations in space and time, the individual snapshots may
combine into a slideshow that provides an informative picture of the
predator diet. To fulfil that purpose, stomach data have to be collected
with sufficient spatial coverage over extended periods. As extensive
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collection of stomach data is costly it is highly desirable to reliably
model predator diet to allow inference on species trophic interactions
also in periods when stomach content data are missing.

Atlantic cod (Gadus morhua) is a top predator feeding on various fish
and invertebrate species (Link and Garrison, 2002) and thus a key
species of ecosystems in the northern part of the Atlantic Ocean
(Bogstad and Mehl, 1997; Daan, 1973; Hansson et al., 1996; Rudstam
et al., 1994). A series of trophic cascades with increases in prey popu-
lations following the collapse of the cod populations were described for
most of the areas that cod inhabits: Labrador, northern Newfoundland,
Flemish Cap, northern Gulf of St. Lawrence, Iceland, Barents Sea (Worm
and Myers, 2003), eastern Scotian Shelf (Frank et al., 2005), North Sea
(Alheit et al., 2005) and Baltic Sea (Alheit et al., 2005; Casini, 2013;
Österblom et al., 2007). During its development process cod switches
dietary preferences from one prey type to another (Bagge et al., 1994;
Link and Garrison, 2002; van Leeuwen et al., 2013), experiencing on-
togenetic shifts typical for many fishes and other animals (Werner and
Gilliam, 1984). Juvenile cod prefers small benthic organisms; as it
grows, the size of its prey increases; medium size cod starts to include
small fishes, like sprat (Sprattus sprattus), capelin (Mallotus villosus),
herring (Clupea harengus), into its diet; and large cod eats even bigger
fish, like flounder (Platichthys flesus) and smaller cod (Bagge et al.,
1994; Garrison and Link, 2000; Link and Garrison, 2002; Uzars, 1975).

Besides the importance for ecosystems, cod is also vital for humans
as a food and even a livelihood source for many. Even though global
cod catches are merely a third of their maximum during the last 65
years (FAO, 2017), cod remain among the top 15 fish species that
yielded the highest catches (FAO, 2016).

Water bodies that cod inhabits differ in their diversity of resources:
the Baltic Sea has low biodiversity (Elmgren and Hill, 1997; MacKenzie
et al., 2007), compared to other areas, for example the North Sea, the
Celtic Sea or Icelandic waters. That narrows down the prey choice for
the Baltic Sea cod and may potentially increase the strength of pre-
dator-prey interactions (May, 1972).

Stomach data of Baltic Sea cod have been well documented for the
1960’s-1980’s (Uzars, 1994, 1975). However, major changes has hap-
pened since that period: sprat has become more abundant, while the
cod population has declined severely (Alheit et al., 2005; Casini, 2013;
Österblom et al., 2007). Furthermore, body condition of cod has de-
clined (Casini et al., 2016; Eero et al., 2012) with potential implications
for predation success. Moreover, predator and prey spatial overlap has
changed during 2000s: cod has concentrated mainly in the south-wes-
tern part of the Baltic Sea (Eero et al., 2015; Bartolino et al., 2017),
while herring and sprat densities have increased in the north-eastern
part (Casini et al., 2011; Eero et al., 2012). In addition only a portion of
sprat is in the same part of the water column as cod (Neuenfeldt and
Beyer, 2003).

A newly compiled Baltic cod stomach database covering 1964–2014
(ICES, 2014a) allows to investigate ontogenetic and temporal changes
in the cod predation on the commercially important clupeids herring
and sprat, while at the same time evaluating a model of predator diet
using unique long-term observational data.

Trophic interactions can have noticeable impact on fisheries man-
agement of both predator and prey populations. Multispecies models
showed that predation mortalities of forage (prey) fish in the North Sea
were much higher than previously thought and highly variable in time
(Pope, 1991). Underestimating predation mortality and its variability
may lead to biased estimates and projections of fish biomass and yield
(Tyrrell et al., 2011). At the same time, overfishing of forage fish spe-
cies may decrease their availability to the predator and consequently
affect predator abundance. Pikitch et al. (2012) found that the diet of
16% of the predator species in 72 studied systems consisted of 50 or
more percent forage fish. These effects are even stronger in systems like
the Baltic Sea, where predators have few alternative prey species. In
addition, size selectivity of predator as well as size distribution of both
predator and prey need to be taken into consideration in an ecosystem

based fisheries management, as predators and fisheries may compete
for the same prey size (Link, 2002).

The long tradition of multispecies modelling in the Baltic Sea is
reflected in a wide range of models which span across a broad gradient
of applications from tactical to strategic. Many include trophic inter-
actions between cod, herring and sprat in the central Baltic, with
marked differences in their approach to species interactions. Tactical
models include the Stochastic multispecies model (SMS, ICES, 2012)
and the Multispecies virtual population analysis (MSVPA, ICES, 2005).
They both account for the length and species prey suitability (Andersen
and Ursin, 1977) and average daily ration of cod. However, both SMS
and MSVPA are age-structured models and, thus, they convert both
predator and prey from age groups into size groups prior to estimation
of consumption, and then back to ages. A simplified approach is applied
by Multispecies production models (MSPM, Horbowy, 2005) where age
groups of all species are replaced with life stages. For all three models,
consumption was parametrised using stomach data with a very limited
temporal and spatial coverage compared to the present study. Im-
plementations of more strategic models for the central Baltic Sea in-
clude Ecopath with Ecosim (EwE; Bauer et al., 2018; Tomczak et al.,
2012) and more recently Atlantis (Bossier et al., 2018). Contrary to age-
structured models, EwE simplifies the modelled populations into few
life-stages, and trophic interaction is based on the “foraging arena”
theory (Ahrens et al., 2012; Walters and Juanes, 1993) where vulner-
ability of prey populations to predation is related to spatial and tem-
poral restrictions of prey and predator activities. The predation para-
meters of the EwE model used for the integrated assessment of the
Baltic Sea (ICES, 2016) were also derived from a sparse, old set of cod
stomach data. That model was recently re-parameterized using the
newly compiled database of cod stomachs as in our study, but the
model was limited to the period 2004–2013 (Bauer et al., 2018), pro-
viding little insight into the long-term trophodynamics of cod and
clupeids. A more mechanistic approach to trophic interaction is im-
plemented by the Atlantis model, where predator consumption depends
on various predator characteristics, such as growth and consumption
rate, gape size, functional response, and on a prey availability para-
meter. SMS and EwE were, however, used to inform dietary patterns of
the Atlantis model for the Baltic Sea, which has 2005 as initial year
(Bossier et al., 2018).

Our study aims to implement a quantitative model to reconstruct
the ontogenetic and main temporal changes in the diet of Baltic cod
during the last four decades by modelling the dynamics of cod, herring
and sprat populations, their size structures, and trophic interactions.
For the first time coupling a model to observations from a unique Baltic
dataset on cod stomach content, we compared diet compositions in the
periods of major changes in the Baltic system: 1) prior to the ecosystem
shift in 1989, which is characterised by high cod and herring abun-
dances and low sprat abundance (Alheit et al., 2005; Casini, 2013;
Möllmann et al., 2004); 2) in the period 1989–2007, when cod and
herring populations declined and sprat increased; and 3) after 2007,
when the cod population increased but was concentrated in the
Southern Baltic Sea (Eero et al., 2012). The Globally applicable Area
Disaggregated General Ecosystem Toolbox (Gadget; Begley, 2017) was
used in this study, as it offers a suitable modelling framework to in-
tegrate stomach data into size structured population dynamic models of
both cod and clupeids, and represents a valid tool with potential for
both tactical and strategic applications.

2. Materials and methods

2.1. Study area and species

The Baltic Sea is a large semi-enclosed brackish water body with
strong salinity and temperature gradients (Elmgren, 1984; Leppäkoski
et al., 2002). Its salinity is below levels preferred by marine organisms
and above levels preferred by freshwater organisms and, thus, induces
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physiological stress to both groups. In addition, the Baltic Sea is a
geologically young basin, i.e., time for species to invade and adapt has
been limited. These are the main reasons for the low biodiversity
(Elmgren, 1984; Hammer et al., 2008). As a result the same three
species (cod, herring and sprat) are both the bulk of commercial catches
(comprising together about 95% of them; ICES, 2013) and the key
species of the Baltic Sea ecosystem (Lindegren et al., 2014; Rudstam
et al., 1994; Sparholt, 1994).

Cod (Sick, 1965) and herring (Jørgensen et al., 2005; Ojaveer, 1988;
Parmanne et al., 1994) each have more than one population in the
Baltic Sea. Only Eastern Baltic cod and Central Baltic herring are sub-
jects of the current study. Baltic sprat is described as a single population
(Rechlin, 1986). For simplicity, the populations mentioned above will
be referred to as cod, herring and sprat in this study. The distribution of
these three populations differs, with sprat occupying most of the Baltic
Sea while cod and herring just parts of it. Their spatial distributions has
also changed in the past few decades, with cod concentrating progres-
sively towards the south-western part of the central Baltic Sea (mostly
ICES subdivision (SD) 25 and partly 26; Fig. 1) and the two clupeids

increasing their densities towards the north-eastern part (mostly SD
28–32; Casini et al., 2011; Eero et al., 2012)

2.2. Empirical analysis

2.2.1. Stomach data
A comprehensive dataset of cod stomach data from the Baltic Sea for

the period 1964-2014 has been recently prepared under the EU tender
No MARE/2012/02 and made available by ICES (Huwer et al., 2014;
ICES, 2014a). Data were collected during various national sampling
programs of Baltic countries as well as Baltic international trawl survey
(BITS, ICES, 2014b). Our analyses cover the time period 1974–2013
(Fig. 1), with gaps in the cod stomach data in the 1975–1979 due to
missing cod length measurements (Table A1).

We explored two aspects of cod diet composition in the stomach
analysis: species composition and prey size selection. Only full sto-
machs were used for this purpose. In addition, daily rations of in-
dividual cod, including cod with empty and full stomachs, were used to
calculate the average consumption of the cod population (see Section

Fig. 1. Spatio-temporal distribution of cod stomach samples in Quarter 1. The size of the circles corresponds to sample size, while location corresponds to the centre
of the ICES rectangle (ICES, 1977), where sample was taken. Numbers 25–32 are ICES sub-divisions (ICES, 1969).
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2.3.5 “Evacuation models and average consumption”). Seasonal dif-
ferences in the diet of Baltic cod have been reported by Uzars (1975),
especially between the first and second halves of the year. Stomach data
had quarterly resolution which was expected to capture such seasonal
variation in the diet. Only stomachs from quarters one and four were
sampled for a sufficient number of years (Table A1) and were used to
parameterize the model. Stomach data for cod smaller than 16 cm were
excluded because they have not been consistently sampled for the en-
tire time series. Stomachs from the Gulf of Riga (SD 28-1) were also
excluded from the analysis because a different population of herring
inhabits this area.

Data comprised of digestion stages 0–2, which represent a gradual
increase in level of digestion of prey items with 0 being intact prey, 1 –
partly digested prey, and 2 – skeletal material. The 0 digestion stage
was excluded from further analysis as it, with high probability, is re-
presented by prey that cod have eaten in the trawl during sampling
(Hopkins and Baird, 1975).

2.2.2. Prey species composition of the diet
Sprat, herring, Saduria (Saduria enthomon) and mysids (Mysis spp.,

but mainly Mysis mixta) comprised most (about 80%) of the cod’s diet
and were used individually in the analysis, while the remaining food
types (about 50 taxonomic groups) were grouped together as “other
food”.

In order to identify predator length groups with sufficiently similar
diet composition, reflecting ontogenetic shifts, we performed hier-
archical cluster analysis. We grouped cod into length categories with
5 cm bins and for cod larger than 60 cm with 10 cm bins to have suf-
ficiently large sample size. For each cod length category the weight
ratios rw of the prey species were calculated as:

=r w
ww

i

preys (1)

which is the ratio between the weight of all prey of species i (wi) in the
stomachs of the specific cod length category and the total weight of all
prey in the stomachs of that cod length category.

Species ratios in the cod stomachs were then compared between the
categories using a Bray–Curtis dissimilarity index (Faith et al., 1987,
calculated with the package Vegan for R, Oksanen et al., 2018):

=
+

d
x x
x x

| |
( )

,jk
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which compares the ratio of prey species i in the stomachs of two cod
size groups j and k. The index ranges between 0 (identical prey com-
position) and 1 (no prey is shared) and corresponds to proportional
difference between prey composition of two cod size groups (Ricotta
and Podani, 2017).

A dissimilarity index of 0.2 or larger was chosen to separate cod
length groups. This hierarchical cluster analysis suggested five cod length
groups: 16–25, 25–35, 35–60, 60–80 and 80–112 cm. The stomach data
were therefore aggregated according to these length groups for further
analysis and included as a likelihood component in the multispecies
model. Initial analysis showed that 20 stomachs per length group/time-
step combination were sufficient to represent species composition of the
diet. That is why we limited our analysis to length group/time-step
combinations with 20 or more stomachs sampled. For each of the se-
lected length groups prey weight ratios were estimated using Eq. (1) for
quarter 1 and 4 in each of the study periods 1974–1988, 1989–2006, and
2007–2013. In addition, to inform the model (see Section 2.3.1) we made
the same calculations for each year, respectively.

2.2.3. Length composition of fish prey in the diet
For prey length analysis the same cod length groups as for the

species composition were used. Prey items longer than the cod that had
consumed them (comprising about 5% of all prey items) were excluded

from analysis, being likely a measurement error. Screening of the
available cod stomach data revealed that information on the individual
weight of prey with measured lengths was available only for a limited
number (about 70%) of samples. To reduce potential biases, the pre-
sence ratio (i.e., frequency of occurrence, Hyslop, 1980) was considered
as a better indicator of the predator-prey size relationship compared to
weight ratio or number ratio, under the assumption that the proportion
of stomachs in a cod length group with a prey of a certain size relates to
the prey abundance. A benefit of using the presence ratio estimator is
that it does not rely on the measurements of individual weights or
numbers of prey, both of which may be biased, due to measurement
challenges or errors. The presence ratio rp was calculated as:

=r
p

p
,p

il

(3)

which is the ratio between the number of stomachs of the specific cod
length category containing prey species i of length l and total number of
stomachs of that cod length category.

2.3. Modelling

To reconstruct population dynamics of cod, herring and sprat, their
trophic interactions and the effect of fisheries, we built an age-length
structured model using Gadget (Globally applicable Area Disaggregated
General Ecosystem Toolbox). Gadget models represent biological pro-
cesses like growth, maturation, reproduction, consumption, etc. in the
form of functions, which are often length-based, as well as various
components of the ecosystem: interactions between species, impact of
environmental variables, impact of fisheries, etc. (Begley, 2017; see also
Pérez-Rodríguez et al., 2017; Taylor and Stefansson, 2004; Trenkel
et al., 2004 for multispecies model examples).

Gadget was run using the Rgadget package (Elvarsson, 2015) for R
(R Core Team, 2016). A database for the model was built and queried
using the MFDB package (Lentin, 2014)

The modelling process to estimate unknown parameters in Gadget
can be outlined in three steps. First, provided with initial parameter
values, Gadget runs a forward projection model. Then it compares ob-
tained predictions to observed values and calculates likelihood scores
(negative log-likelihood) to represent goodness of fit. As the last step,
Gadget re-adjusts parameter values and re-runs the model until op-
timum parameter values are found, which produce the overall best fit of
the model to multiple data components (Begley, 2017).

The optimization process in steps two and three uses three algo-
rithms: first, a wide area search simulated annealing (Corana et al.,
1987) to reach the general area of a solution, followed by a local search
Hooke and Jeeves algorithm (Hooke and Jeeves, 1961) to rapidly find a
local solution and then Boyden-Fletcher-Goldfarb-Shanno algorithm
(BFGS, Bertsekas, 1999) to fine-tune the optimization. This procedure is
repeated several times to prevent converging to a local optimum.

Our model used 21 datasets to estimate the parameters (see Table
A2). The nature of these datasets is different (length distribution, survey
indices, etc), thus, an appropriate function for each data type (called
likelihood component) is used to calculate a likelihood score during the
optimization. Scores of individual likelihood components are then
combined into an overall likelihood score (objective function; Begley,
2017). In order to prevent some likelihood components from dom-
inating the objective function and reduce the impact of low quality data
iterative re-weighting is used (ICES, 2014c; Stefánsson, 2003; Taylor
et al., 2007):

=l w l ,
i

i i
(4)

where l is objective function, li and wi are respectively the likelihood
score and weight assigned to a likelihood component i.

The iterative re-weighing approach is based on assigning the inverse
variance of the fitted residuals as component weights. The variances,
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and thus the final weights, are calculated as follows:

1) The initial variance (usually sums of squares, SS) are calculated
using the initial parametrization for all likelihood components. The
inverse SS (1/SS) are assigned as the initial weights for each like-
lihood component (initial score multiplied by weight will be 1 for
each component).

2) For each likelihood component in a sequence, an optimization run is
done where the initial weight is multiplied by 10 000 while weights
of other components are multiplied by 1 until the minimum negative
log-likelihood score is found. The residual variance is then estimated
by dividing the resulting SS of that component by the degrees of
freedom (df):

= SS
df

,2
(5)

3) After the series of optimization runs final weight for each compo-
nent is set as the inverse of the estimated variance from the step
above (weight = 1/σ2).

2.3.1. Modelling procedure
The time frame for the model was set to 1974–2013, based on

stepwise calculations for each quarter (year) and using the whole Baltic
Sea (ICES sub-divisions 25–32) as one single area.

We first built the single-species models for cod, herring and sprat
(see Table A2 for a summary of data-sources used in the models, and
Table A3 for parameter values). Some parameters are highly correlated,
e.g., k and Linf in the von Bertalanffy growth function, and thus hard to
estimate simultaneously. In those cases, groups of parameters were
estimated in different phases. We evaluated goodness of fit of each
model based on visual inspection (where we evaluated whether pre-
dicted values had similar magnitude and trends as observed values) and
by estimating overall and individual components likelihood scores.
When satisfactory single-species models were parametrised, they have
been linked into a multi-species implementation with cod feeding on
both herring and sprat. In addition to herring and sprat which are dy-
namically represented in the model, Saduria, mysids and “other food”
were added as constant prey groups available for cod.

2.3.2. Consumption
Consumption of each prey in the model was a function of both

predator (L) and prey length (l), and related to prey availability, pre-
dator requirements and preference for the different preys as follows:

=C l L
N M SB

SB
( , )p

L L p l

preys p l

,

, (6)

First, the model estimated the biomass B of prey species p and length
l (for sprat and herring, while biomass of Saduria, mysids and “other
food” was assumed to be always available and constant through time).
Then this biomass was multiplied by a suitability function S, which
estimated the probability that the prey would be caught by the predator
based on the lengths of predator (L) and prey (l). In the next step, the
model estimated the proportion of biomass of this specific prey p to the
total biomass of all suitable preys, ∑preyspSBp,l. This proportion was then
multiplied by the average consumption (ML; see 2.3.5 for more details)
for the predator of length (L) to satisfy its dietary requirements, and
multiplied by the number of predator individuals of that length (NL).

2.3.3. Prey species composition
The selection of prey by predator was determined in the model by a

suitability function S. The selection was prey specific, and determined
by the shape of the relation between the ratios of the prey and the size
of cod that consumed it, as observed in the stomach data.

An exponential suitability function, which logarithmically depends

on the size of the predator (L), was used to represent the selection of
mysids:

=
+

S L d
e

( )
1 L( ) (7)

The Andersen-Ursin suitability function (Andersen and Ursin, 1977;
Ursin, 1973), where suitability depends on the ratio between predator
(L) and prey (l) lengths was used to represent the selection of Saduria
(prey length was constant), herring and sprat:

=

>

S l L
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L
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2

4

(ln 1)
2

3 (8)

A constant suitability function was used to represent the selection of
“other food” as it is independent on both the sizes of predator and prey:

=S L d( ) (9)

In all three functions the parameter d was used to represent the prey
species preference by cod. This parameter was estimated by the model
separately for the first and second half of the year, informed by weight
ratios estimated from stomach data (see Section 2.2.2; also 2.3.7 in
Supplementary material). All the other parameters of the suitability
(except for sprat and herring; see Section 2.3.4) were fixed to values
estimated from stomach data outside the model.

To compare predicted diet composition to observed we used
Bray–Curtis dissimilarity index (Eq. (2); Section 2.2.2, approach similar
to Tarnecki et al., 2016).

2.3.4. Prey length composition
Herring and sprat length in predicted cod diet resulted from ap-

plying an Andersen-Ursin suitability function (Eq. (8), Andersen and
Ursin, 1977; Ursin, 1973) on reconstructed length distributions of cod,
herring and sprat. The function was simplified by assuming that p3=p4,
i.e. the suitability function is symmetrical and not skewed. Parameters
p1,3, in the suitability function were estimated by the model in different
runs informed by prey length composition from stomach data (see
Section 2.2.3; also 2.3.7 in Supplementary material), with initial values
estimated outside the model from stomach data of cod lengths with
sufficient sample size: 39–57 cm cod for herring suitability and
35–50 cm cod for sprat.

2.3.5. Evacuation models and average consumption
The food requirement of cod was represented by its average con-

sumption and expressed as an exponential function of the predator
length (L):

=M L m L( ) m
0 1 (10)

Evacuation models and bioenergetic models are two commonly used
methods to convert stomach content into daily rations (Hansson et al.,
1996). Several of these models were developed for cod in different re-
gions. In this study we used the model of evacuation rate (R) developed
by (Jones, 1978) in an experimental setting with the North Sea and
Faroe cod (Fig. 6):

=R L W0.16
40

24,
1.4

0.46
(11)

where L is the cod length and W is the weight of its stomach content, (L/
40)1.4 is length correction, W0.46 is weight correction; 0.16 corresponds
to digestion rate of fish prey at temperature 8-10°, 24 is for hours in a
day.

Stomach data used for this estimation process included empty sto-
machs to account for individual variation and to estimate an average
consumption that is representative of the whole population. We dis-
carded the stomachs that were marked as regurgitated, as well as
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stomachs of cod larger than 80 cm, because their daily rations were too
variable as a result of limited sample size (Fig. 6).

The amount of food consumed per day was assumed to be equal to
the average daily evacuation, so that the parameters m0 and m1 of the
equation 10 were directly estimated using the cod stomach data and
scaled up to represent the consumption in the Gadget model.

3. Results

To interpret the predicted diet, it is important to evaluate model
performance in predicting the underlying abundances and length
structures of the predator and prey populations. The model re-
produced the general trends observed in the data (Fig. 2, A4-10). The
only exceptions were the abundance of cod in the third period
(2007–2013), which was lower in the model compared to the survey
(Figure A4), abundance of cod larger than 60 cm in the first period
(1974–1988), which was higher in the model compared to the survey
(Figure A4) and cod and herring length distribution from the
survey in certain years (e.g. 1991, 1995 on Figure A7; 1991, 1992 on
Figure A8).

3.1. Prey species composition

The cod stomachs showed marked differences in the ratios of dif-
ferent prey types for cod of different sizes (Fig. 3; bars from left to
right). The herring ratio was small in the first two cod length groups, it
increased in cod of 35–60 cm, peaked for cod of 60–80 cm (except for
the third period) and decreased when cod grew beyond 80 cm. Sprat
ratio was the highest for cod of 25–35 cm and gradually decreased as
cod grew beyond 35 cm. The ratios of both Saduria and mysids de-
creased with cod size, though Saduria was an important prey in all cod
length groups.

A large portion of the cod diet consisted of sprat in quarter 1 and of
herring and benthos in quarter 4 (except for 1974–1988, when cod diets
between quarters were similar). In quarter 4 in 1989–2006 and both
quarters in 2007–2013 herring ratio in the diet of the smallest cod
(16–25 cm) were higher than that of small cod (25–35 cm).

Sprat ratios in quarter 1 increased in all cod groups from 1974–1988
to 1989–2006, but remain stable after that. Sprat ratios in quarter 4
decreased in all cod groups from 1974-1988 to 1989-2006 (except the
smallest cod), but increased in 2007–2013. Herring ratios were quite
stable in the quarter 1, but in quarter 4 increased in 1989–2006 and
declined a bit in 2007–2013. Ratios of mysids and Saduria declined

Fig. 2. Comparison of observed (points) and predicted (line corresponds to 50%, while shaded area to 5% and 95% percentiles of distribution) length distribution for
cod (a), herring (b) and sprat (c) catches in scientific surveys in different periods.
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with time in all cod groups (except for quarter 4 in the second period for
smallest and small cod), especially in the last time-period (2007–2013).

The model was able to represent the general ontogenetic shifts in
predicted cod diet (Fig. 4). The proportion of clupeids increased with
cod growth and eventually declined when cod reached more than 80 cm
in length, while the proportion of mysids and Saduria progressively
declined. However, the model systematically underestimated ratio of
herring in the cod diet (except for 16–25 cm cod in 1974–1988) and
sprat in the diet of smaller cod (< 35 cm), but overestimated ratio of
sprat in the diet of larger cod (> 35 cm).

The proportion of sprat slightly increased with time, while the
proportion of herring was highest in the first period. The proportion of
herring and sprat in quarter 1 was predicted slightly higher than in
quarter 4.

The dissimilarity index between the observed and predicted diet
composition was in the range 0.08-0.28 during the first period
(1974–1988), while it ranged between 0.24 and 0.52 during the second
(1989–2006) and third (2007–2013) suggesting a better fitting of the
stomach data for all the length groups during the first part of the time
series.

3.2. Prey length composition

The length ranges of sprat and herring overlap in both predicted and
observed cod diet (i.e. 35–60 cm at Fig. 5), with herring showing a peak
at 15–16 cm and sprat at 10 cm.

The size of herring with the highest occurrence in the predicted cod
diet was slightly lower than in the observed diet in the second period.
Estimated optimal sprat size (cf. p1 in Eq. (5)) was 19% of cod size,
while optimal herring size was 28% of cod size (represented in Fig. 5 as
the peaks in the estimated prey length ranges).

3.3. Consumption

Individual daily consumption reconstructed from stomach content
using Jones evacuation model (Eq. (11) in Section 2.3.5) was found to
be variable, but showed a general exponential relation to cod size
(Fig. 6).

Parameters of average consumption function (see Eq. (10) in Section
2.3.5) fitted to individual daily consumption were: m0 = 3.167e-4 and
m1 = 2.66. These values suggest that 22 cm cod consumes on average
1.2 g/day, which increases to 8 g/day for 45 cm cod and 50 g/day for
90 cm cod.

4. Discussion

In this study we aimed to develop a model to represent ontogenetic
and temporal changes observed in the cod diet. Our model reproduced
the general ontogenetic shifts in the species composition of the cod diet,
but represented temporal patterns in diet composition better for the
period 1974–1988, when cod was more abundant and more stomachs
were sampled. The model predicted similar prey length distributions to

Fig. 3. Observed species composition of cod diet with respect to ontogenetic niches and temporal shifts. Three vertical panels correspond to three contrasting periods
in the dynamics of cod, herring and sprat: 1) 1974–1989, which is characterised by high cod and herring and low sprat abundance; 2) 1989–2007, when cod and
herring populations declined and sprat increased; and 3) 2007–2013, when cod population increased but concentrated in the Southern Baltic. Two horizontal panels
correspond to year quarters (1 and 4). Five vertical bars in each sub-panel from left to right are length groups of cod representing ontogenetic niches (see Introduction
for more details). Main prey groups of cod (with “other food” gathering all prey items not represented in the other four groups) are colour-coded (see legend). Colour
in online version.
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Fig. 4. Comparison between observed (ob) and predicted (pr) species composition of cod diet with respect to ontogenetic niches and temporal shifts. Three vertical
panels correspond to three contrasting periods in the dynamics of cod, herring and sprat: 1) 1974–1989, which is characterised by high cod and herring and low sprat
abundance; 2) 1989–2007, when cod and herring populations declined and sprat increased; and 3) 2007–2013, when cod population increased but concentrated in
the Southern Baltic. Two horizontal panels correspond to year quarters (Q1 and Q4). The bars in each sub-panel represent the diet composition observed (ob) and
predicted by the model (pr) for different cod length groups. Numbers above vertical bars correspond to proportional difference between observed and predicted
composition as calculated from the Bray–Curtis dissimilarity index. Colour in online version.

Fig. 5. Observed (points) and predicted (line corresponds to 50%, while shaded area to 5% and 95% percentiles of distribution)) prey (herring - black and sprat –
light grey) length composition in the diet of 35–60 cm cod in Quarter 1 in different periods.
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those observed in the stomach content.
Both observed and predicted diets of smaller (juvenile) cod con-

sisted mainly of benthos, while larger cod fed mostly on fishes (herring
and sprat). The same ontogenetic development has also been observed
for the Georges Bank and the northeast US continental shelf (Garrison
and Link, 2000; Link and Garrison, 2002).

The proportion of sprat in the stomachs was larger in 1989–2013,
probably due to an increase in sprat abundance observed during this
period. On the contrary, the proportion of herring in the stomachs show
no clear trend over the whole time period investigated, despite a de-
clining abundance of herring. This pattern in the diet implies that cod
preference for herring had increased at decreasing herring abundance, a
phenomenon described as ‘negative switching’ (Chesson, 1984;
Neuenfeldt and Beyer, 2006). ‘Negative switching’ is when the pro-
portion of a prey type in a predator’s diet decreases slower than its
proportion in total prey abundance. This has been suggested to cause
destabilisation of prey populations, as the impact of a predator on a
prey with decreasing abundance is over-proportionally high (Chesson,
1984). However, this phenomenon can also be observed as an artefact
of variable predator-prey spatial overlap (Neuenfeldt and Beyer, 2006),
which was not accounted for in this study.

The stomach data suggest that the proportion of herring decreased
over time in the diet of small cod, while it increased in the diet of the
smallest cod. This can be a consequence of changes in the spatial dis-
tribution of herring and cod. A relevant knowledge gap, however, exists
here on how the spatial distribution for the different sizes of cod and
herring has changed which may have resulted in the reduced avail-
ability of prey of the appropriate size for certain size groups of cod but
not for others.

Changes in prey abundances alone are insufficient to explain the
complex temporal patterns observed in the cod stomachs, and there are
at least two major assumptions of the model that may contribute to
deviations between model results and observations, which would de-
serve future investigation.

First, biomasses of mysids, Saduria and other food were assumed to
be constant in the model which is not supported by the decline of

benthos in the observed cod’s diet. Little is known on the dynamics of
the Baltic Sea benthic communities. However, the abundance of many
benthic species is expected to be limited by oxygen concentration in the
water (Diaz and Rosenberg, 2008, 1995; Karlson et al., 2002; Mulicki,
1957). The observed decline of mysids and Saduria in the cod diet
during 2007–2013 coincides with the observed increase in hypoxic and
anoxic areas (Carstensen et al., 2014).

Second, both the model and to some extent also the spatio-temporal
coverage of stomach sampling assume that the spatial overlap between
cod and its prey is stable over time. The spatial distribution of cod has
considerably contracted south-west towards the central Baltic and
Bornholm Basin during the 1990s and 2000s (Bartolino et al., 2017;
Eero et al., 2012). At the same time, the distribution of both herring and
sprat have shifted in an opposite direction towards the north-east
(Casini et al., 2011; Eero et al., 2012) generating a possible partial
mismatch between cod and its prey.

Modelled consumption was assumed constant over the time period
investigated, which is a simplification, given also indications on the
decline in body condition of cod in recent years (Casini et al., 2016;
Eero et al., 2012). An alternative approach would be to introduce a
feeding level parameter, expressing consumption rate as time-variable
fraction of the maximum possible long-term consumption rate. This
could be derived from the stomach data.

The predicted length distributions of consumed preys were con-
sistent with those observed in the stomach data. Length distributions of
herring and sprat in the population may be expected to be better re-
presented since the early-mid 1990s with the beginning of the scientific
surveys and the availability of the first length information used by the
model. Optimal sprat size at 19% and herring size at 28% of cod size are
comparable to the results of similar multispecies models from other
areas, where optimal size of capelin for Icelandic cod is 25% of cod size
(Björnsson et al., 1997), and 29% for the fish prey of Celtic cod (Trenkel
et al., 2004).

The analytical stock assessment of Eastern Baltic cod has not been
accepted since 2014 (ICES, 2014d). The main reason is large incon-
sistency in data mainly due to changes in the cod biology. The growth

Fig. 6. Estimation of average consumption (line) based on
daily consumption (points) reconstructed by evacuation
rate model from content of individual cod stomachs.
Average consumption is a function of cod length (see eq.
10 in section 2.3.5). Data points (circles) with daily con-
sumption of 0 g are empty stomachs, while those above 0 g
contain food. Other point types represent evacuation rates
from laboratory experiments of Jones (1978). Other lines
compare model estimates to similar cod models, where
model of Pérez-Rodríguez et al. (2017) and current model
used average consumption while models of Björnsson et al.
(1997) and Trenkel et al. (2004) used maximum con-
sumption. Consumption in the models of Pérez-Rodríguez
et al. (2017) and Björnsson et al. (1997) is dependent on
temperature, which is 8 °C and 2 °C respectively.
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of Baltic cod has changed considerably during the time period in-
vestigated by the model and both cod weight and length at age showed
temporal shifts. This issue was accounted for by using three time-
blocks, each one with a specific growth, but could potentially also be
addressed by expanding the model we propose here and accounting for
the influence of prey abundance on predator growth. One possible
reason for the recent decrease in the condition of Baltic cod, expressed
in decreased weight and hepatosomatic index and increased amount of
cod with empty stomachs, is thought to be the decreased amount of
prey available for cod (Eero et al., 2015, 2012).

The recent decrease in cod growth could have affected the se-
lectivity by the commercial fisheries, as slimmer young fish may escape
through the cod end of the trawl. At the same time finer mesh size used
by scientific survey may have increased selectivity of the older cod.
These together are possible causes of inconsistency in abundance in-
dices from commercial catches and scientific survey observed from
2007 (ICES, 2014d). Aware of these issues we decided to estimate
catches based on fishing effort (from 2004, when the effort data became
available from STECF; Supplementary 2.3.5) rather than to assume
them being without error. Trade-off between commercial catches and
survey indices were observed also in the model.

Cannibalism has been reported in cod and other gadoids (Bogstad
and Mehl, 1997; Daan, 1973; Folkvord and Otteraa, 1993; Mehl, 1988;
Uzars and Plikshs, 2000). In exceptional cases cannibalism may account
for a large part of total mortality causing challenges for stock assess-
ment and management (Folkvord, 1997). For example, after the decline
of capelin, the main prey of cod in the Barents Sea, in the mid-1980s,
observed cannibalism of cod increased, accounting for up to 85% of the
mortality of age 1–3 cod (Mehl, 1988). The level of cannibalism in
Baltic Sea cod seems lower; during 1963–1989 in samples from the
Gotland and Gdansk basins (Subdivision 26) and the coastal areas of
Subdivision 28, cod was found in up to 4% of stomachs of cod > 35 cm,
with value not exceeding 0.5% in most years (Uzars and Plikshs, 2000).
Current models can further be improved by including cod cannibalism
as we observed it in the stomach data (not presented here). However, it
is particularly challenging as the intensity of cannibalism will affect the
abundance of the predator directly. In addition, cannibalistic behaviour
is typical only for large cod, for which stomach samples are rather
limited.

The model presented here was fitted to a large number of various
data components (21; see Table A2). Combing information from dif-
ferent sources is expected to provide a more complete picture of the
multiple processes and dimensions that characterize fish populations,
but at the cost of fitting different types of data with apparently con-
flicting information (Stefánsson, 2003). The objective function used in
this study by Gadget is, essentially, a weighted sum of squares. This
objective function provides reasonable point estimates, while in-
ferences may be unreliable. This is also an issue with many of the
commonly used methods. Length distributions (Hrafnkelsson and
Stefánsson, 2004; Stefánsson, 2003) and abundance indices
(Stefánsson, 2003) are challenging to fit using classical likelihood ap-
proaches (based on multinomial or Dirichlet distributions), as they
underestimate the strong intra-haul correlations between length groups.
Spatial bootstrapping approach (Elvarsson et al., 2014), which allows to
evaluate uncertainty of estimated parameters and derived quantities,
has been developed to provide inferences. However this approach is
outside the scope of this paper.

In spite of the limitations of the current model formulation (i.e.,
fixed abundance of benthos, temperature independent consumption,
lack of cannibalism or variable spatial overlap between cod and clu-
peids) and technical issues in fitting to some of the data components
(i.e., trade-off between recent cod catches and survey indices, potential
pending issues with the ageing of cod, gaps in spatial and temporal
coverage of stomach and other data), the model presented here pre-
dicted general patterns in the species and length composition of the cod
diet with respect to ontogenetic and partly temporal changes.

Therefore, with proper consideration of its limits and assumptions, the
model could be used for further applications, such as, exploring cod-
clupeid interactions in the central Baltic Sea, and to evaluate the short-
and medium-term consequences of alternative fishing regimes or gear
regulations on the trophodynamics of the system.
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