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1  | INTRODUC TION

Poleward species range expansions are commonly interpreted as 
direct consequences of climate warming (Parmesan & Yohe, 2003). 

Since temperature directly influences physiological processes 
in ectotherms, a direct simple link between climate change and 
range shifts is often assumed (Comte & Olden, 2017; Kingsolver 
et al., 2011). However, a large number of studies on a wide variety 
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Abstract
1. Climate change is commonly associated with many species redistributions and the 

influence of other factors may be marginalized, especially in the rapidly warming 
Arctic.

2. The Barents Sea, a high latitude large marine ecosystem in the Northeast Atlantic 
has experienced above-average temperatures since the mid-2000s with divergent 
bottom temperature trends at subregional scales.

3. Concurrently, the Barents Sea stock of Atlantic cod Gadus morhua, one of the most 
important commercial fish stocks in the world, increased following a large reduc-
tion in fishing pressure and expanded north of 80°N.

4. We examined the influence of food availability and temperature on cod expansion 
using a comprehensive data set on cod stomach fullness stratified by subregions 
characterized by divergent temperature trends. We then tested whether food 
availability, as indexed by cod stomach fullness, played a role in cod expansion in 
subregions that were warming, cooling, or showed no trend.

5. The greatest increase in cod occupancy occurred in three northern subregions 
with contrasting temperature trends. Cod apparently benefited from initial 
high food availability in these regions that previously had few large-bodied fish 
predators.

6. The stomach fullness in the northern subregions declined rapidly after a few years 
of high cod abundance, suggesting that the arrival of cod caused a top-down ef-
fect on the prey base. Prolonged cod residency in the northern Barents Sea is, 
therefore, not a certainty.
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of organisms have demonstrated the importance of biotic interac-
tions in shaping distributions reviewed in Ref. (Louthan et al., 2015; 
Svenning et al., 2014; Wisz et al., 2013) involving predation (Trekels 
& Vanschoenwinkel, 2019), competition (Aguilera et al., 2019), and 
parasitism (Bozick & Real, 2015). Fewer empirical studies have 
demonstrated how food resources impact distribution shifts (but 
see, e.g., Davies et al., 2019; Stewart et al., 2014).

Here, we take advantage of a period of extensive survey cov-
erage to examine the range expansion of the highly migratory 
Northeast Arctic (NEA) stock of cod (Gadus morhua). The princi-
pal feeding grounds of NEA cod are the Barents Sea, a large (~1.6 
million km2), high latitude shelf sea (~70° to 80°N) bordering the 
polar basin. The Arctic Ocean region has been warming more rap-
idly than other ocean regions (Screen & Simmonds, 2010) and has 
become more favorable for the growth and survival of sub-Arctic 
species (Alabia et al., 2018) such as cod. In the Barents Sea, a warm-
ing trend, resulting in decreased sea ice cover, began in the 1970s 
(ICES, 2019). From around 2005 and onwards, water temperatures 
at several depths of the Barents Sea have been significantly warmer 
compared with the period from 1970 to 2000 (ICES, 2019; Lind 
et al., 2018). Concurrently, the distribution of cod expanded (Fall 
et al., 2018; Ingvaldsen et al., 2015), reaching 80°N and thus ap-
peared to reflect the general warming trend in the region (Fossheim 
et al., 2015).

Cod is a dominant generalist predator in the Barents Sea food 
web (Bogstad et al., 2000; Holt et al., 2019). Mobile predators may 
shift distributions rapidly in response to environmental cues such 
as local depletion of food resources (Ims & Yoccoz, 1997). Food 
shortage may thus motivate the search for new areas where rich re-
sources compensate for the energy spent during relocation (Yackulic 
et al., 2017). From 2004 to 2013, cod spawning stock biomass in-
creased nearly fourfold reaching a historic high level (ICES, 2018; 
Kjesbu et al., 2014). Increased food competition as the stock in-
creased to record high levels may have led to the expansion of cod 
into new areas in search of abundant prey.

Large-bodied fish species in marine ecosystems have experi-
enced declines in abundance and distribution as well as changes in 
age/size structure over the last decades and centuries, often as a 
consequence of unsustainable management and poor fishing prac-
tices (Worm & Tittensor, 2011). The fishing pressure on NEA cod was 
reduced by 40% in the mid-2000s (Figure S1) and was followed by 
an increase in both abundance and spatial distribution. Knowledge 
of range expansion and contraction is essential in the management 
of harvested fish stocks (MacCall, 1990; Marshall & Frank, 1994; 
Petitgas, 1998; Shackell et al., 2005), and for a given system, it is 
useful to assess the relative role of climate, resource management, 
and food web interactions in driving the spatiotemporal dynamics 
(Pörtner & Peck, 2010). A general pattern across systems is that 
species abundance is positively related to range size (Gaston & 
Blackburn, 2000) which is often taken as evidence for density-de-
pendent habitat selection (Fretwell & Lucas, 1970). However, den-
sity dependence is not a mechanism per se (Krebs, 1995, 2002), but 
can be explained by underlying factors that are frequently more 

difficult to assess, especially at the large spatial scale of commer-
cially exploited fish stocks.

Determination of the mechanisms underlying the recent north-
ward expansion of NEA cod was made possible by the implemen-
tation of a broad-scale ecosystem survey of the entire Barents Sea 
shelf during the summer feeding period from 2004 to 2013 when 
the system was largely ice-free (ICES, 2019). During the main feed-
ing season, cod consume a large array of smaller-bodied species, 
the most important prey species being capelin Mallotus villosus 
(Johannesen et al., 2012). Other diet items include bottom-dwell-
ing fish (e.g., juvenile cod and haddock Melanogrammus aeglefinus), 
pelagic fish (e.g., Polar cod Boreogadus saida, herring Clupea haren-
gus), benthic invertebrates (e.g., shrimp Pandalus borealis), and zoo-
plankton (e.g., krill, Euphausiacae). A comprehensive data set on cod 
stomach fullness obtained during the ecosystem surveys was used 
as a proxy for prey availability. The stomach fullness integrates the 
total amount of prey that an individual has recently encountered and 
successfully captured and is therefore a suitable index of per capita 
prey availability.

Despite the general warming trend documented in the Arctic 
Ocean region, the Barents Sea exhibits pronounced temporal and 
spatial variation in bottom temperature (Ellingsen et al., 2020; 
ICES, 2019). Divergent temporal trends in ocean bottom tempera-
ture were evident in eleven subregions within the Barents Sea 
(Ellingsen et al., 2020) facilitating the analysis of cod expansion 
in a quasi-experimental hierarchical design (Shadish et al., 2002) 
(Figure 1). Expansion of cod aged 1–10 years was analyzed in rela-
tion to stomach fullness within the hierarchical design permitting the 
evaluation of the relative importance of food and temperature as 
drivers of the recent cod expansion.

2  | MATERIAL S AND METHODS

2.1 | Sampling procedure and data

Cod were sampled during the joint Russian Norwegian annual eco-
system survey in the Barents Sea initiated by the Institute of Marine 
Research (IMR), Norway, and the Knipovich Polar Research Institute 
of Marine Fisheries and Oceanography (PINRO) of the Russian 
Federation. The survey was initiated in 2004 and has been con-
ducted annually in August–September (duration 39–57 days)—the 
time of the year when, on average, the Barents Sea has minimal 
ice cover. We assessed data from 2004 to 2013—years when cod 
increased in abundance and a period of extensive survey coverage 
(Figures S1, S2).

Trawl stations were set out in a fixed regular grid design with 
stations ~60 km apart with some minor exceptions (Figure S2). All 
vessels used a Campelen 1,800 bottom trawl (see, e.g., Bergstad 
et al. (2018) for details on equipment and bottom trawl configu-
ration). The number of trawl stations per year ranged from 310 (in 
2010) to 580 (in 2005) and covered an area of ~1.3 million km2 (68–
82°N, 14–57°E); a total of 3,416 trawl sets were evaluated. Bottom 
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temperature measurements were obtained from the deployment of 
a CTD (conductivity, temperature, and depth) probe adjacent to each 
trawl set in the grid.

All cod from each trawl set were measured for length (cm), and 
one cod from each 5 cm length group was later aged based on otolith 
readings. The oldest cod was 17 years; however, due to limited num-
bers, cod aged 10 years and older were combined and subsequently 
referred to as age 10 cod. Stomach contents for one cod from each 
5 cm length group from each trawl set were weighed to the nearest 
milligram. Cod stomach fullness (CSF) was used as an index of prey 
availability and was standardized for the different length groups by 
dividing stomach content weight by the length of the cod cubed and 
multiplied by 104 (Figure S3; Dalpadado & Bogstad, 2004; Lilly & 
Fleming, 1981). Cod occupancy (CO) was measured as the propor-
tion of trawl sets with cod present. Cod occupancy and cod abun-
dance were highly correlated (Figure S4).

2.2 | Study design

We used only the continental shelf of the Barents Sea because the 
area west and north of Svalbard is topographically very different—it 
is a shelf break with large heterogeneity in depth and temperature 
(see Bergstad et al., 2018). Also, sampling in this area has been very 
variable. We used eleven subregions (Figure 1) previously defined by 
Ellingsen et al. (2020) who assessed the relative effect of tempera-
ture and cod on changes in spatial beta diversity of the demersal fish 

community over time. The subregions were defined by interpolating 
the spatial variation for large cod and temperature on a joint grid 
for each year using an additive model with a bivariate tensor prod-
uct smooth of the spatial coordinates, and a smooth term for depth 
(Wood, 2006). For temperature, a smooth effect of sampling date 
was included as temperature increased in the beginning of each sur-
vey period. Interpolated values of cod and temperature (standard-
ized to 200 m depth) at each point in the grid were then regressed 
against year to describe the spatial variability in trends. Finally, 11 
subregions of approximately similar sizes were defined guided by 
maps of the regression coefficients. The approach is further detailed 
in Ellingsen et al. (2020). We also binned the Barents Sea into sub-
regions using 4 × 4 and 5 × 5 geographical grid designs in order to 
assess the robustness of our approach (Table S5).

2.3 | Statistical analyses

Generalized linear mixed models were used to analyze how cod oc-
cupancy (CO), measured as the proportion of trawl sets with cod 
present, and cod stomach fullness (CSF) in each of the eleven sub-
regions changed over time. Year was used as a fixed, linear effect, to 
represent the average temporal change, transformed to year 2004 
so that the estimated intercept represented the stomach fullness 
and proportion of trawls with cod at the beginning of the study. The 
need for transformation of CSF was assessed using the Box–Cox 
transformation family using the MASS library, the parameters being 

F I G U R E  1   Annual, subregion bottom 
temperatures averaged across sets where 
CTDs (conductivity, temperature, depth 
sensor) were deployed. The color is 
proportional to the yearly change (blue—
cooling, red—warming)
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estimated using profile log-likelihood (Venables & Ripley, 1999). We 
therefore transformed CSF as “log (CSF + 0.02),” hereafter referred 
to as CSF (Figure S3). Prior to analyses, bottom temperature data 
were standardized to 200 m depth and a common median survey 
date (3 September) for each year.

Random intercepts and slopes for the year effect were used to 
analyze the variation among age classes (10 levels) and subregions 
(11 levels). Additive effects of age and subregions were considered, 
as well as the interaction age:subregion in order to model different 
responses among age classes in the various subregions. The global 
(most complex) model for the response variables CO and CSF Yijk (i: 
age, j: subregion, k: year) was therefore:

Yijk is distributed with mean �ijk, and the mean �ijk, conditionally 
on the random effects aij and bij, is given by

The function f is the logit for CO, and identity for CSF, α is the 
model intercept and β is the slope associated with the year effect, 
and aij and bij are normally distributed with a mean of 0 and variances 
�2
a
 and �2

b
, respectively, i (i = 1, …, 10) and j (j = 1, …, 11), indexing age 

classes and subregions, respectively. Simpler models assumed that 
the random effects a and b depended on additive effects of age and 
subregions, age (ai, bi) or subregions (aj, bj) only, or were removed 
(i.e., no variation among age-groups or subregions in slopes or in-
tercepts). Models with varying slopes but constant intercepts were 
not evaluated.

For CO, both generalized linear mixed models (GLMMs) with a 
binomial distribution (using the number of trawls with cod present 
or absent as the response) and a linear mixed model on the pro-
portions were considered. Both approaches gave similar results, 
and we present estimates from the model using GLMMs. Models 
were checked using the residuals plotted by subregion and age. 
Model performance was assessed using WAIC and leave-one-
out cross-validation (LOO) (Vehtari et al., 2017). Models were 
run using the “rstanarm” library which implements generalized 
linear mixed models in a Bayesian framework using Stan (Gabry 
& Goodrich, 2018; Gelman & Hill, 2007). By default, all rstanarm 
modeling functions run four randomly initialized Markov chains, 
each for 2,000 iterations (including a burn-in period of 1,000 it-
erations that is discarded). Stan estimates an effective sample size 
for each parameter, which plays the same role in the Markov chain 
Monte Carlo central limit theorem (MCMC CLT) as the number 
of independent draws plays in the standard central limit theo-
rem (CLT). Convergence statistics, R-hat (Brooks & Gelman, 1997; 
Gelman & Rubin, 1992), were less than 1.005, and effective sam-
ple size was greater than 781 for all focal parameters. We used 
Stan's default weakly informative priors with mean of zero and 
unscaled standard deviation of 10 for intercept and 2.5 for coef-
ficients—adjusted for, for example, stomach fullness to 8.62 and 
0.75, respectively, for the best model (Gabry & Goodrich, 2018). 
See Table S1 for complete information regarding priors.

A Bayesian approach was also used to quantify the association 
between the degree of cod stomach fullness at the start of the sur-
vey (2004), the change in ocean temperature, and rate of change in 
cod occupancy for the different age classes and subregions. We used 
models with age-specific and sub-region-specific coefficients for the 
year effect for all response variables. We estimated the correlation 
for each age class and across subregions between the estimated 
stomach fullness in 2004 (i.e., the intercept as year was defined as 
0 for 2004) and the rate of change in CSF and CO (proportion of 
stations with cod present). That is (with i indexing age classes, j sub-
regions, and k years):

and we estimated Cor(αCSF,ij, βCO,ij) for each age class i and across 
subregions within the MCMC based on the chains for each parame-
ter αCSF,ij and βCO,ij. This approach assumed independence between 
the error terms for CSF and CO.

The same model structure was used to calculate the correlation 
between estimated change in ocean temperature and change in pro-
portion of stations with cod present for each age class. That is:

and we estimated Cor(βTemp,ij, βCO,ij) for each age class i and across 
subregions. By implementing a Bayesian approach, integration of the 
uncertainty associated with the estimation of intercepts and slopes 
was achieved. The model was implemented in rjags (Plummer, 2016), 
a R interface for jags (Plummer, 2003). Parameter estimates and 
credibility intervals were based on three chains of 20,000 MCMC 
permutations, with the first 10,000 permutations in each chain dis-
carded as burn-in. To avoid autocorrelation among the permutations, 
only every fifth permutation was used, resulting in a total of 6,000 
sampled permutations in each analysis. A weakly informative nor-
mal prior distribution was used for regression intercepts and slopes, 
with a mean of 0 and standard variation of 10 for all coefficients. 
Convergence statistics, R-hat, was less than 1.009, and effective 
sample size was greater than 235 for all focal parameters.

3  | RESULTS

The coldest water temperatures in the Barents Sea were observed 
in the northern and northeastern subregions. Warming was most 
pronounced in the eastern and central Barents Sea, while other sub-
regions had stable temperature conditions or cooling trends during 
the 2004 to 2013 interval (Figure 1).

Cod colonization and rapidly increasing occupancy were ob-
served in the north and northeast subregions (subregions 1, 2, and 

f
(
�ijk|aij, bij

)
=�+�Yeark+aij+bijYeark,

E[log(CSFijk+0.02)]=�CSF, ij+�CSF, ijYeark

logit[pCO ijk]=�CO, ij+�CO, ijYeark

E[Tempijk]=�Temp, ij+�Temp, ijYeark

logit[pCOijk]=�CO, ij+�CO, ijYeark
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5; Table S2) of the Barents Sea (Figures 2, S2). The cod response was 
not restricted to any single age-group, rather all ages (ages 1–10) in-
creased. Some differences among age classes did occur, for example, 
highest expansion of 9-year-old cod, followed 10-, 8-, 1-, and 7-year-
old cod (Figure 2). The northern subregions were nearly devoid of 
cod during the first five survey years in contrast to the central and 
southern subregions where increasing occupancy over time was ev-
ident but at much slower rates and seen primarily among the older 
age-groups (Figure 2).

There was no evidence for an effect of temperature change on 
occupancy, given that occupancy increased in subregions with con-
trasting temperature trends (Figures 1, 2). Changes in bottom tem-
perature (Figure 1) were unrelated to the observed expansion of cod 
for all age-groups (Figure 3).

The feeding success based on cod stomach fullness (CSF) was 
initially high and subsequently decreased in the northern subre-
gions (subregions 1, 2, and 5; Table S3). Stomach fullness remained 
constant and was generally low in the southwest (Figure 4). In sub-
regions with higher initial occupancy of cod, the initial stomach full-
ness was relatively low.

The mechanism underlying cod expansion appears to be the am-
bient feeding conditions given the significant relationship between 
the rate of cod expansion and initial cod stomach fullness (Figure 3). 
The positive relationship between sub-region-specific initial stom-
ach fullness and the change in occupancy by subregion was evident 

for all ages (Figure 3). The same results were evident from the alter-
native geographical grid designs (Table S5).

Statistical models, ignoring differences in occupancy and stom-
ach fullness changes among subregions, performed more poorly in 
comparison with those models taking such variation into account 
(Table S4). The most parsimonious models also included age class 
differences in expansion and changes in stomach fullness, and inter-
action between age and subregion (Table S4).

4  | DISCUSSION

The recent expansion of cod in the Barents Sea represents the 
northernmost occurrence of this species. We have shown that cod 
expanded fastest into subregions wherever food was abundant, 
regardless of whether the temperature was decreasing, stable, 
or increasing. A simple, direct link between temperature increase 
and range expansion of marine fishes is often assumed (Comte & 
Olden, 2017). No evidence of such a simple relationship between 
temperature and cod occurrence was found. The relative impor-
tance of active (migration) over passive (drift and local mortality) 
processes in shaping cod distribution increases with cod age and size 
(Ciannelli et al., 2020), Nevertheless, positive relationships between 
sub-region-specific initial stomach fullness and the change in occu-
pancy by subregion was evident for all ages.

F I G U R E  2   Change in occupancy of 
cod (annual proportion of sets with cod 
relative to all trawl sets in the subregion) 
over time. The lines are the estimated 
slopes from the most parsimonious model 
(Table S1), and the dots represent the 
observed occupancy (ranges from 0 to 1)
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The subregional changes in temperature were relatively 
small, compared with temperature differences between the 
warmer southwestern and the colder northeastern Barents Sea 
(ICES, 2019), and compared with the temperature tolerance of 
cod (Righton et al., 2010). Cod have been captured in tempera-
tures ranging from −1.5 to 19°C, growing fastest at temperatures 
8–10°C (Righton et al., 2010), which is warmer than the current 
temperatures in the Barents Sea (ICES, 2019). Temperature tol-
erance is, however, much narrower for cod in spawning condition 
(Righton et al., 2010). Mature NEA cod are therefore restricted to 
the warmer waters along the coast of Northern Norway during the 
spawning season in spring—separated in time and space by many 
months and 1,000 kms from the main expansion area in the far 
north. Our results suggest that the cold, northern Barents Sea is 
used for feeding only when the stock levels are high. Comparable 
survey data from the main feeding season for earlier periods are 
lacking.

Earlier studies based on data from January–March (the 
Norwegian Russian winter survey) covering the south-central 
Barents Sea have found temperature effects on cod distributions 
(Ottersen et al., 1998). The timing of the winter survey coincides 
with the spawning migration of cod. Accordingly, in a recent study 
utilizing winter survey data, Fall et al. (2018) found that the effect 
of temperature on distribution differed between immature and ma-
ture cod. However, an unknown proportion of immature cod appear 
to be distributed outside the area surveyed in winter (Johansen 
et al., 2013). Our results are based on one season and do not fully 
entail the spatial dynamics of Barents Sea cod. Nevertheless, our 
study covers the main feeding season of cod. At this time of year, 
food appeared to be the main driver of cod expansion of cod of all 
ages as cod peaked in abundance.

Our study and others have demonstrated that NEA cod are 
highly opportunistic and can rapidly respond to environmental 
changes through alternate migration patterns (Dolgov, 2016; Harden 
Jones, 1968; Johannesen et al., 2012). The initial occurrence of cod 
in the most northern subregions was associated with the highest 
stomach fullness indices relative to all other subregions. We assume 
that high stomach fullness in cod is caused by high encounter rates 
between individual cod and prey, suggesting that expanding cod 
could quickly exploit a previously underutilized prey base. During 
the expansion period of cod, a similar northwards expansion of its 
main prey capelin (Mallotus villosus) occurred, associated with an 
increase in population size from a collapsed state in 2004–2007 
to substantially higher levels in 2008–2013 (Fall et al., 2018). The 
cod expansion may, however, only partly be driven by capelin, since 
capelin are restricted to the northwestern Barents Sea which corre-
spond to our subregions 1, 3, and 4 (Fall et al., 2018), whereas cod 
mainly increased in subregions 1, 2, and 5 (Figure 1).

Low abundances of large predatory fishes other than cod char-
acterized the northern Barents Sea prior to the recent arrival of cod 
(Frainer et al., 2017; Kortsch et al., 2015). Marine mammals and sea-
birds are present in the area, but whereas the body condition of the 
most abundant marine mammals declined during the cod expansion, 
cod growth remained relatively stable during the same period de-
spite a record large population (Bogstad et al., 2015; ICES, 2018). 
Compared with other top predators in the Barents Sea, cod use a 
wider range of prey, and habitats—a likely contributor to its high pro-
ductivity during the study period.

Cod is an important capture fish, ranking 9th of marine capture 
fishes globally (FAO, 2018). The Barents Sea is a productive area 
for cod; presently about two thirds of the global cod catches are 
from the Barents Sea. In other areas, fishing activity leading to 
depletion and distributional changes has been observed for cod 
(Carson et al., 2017; Shackell et al., 2005). The recent large-scale 
increase in NEA cod abundance resulted from a combination of 
reduced mortality of older fish due to reduced fishing pressure 
(Figure S1), combined with high productivity of the population 
(Kjesbu et al., 2014). The high productivity of the population has 
been attributed to climatic effects and the overall warm conditions 
in the recent years (Kjesbu et al., 2014). In addition, our results 

F I G U R E  3   Upper: estimated correlation (mean ± 95% credible 
interval) for each age class between subregional change in 
occupancy and stomach fullness (CSF) in 2004. Lower: estimated 
correlation (mean ± 95% credible interval) for each age class 
between region specific change in occupancy and change in 
temperature
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illustrate how the initially high prey resources in the northernmost 
subregions of the Barents Sea allowed cod to successfully increase 
in abundance while expanding and profiting from favorable condi-
tions there.

Cod have a strong top-down structuring effect on the biological 
communities of shelf ecosystems in the North Atlantic, most dramat-
ically demonstrated by the regime shift associated with the collapse 
of cod populations in the Northwest Atlantic (Ellingsen et al., 2015; 
Frank, 2005; Shackell et al., 2012; Shackell & Frank, 2007). Based 
on cod stomach fullness, the food availability in the main expansion 
area and in the Barents Sea as a whole decreased over the course of 
our study likely due to intensive cod predation (Table S3). Notable 
is the fact that small demersal Arctic fishes, Arctic hyperiids, and 
the pelagic Arctic species polar cod have declined during the study 
years (CAFF, 2017; Frainer et al., 2017; Johannesen et al., 2017; Stige 
et al., 2019). Thus, the feeding advantage that initially existed in the 
northern waters declined and may herald an end to the expansion. 
If the prey base is not sufficiently replenished, the increase in cod in 
the northern Barents Sea during the study period may represent a 
transient effect, similar to what has been observed for the Baltic cod 
(Casini et al., 2016; Eero et al., 2012, 2015).

Although the Barents Sea is a relative simple and species-poor 
system, strong seasonality in productivity and species distributions 
as well as indirect interactions makes it difficult to evaluate the over-
all impact of climate variability (Stige et al., 2019) and cod on the prey 

base (Howell & Filin, 2013). For instance, cod feed substantially on 
the main prey (krill and hyperiids) of its prey (polar cod and capelin) is 
cannibalistic and is both prey of and in competition with the dominant 
marine mammals in the area (Bogstad et al., 2000). Future research 
aimed at the recent declining phase in cod should provide more 
insight into the long-term effect of cod predation in the Northern 
Barents Sea. The years following the present study, the size of the 
cod stock has declined (Figure S1). In the years 2014–2019, the sur-
vey coverage was poorer, but in 2019 cod appear to have retracted 
from the main expansion area (Figure S5). Despite increased primary 
productivity associated with decreased ice cover in the northern 
Barents Sea (Dalpadado et al., 2014), it will likely take several years 
for slow-growing Arctic prey species to recover from their recent 
bout of high cod predation pressure (Frainer et al., 2017). If Arctic 
species are not replaced by boreal species suitable as cod prey, the 
beneficial feeding conditions for cod in northern Barents Sea will not 
be quickly restored, and therefore, prolonged cod residency in the 
northern Barents Sea is not a certainty.

ACKNOWLEDG MENTS
We acknowledge support from the Research Council of Norway 
(Project No. 234359), the Norwegian Institute for Nature 
Research, and the Fram Centre. We are grateful to the many tech-
nicians, scientists, and research vessel crew from the Institute of 
Marine Research, Norway, and Polar Branch of the Federal Russian 

F I G U R E  4   Change in cod stomach 
fullness (CSF) over time by subregion. The 
lines are the estimated slopes from the 
most parsimonious model (Table S1), and 
the dots represent the observed stomach 
fullness by age and year



8  |     JOHANNESEN Et Al.

Research Institute of Fisheries and Oceanography (PINRO), 
Russia, who participated in surveys and otherwise contributed to 
the study.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS
Edda Johannesen: Conceptualization (equal); Data curation (equal); 
Writing-original draft (lead); Writing-review & editing (lead). Nigel 
G. Yoccoz: Conceptualization (equal); Formal analysis (lead); 
Methodology (lead); Writing-original draft (supporting); Writing-
review & editing (supporting). Torkild Tveraa: Conceptualization 
(equal); Formal analysis (supporting); Visualization (lead); Writing-
original draft (supporting); Writing-review & editing (supporting). 
Nancy L. Shackell: Conceptualization (equal); Writing-original 
draft (equal); Writing-review & editing (equal). Kari E. Ellingsen: 
Conceptualization (equal); Funding acquisition (lead); Project ad-
ministration (lead). Andrey V. Dolgov: Conceptualization (equal); 
Data curation (equal); Writing-original draft (supporting); Writing-
review & editing (supporting). Kenneth T. Frank: Conceptualization 
(equal); Writing-original draft (equal); Writing-review & editing 
(equal).

DATA AVAIL ABILIT Y S TATEMENT
Data by subregions were archived in Dryad. The data access DOI 
number is https://doi.org/10.5061/dryad.3tx95 x6dx.

ORCID
Edda Johannesen  https://orcid.org/0000-0002-9075-779X 
Nigel G. Yoccoz  https://orcid.org/0000-0003-2192-1039 
Torkild Tveraa  https://orcid.org/0000-0002-7501-3696 
Nancy L. Shackell  https://orcid.org/0000-0001-5128-948X 
Kari E. Ellingsen  https://orcid.org/0000-0002-2321-8278 
Andrey V. Dolgov  https://orcid.org/0000-0002-4806-3284 
Kenneth T. Frank  https://orcid.org/0000-0001-6939-9724 

R E FE R E N C E S
Aguilera, M. A., Valdivia, N., Jenkins, S., Navarrete, S. A., & Broitman, B. 

(2019). Asymmetric competitive effects during species range expan-
sion: An experimental assessment of interaction strength between 
"equivalent" grazer species in their range overlap. Journal of Animal 
Ecology, 88, 277–289. https://doi.org/10.1111/1365-2656.12917

Alabia, I. D., Molinos, J. G., Saitoh, S. I., Hirawake, T., Hirata, T., & Mueter, 
F. J. (2018). Distribution shifts of marine taxa in the Pacific Arctic 
under contemporary climate changes. Diversity and Distributions, 24, 
1583–1597. https://doi.org/10.1111/ddi.12788

Bergstad, O. A., Johannesen, E., Høines, A., Ellingsen, K. E., Lien, V. S., 
Byrkjedal, I., Yoccoz, N. G., Tveraa, T., Wienerroither, R., Langhelle, 
G., & Wenneck, T. D. (2018). Demersal fish assemblages in the 
boreo-Arctic shelf waters around Svalbard during the warm period 
2007–2014. Polar Biology, 41, 125–142.

Bogstad, B., Gjøsæter, H., Haug, T., & Lindstrøm, U. (2015). A review 
of the battle for food in the Barents Sea: Cod vs. marine mam-
mals. Frontiers in Ecology and Evolution, 3. https://doi.org/10.3389/
fevo.2015.00029

Bogstad, B., Haug, T., & Mehl, S. (2000). Who eats whom in the 
Barents Sea? Nammco Science Publications, 2, 98–119. https://doi.
org/10.7557/3.2975

Bozick, B. A., & Real, L. A. (2015). Integrating parasites and pathogens 
into the study of geographic range limits. Quarterly Review of Biology, 
90, 361–380. https://doi.org/10.1086/683698

Brooks, S. P., & Gelman, A. (1997). General methods for monitoring 
convergence of iterative simulations. Journal of Computational and 
Graphical Statistic, 7, 434–455.

CAFF (2017). State of the Arctic Marine Biodiversity Report. Conservation 
of Arctic Flora and Fauna International Secretariat, Akureyri, Iceland. 
978-9935-431-63-9.

Carson, S., Shackell, N., & Flemming, J. M. (2017). Local overfishing may 
be avoided by examining parameters of a spatio-temporal model. PLoS 
One, 12, e0184427. https://doi.org/10.1371/journ al.pone.0184427

Casini, M., Kall, F., Hansson, M., Plikshs, M., Baranova, T., Karlsson, O., 
Lundstrom, K., Neuenfeldt, S., Gardmark, A., & Hjelm, J. (2016). 
Hypoxic areas, density-dependence and food limitation drive 
the body condition of a heavily exploited marine fish predator. 
Royal Society Open Science, 3, 160416. https://doi.org/10.1098/
rsos.160416

Ciannelli, L., Tolkova, I., Lauth, R., Puerta, P., Helser, T., Gitelman, A., & 
Thompson, G. (2020). Spatial, interannual, and generational sources 
of trait variability in a marine population. Ecology, 101(1), e02907. 
https://doi.org/10.1002/ecy.2907

Comte, L., & Olden, J. D. (2017). Climatic vulnerability of the world's 
freshwater and marine fishes. Nature Climate Change, 7, 718–722. 
https://doi.org/10.1038/nclim ate3382

Dalpadado, P., Arrigo, K. R., Hjøllo, S. S., Rey, F., Ingvaldsen, R. B., 
Sperfeld, E., van Dijken, G. L., Stige, L. C., Olsen, A., & Ottersen, 
G. (2014). Productivity in the Barents Sea - response to recent cli-
mate variability. PLoS One, 9, e95273. https://doi.org/10.1371/journ 
al.pone.0095273

Dalpadado, P., & Bogstad, B. (2004). Diet of juvenile cod (age 0–2) in 
the Barents Sea in relation to food availability and cod growth. Polar 
Biology, 27, 140–154. https://doi.org/10.1007/s0030 0-003-0561-5

Davies, S. J., Hill, M. P., McGeoch, M. A., & Clusella-Trullas, S. (2019). 
Niche shift and resource supplementation facilitate an amphibian 
range expansion. Diversity and Distributions, 25, 154–165. https://
doi.org/10.1111/ddi.12841

Dolgov, A. V. (2016). Composition, formation and trophic structure of the 
Barents Sea fish communities (p. 336) (in Russian). PINRO Press.

Eero, M., Hjelm, J., Behrens, J., Buchmann, K., Cardinale, M., Casini, M., 
Gasyukov, P., Holmgren, N., Horbowy, J., Hussy, K., Kirkegaard, E., 
Kornilovs, G., Krumme, U., Koster, F. W., Oeberst, R., Plikshs, M., 
Radtke, K., Raid, T., Schmidt, J., … Storr-Paulsen, M. (2015). Food 
for Thought Eastern Baltic cod in distress: Biological changes and 
challenges for stock assessment. Ices Journal of Marine Science, 72, 
2180–2186. https://doi.org/10.1093/icesj ms/fsv109

Eero, M., Vinther, M., Haslob, H., Huwer, B., Casini, M., Storr-Paulsen, 
M., & Koster, F. W. (2012). Spatial management of marine resources 
can enhance the recovery of predators and avoid local deple-
tion of forage fish. Conservation Letters, 5, 486–492. https://doi.
org/10.1111/j.1755-263X.2012.00266.x

Ellingsen, K. E., Anderson, M. J., Shackell, N. L., Tveraa, T., Yoccoz, N. G., & 
Frank, K. T. (2015). The role of a dominant predator in shaping biodi-
versity over space and time in a marine ecosystem. Journal of Animal 
Ecology, 84, 1242–1252. https://doi.org/10.1111/1365-2656.12396

Ellingsen, K. E., Yoccoz, N. G., Tveraa, T., Frank, K. T., Johannesen, E., 
Anderson, M. J., Dolgov, A. V., & Shackell, N. L. (2020). The rise of 
a marine generalist predator and the fall of beta diversity. Global 
Change Biology, 26, 2897–2907. https://doi.org/10.1111/gcb.15027

Fall, J., Ciannelli, L., Skaret, G., & Johannesen, E. (2018). Seasonal dy-
namics of spatial distributions and overlap between Northeast 
Arctic cod (Gadus morhua) and capelin (Mallotus villosus) in the 

https://doi.org/10.5061/dryad.3tx95x6dx
https://orcid.org/0000-0002-9075-779X
https://orcid.org/0000-0002-9075-779X
https://orcid.org/0000-0003-2192-1039
https://orcid.org/0000-0003-2192-1039
https://orcid.org/0000-0002-7501-3696
https://orcid.org/0000-0002-7501-3696
https://orcid.org/0000-0001-5128-948X
https://orcid.org/0000-0001-5128-948X
https://orcid.org/0000-0002-2321-8278
https://orcid.org/0000-0002-2321-8278
https://orcid.org/0000-0002-4806-3284
https://orcid.org/0000-0002-4806-3284
https://orcid.org/0000-0001-6939-9724
https://orcid.org/0000-0001-6939-9724
https://doi.org/10.1111/1365-2656.12917
https://doi.org/10.1111/ddi.12788
https://doi.org/10.3389/fevo.2015.00029
https://doi.org/10.3389/fevo.2015.00029
https://doi.org/10.7557/3.2975
https://doi.org/10.7557/3.2975
https://doi.org/10.1086/683698
https://doi.org/10.1371/journal.pone.0184427
https://doi.org/10.1098/rsos.160416
https://doi.org/10.1098/rsos.160416
https://doi.org/10.1002/ecy.2907
https://doi.org/10.1038/nclimate3382
https://doi.org/10.1371/journal.pone.0095273
https://doi.org/10.1371/journal.pone.0095273
https://doi.org/10.1007/s00300-003-0561-5
https://doi.org/10.1111/ddi.12841
https://doi.org/10.1111/ddi.12841
https://doi.org/10.1093/icesjms/fsv109
https://doi.org/10.1111/j.1755-263X.2012.00266.x
https://doi.org/10.1111/j.1755-263X.2012.00266.x
https://doi.org/10.1111/1365-2656.12396
https://doi.org/10.1111/gcb.15027


     |  9JOHANNESEN Et Al.

Barents Sea. PLoS One, 13, e0205921. https://doi.org/10.1371/journ 
al.pone.0205921

FAO (2018). The State of World Fisheries and Aquaculture 2018 - Meeting 
the sustainable development goals. Rome. Licence: CC BY-NC-SA 3.0 
IGO.

Fossheim, M., Primicerio, R., Johannesen, E., Ingvaldsen, R. B., Aschan, 
M. M., & Dolgov, A. V. (2015). Recent warming leads to a rapid bore-
alization of fish communities in the Arctic. Nature Climate Change, 5, 
673–677. https://doi.org/10.1038/nclim ate2647

Frainer, A., Primicerio, R., Kortsch, S., Aune, M., Dolgov, A. V., Fossheim, 
M., & Aschan, M. M. (2017). Climate-driven changes in functional 
biogeography of Arctic marine fish communities. Proceedings of the 
National Academy of Sciences of the United States of America, 114, 
12202–12207. https://doi.org/10.1073/pnas.17060 80114

Frank, K. T., Petrie, B., Choi, J. S., & Leggett, W. C. (2005). Trophic cas-
cades in a formerly cod-dominated ecosystem. Science, 308, 1621–
1623. https://doi.org/10.1126/scien ce.1113075

Fretwell, S. D., & Lucas, H. L. (1970). On territorial behaviour and other 
factors influencing habitat distribution in birds. Acta Biotheoretica, 
19, 132–138.

Gabry, J., & Goodrich, B. (2018). rstanarm: Bayesian applied regression 
modeling via Stan. http://mc-stan.org/rstan arm/

Gaston, K. J., & Blackburn, T. M. (2000). Pattern and process in macroecol-
ogy. Blackwell Science.

Gelman, A., & Hill, J. (2007). Data Analysis Using Regression and Multilevel/
Hierarchical Models. Cambridge University Press.

Gelman, A., & Rubin, D. B. (1992). Inference from iterative simulation 
using multiple sequences. Statistical Science, 7, 457–511. https://doi.
org/10.1214/ss/11770 11136

Harden Jones, F. R. (1968). Fish Migration. Edward Arnold Publishers Ltd.
Holt, R. E., Bogstad, B., Durant, J. M., Dolgov, A. V., & Ottersen, G. 

(2019). Barents Sea cod (Gadus morhua) diet composition: Long-
term interannual, seasonal, and ontogenetic patterns. Ices Journal 
of Marine Science, 76, 1641–1652. https://doi.org/10.1093/icesj 
ms/fsz082

Howell, D., & Filin, A. A. (2013). Modelling the likely impacts of cli-
mate-driven changes in cod-capelin overlap in the Barents Sea. ICES 
Journal of Marine Science, 71, 72–80. https://doi.org/10.1093/icesj 
ms/fst172

ICES (2018) Report of the Arctic Fisheries Working Group (AFWG). ICES CM 
2018/ACOM, pp. 859.

ICES (2019) The Working Group on the Integrated Assessments of the 
Barents Sea (WGIBAR) ICES Science Reports, pp. 157.

Ims, R. A., & Yoccoz, N. G. (1997). Studying transfer processes in meta-
populations: Emigration, migration, and colonization. In I. Hanski, & 
M. E. Gilpin (Eds.), Metapopulation biology. Ecology, genetics and evolu-
tion (pp. 247–265). Academic Press.

Ingvaldsen, R. B., Bogstad, B., Dolgov, A. V., Ellingsen, K. E., Gjøsæter, 
H., Gradinger, R., Johannesen, E., Tveraa, T., & Yoccoz, N. G. (2015). 
Sources of uncertainties in cod distribution models. Nature Climate 
Change, 5, 788–789. https://doi.org/10.1038/nclim ate2761

Johannesen, E., Langøy Mørk, H., Korsbrekke, K., Wienerroither, 
R., Eriksen, E., Fossheim, M., Wenneck, T. D. L., Dolgov, A. V., 
Prokhorova, T., & Prozorkevich, D. (2017) Arctic fishes in the Barents 
Sea 2004–2015: Changes in abundance and distribution. IMR/PINRO 
Joint report Series 2017: 1. p. 50.

Johannesen, E., Lindström, U., Michalsen, K., Skern-Mauritzen, M., 
Fauchald, P., Bogstad, B., & Dolgov, A. (2012). Feeding in a hetero-
geneous environment: Spatial dynamics in summer foraging Barents 
Sea cod. Marine Ecology Progress Series, 458, 181–197. https://doi.
org/10.3354/meps0 9818

Johansen, G. O., Johannesen, E., Michalsen, K., Aglen, A., & Fotland, 
Å. (2013). Seasonal variation in geographic distribution of North 
East Arctic (NEA) cod - survey coverage in a warmer Barents Sea. 

Marine Biology Research, 9, 908–919. https://doi.org/10.1080/17451 
000.2013.775456

Kingsolver, J. G., Woods, H. A., Buckley, L. B., Potter, K. A., MacLean, 
H. J., & Higgins, J. K. (2011). Complex life cycles and the responses 
of insects to climate change. Integrative and Comparative Biology, 51, 
719–732. https://doi.org/10.1093/icb/icr015

Kjesbu, O. S., Bogstad, B., Devine, J. A., Gjøsæter, H., Howell, D., 
Ingvaldsen, R. B., Nash, R. D. M., & Skjæraasen, J. E. (2014). Synergies 
between climate and management for Atlantic cod fisheries at high 
latitudes. Proceedings of the National Academy of Sciences of the 
United States of America, 111, 3478–3483. https://doi.org/10.1073/
pnas.13163 42111

Kortsch, S., Primicerio, R., Fossheim, M., Dolgov, A. V., & Aschan, M. 
(2015). Climate change alters the structure of arctic marine food 
webs due to poleward shifts of boreal generalists. Proceedings of the 
Royal Society B: Biological Sciences, 282(1814), 20151546. https://doi.
org/10.1098/rspb.2015.1546

Krebs, C. J. (1995). 2 paradigms of population regulation. Wildlife 
Research, 22, 1–10.

Krebs, C. J. (2002). Two complementary paradigms for analysing pop-
ulation dynamics. Philosophical Transactions of the Royal Society of 
London Series B-Biological Sciences, 357, 1211–1219. https://doi.
org/10.1098/rstb.2002.1122

Lilly, G. R., & Fleming, A. M. (1981). Size relationships in predation by 
Atlantic cod, Gadus morhua, on capelin, Mallotus villosus, and sand 
lance, Ammodytes dubius, in the Newfoundland area. NAFO Scientific 
Council Studies, 1, 41–45.

Lind, S., Ingvaldsen, R. B., & Furevik, T. (2018). Arctic warming hotspot 
in the northern Barents Sea linked to declining sea-ice import. 
Nature Climate Change, 8, 634–639. https://doi.org/10.1038/s4155 
8-018-0205-y

Louthan, A. M., Doak, D. F., & Angert, A. L. (2015). Where and when do 
species interactions set range limits? Trends in Ecology & Evolution, 30, 
780–792. https://doi.org/10.1016/j.tree.2015.09.011

MacCall, A. D. (1990). Dynamic Geography of Marine Fish Populations. 
University of Washington Press.

Marshall, T., & Frank, K. T. (1994). Geographic responses of groundfish 
to variation in abundance: Methods of detection and their interpre-
tation. Canadian Journal of Fisheries and Aquatic Science, 51, 808–816. 
https://doi.org/10.1139/f94-079

Ottersen, G., Michalsen, K., & Nakken, O. (1998). Ambient tempera-
ture and distribution of north-east Arctic cod. Ices Journal of Marine 
Science, 55, 67–85. https://doi.org/10.1006/jmsc.1997.0232

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421, 37–42. 
https://doi.org/10.1038/natur e01286

Petitgas, P. (1998). Biomass-dependent dynamics of fish spatial dis-
tributions characterized by geostatistical aggregation curves. Ices 
Journal of Marine Science, 55, 443–453. https://doi.org/10.1006/
jmsc.1997.0345

Plummer, M. (2003) JAGS: A Program for Analysis of Bayesian Graphical 
Models Using Gibbs Sampling. Proceedings of the 3rd International 
Workshop on Distributed Statistical Computing (DSC 2003). March 
20–22, (eds K. Hornik, F. Leisch, & A. Zeileis). Vienna, Austria.

Plummer, M. (2016) rjags: Bayesian graphical models using MCMC. R pack-
age version 4–6. url: https://cran.r-proje ct.org/web/packa ges/rjags/ 
index.html

Pörtner, H. O., & Peck, M. A. (2010). Climate change effects on fish and 
fisheries: Towards a cause-and-effect understanding. Journal of Fish 
Biology, 77, 1745–1779.

Righton, D. A., Andersen, K. H., Neat, F., Thorsteinsson, V., Steingrund, P., 
Svedang, H., Michalsen, K., Hinrichsen, H. H., Bendall, V., Neuenfeldt, 
S., Wright, P., Jonsson, P., Huse, G., van der Kooij, J., Mosegaard, H., 
Hussy, K., & Metcalfe, J. (2010). Thermal niche of Atlantic cod Gadus 

https://doi.org/10.1371/journal.pone.0205921
https://doi.org/10.1371/journal.pone.0205921
https://doi.org/10.1038/nclimate2647
https://doi.org/10.1073/pnas.1706080114
https://doi.org/10.1126/science.1113075
http://mc-stan.org/rstanarm/
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1093/icesjms/fsz082
https://doi.org/10.1093/icesjms/fsz082
https://doi.org/10.1093/icesjms/fst172
https://doi.org/10.1093/icesjms/fst172
https://doi.org/10.1038/nclimate2761
https://doi.org/10.3354/meps09818
https://doi.org/10.3354/meps09818
https://doi.org/10.1080/17451000.2013.775456
https://doi.org/10.1080/17451000.2013.775456
https://doi.org/10.1093/icb/icr015
https://doi.org/10.1073/pnas.1316342111
https://doi.org/10.1073/pnas.1316342111
https://doi.org/10.1098/rspb.2015.1546
https://doi.org/10.1098/rspb.2015.1546
https://doi.org/10.1098/rstb.2002.1122
https://doi.org/10.1098/rstb.2002.1122
https://doi.org/10.1038/s41558-018-0205-y
https://doi.org/10.1038/s41558-018-0205-y
https://doi.org/10.1016/j.tree.2015.09.011
https://doi.org/10.1139/f94-079
https://doi.org/10.1006/jmsc.1997.0232
https://doi.org/10.1038/nature01286
https://doi.org/10.1006/jmsc.1997.0345
https://doi.org/10.1006/jmsc.1997.0345
https://cran.r-project.org/web/packages/rjags/index.html
https://cran.r-project.org/web/packages/rjags/index.html


10  |     JOHANNESEN Et Al.

morhua: Limits, tolerance and optima. Marine Ecology Progress Series, 
420, 1–U344. https://doi.org/10.3354/meps0 8889

Screen, J. A., & Simmonds, I. (2010). The central role of diminishing sea 
ice in recent Arctic temperature amplification. Nature, 464, 1334–
1337. https://doi.org/10.1038/natur e09051

Shackell, N. L., Bundy, A., Nye, J. A., & Link, J. S. (2012). Common large-
scale responses to climate and fishing across Northwest Atlantic 
ecosystems. Ices Journal of Marine Science, 69, 151–162. https://doi.
org/10.1093/icesj ms/fsr195

Shackell, N. L., & Frank, K. T. (2007). Compensation in exploited ma-
rine fish communities on the Scotian Shelf, Canada. Marine Ecology 
Progress Series, 336, 235–247. https://doi.org/10.3354/meps3 36235

Shackell, N. L., Frank, K. T., & Brickman, D. W. (2005). Range con-
traction may not always predict core areas: An example from 
marine fish. Ecological Applications, 15, 1440–1449. https://doi.
org/10.1890/04-0642

Shadish, W. R., Cook, T. D., & Cambell, D. T. (2002). Experimental and 
Quasi-Experimental Designs for Generalized Causal Inference. Houghton 
Mifflin Company.

Stewart, J. S., Hazen, E. L., Bograd, S. J., Byrnes, J. E. K., Foley, D. G., Gilly, 
W. F., Robison, B. H., & Field, J. C. (2014). Combined climate- and 
prey-mediated range expansion of Humboldt squid (Dosidicus gigas), 
a large marine predator in the California Current System. Global 
Change Biology, 20, 1832–1843.

Stige, L. C., Eriksen, E., Dalpadado, P., & Ono, K. (2019). Direct and indi-
rect effects of sea ice cover on major zooplankton groups and plank-
tivorous fishes in the Barents Sea. ICES Journal of Marine Science. 
https://doi.org/10.1093/icesj ms/fsz063

Svenning, J. C., Gravel, D., Holt, R. D., Schurr, F. M., Thuiller, W., 
Munkemuller, T., Schiffers, K. H., Dullinger, S., Edwards, T. C., 
Hickler, T., Higgins, S. I., Nabel, J. E. M. S., Pagel, J., & Normand, 
S. (2014). The influence of interspecific interactions on species 
range expansion rates. Ecography, 37, 1198–1209. https://doi.
org/10.1111/j.1600-0587.2013.00574.x

Trekels, H., & Vanschoenwinkel, B. (2019). Both local presence and re-
gional distribution of predator cues modulate prey colonisation in 
pond landscapes. Ecology Letters, 22, 89–97. https://doi.org/10.1111/
ele.13170

Vehtari, A., Gelman, A., & Gabry, J. (2017). Practical Bayesian model 
evaluation using leave-one-out cross-validation and WAIC. Statistics 
and Computing, 27, 1413–1432. https://doi.org/10.1007/s1122 
2-016-9696-4

Venables, W. N., & Ripley, B. D. (1999). Modern Applied Statistics with 
S-PLUS. Springer.

Wisz, M. S., Pottier, J., Kissling, W. D., Pellissier, L., Lenoir, J., Damgaard, 
C. F., Dormann, C. F., Forchhammer, M. C., Grytnes, J. A., Guisan, 
A., Heikkinen, R. K., Hoye, T. T., Kuhn, I., Luoto, M., Maiorano, L., 
Nilsson, M. C., Normand, S., Ockinger, E., Schmidt, N. M., … Svenning, 
J. C. (2013). The role of biotic interactions in shaping distributions 
and realised assemblages of species: Implications for species dis-
tribution modelling. Biological Reviews, 88, 15–30. https://doi.
org/10.1111/j.1469-185X.2012.00235.x

Wood, S. (2006). Generalized Additive Models: An Introduction with R. Boca 
Raton, Florida, USA: Chapman and Hall/CRC Press.

Worm, B., & Tittensor, D. P. (2011). Range contraction in large pelagic 
predators. Proceedings of the National Academy of Sciences of the 
United States of America, 108, 11942–11947. https://doi.org/10.1073/
pnas.11023 53108

Yackulic, C. B., Blake, S., & Bastille-Rousseau, G. (2017). Benefits of 
the destinations, not costs of the journeys, shape partial migra-
tion patterns. Journal of Animal Ecology, 86, 972–982. https://doi.
org/10.1111/1365-2656.12679

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Johannesen E, Yoccoz NG, Tveraa T, 
et al. Resource-driven colonization by cod in a high Arctic 
food web. Ecol Evol. 2020;00:1–10. https://doi.org/10.1002/
ece3.7025

https://doi.org/10.3354/meps08889
https://doi.org/10.1038/nature09051
https://doi.org/10.1093/icesjms/fsr195
https://doi.org/10.1093/icesjms/fsr195
https://doi.org/10.3354/meps336235
https://doi.org/10.1890/04-0642
https://doi.org/10.1890/04-0642
https://doi.org/10.1093/icesjms/fsz063
https://doi.org/10.1111/j.1600-0587.2013.00574.x
https://doi.org/10.1111/j.1600-0587.2013.00574.x
https://doi.org/10.1111/ele.13170
https://doi.org/10.1111/ele.13170
https://doi.org/10.1007/s11222-016-9696-4
https://doi.org/10.1007/s11222-016-9696-4
https://doi.org/10.1111/j.1469-185X.2012.00235.x
https://doi.org/10.1111/j.1469-185X.2012.00235.x
https://doi.org/10.1073/pnas.1102353108
https://doi.org/10.1073/pnas.1102353108
https://doi.org/10.1111/1365-2656.12679
https://doi.org/10.1111/1365-2656.12679
https://doi.org/10.1002/ece3.7025
https://doi.org/10.1002/ece3.7025

