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Abstract
Changes in the community size structure of Arctic copepods toward smaller and less fat individuals or species

have been linked to environmental changes. The underpinning mechanisms are, however, poorly understood.
We use a two-step hurdle regression model to analyze spatially resolved, long-term survey data of the Barents
Sea mesozooplankton community along gradients of water mass properties, sea ice, and bottom depth. We test
the hypothesis that reduced visual predation, and hence increased survival in dim habitats, explains the distri-
bution of large copepods. We expect the presence and biomass of large copepods to increase with increasing
bottom depth and the occurrence of seasonal ice-cover. The patterns and drivers that emerge from our analysis
support our hypothesis: in the Barents Sea large copepods were predominantly found in deep troughs that inter-
sect the shelf south of the polar front, or at shallower depths in seasonally ice-covered waters northeast of Sval-
bard. On the banks, large copepods are largely absent whereas smaller copepods appear to survive. Top-down
control provides one plausible explanation for these distributions. Large copepods survive where sea-ice shades
the water or deep habitats permit escape from visual predators through vertical migrations. However, when
upwelled onto shallow banks or flushed out from below the ice they are decimated by visual foragers. Therefore,
advection and topographic blockage of vertical zooplankton distributions are key mechanisms for the efficient
energy transfer and productivity in subarctic and Arctic shelf seas. New prolific foraging grounds may open up
for planktivores where the ice-edge recedes under a changing climate.

Visual foraging is common among planktivorous fishes (Ryer
and Olla 1999) and also found in a wide range of other marine
planktivores that span several orders of magnitude in size, from
small invertebrates, such as amphipods (Kraft et al. 2012) and
krill (Torgersen 2001), to seabirds (Stempniewicz et al. 2013), and
even baleen whales (Cronin et al. 2017). Many of these plan-
ktivores feed on large copepods as their main prey (Huse and
Toresen 1996; Karnovsky et al. 2003; Cronin et al. 2017).

Globally, the size of marine copepods varies by roughly five
orders of magnitude from 10�4 to 101 mm, and the largest spe-
cies are typically found in subpolar and polar oceans (Brun
et al. 2016). The large size in polar copepods is often seen as an
adaptation to highly seasonal food availability at high latitudes
(Scott et al. 2000), where food for pelagic herbivores is only avail-
able during the ephemeral spring bloom (Ji et al. 2013). Grazers,
such as large copepods of the genus Calanus, have adapted to
these pulsed environments. They build up lipid reserves to sup-
port their winter diapause and reproduction in spring (Falk-
Petersen et al. 2009b). For visual foragers, copepod size matters;
larger individuals and species are often richer in energy-dense
lipids (Scott et al. 2000), which means higher energy intake per
calorie spent searching and handling prey, and form larger tar-
gets more easily spotted than their smaller congenerics (Aksnes
and Utne 1997). Therefore, large copepods are an important tro-
phic link in the pelagic, lipid-driven food chain in the Arctic
(Falk-Petersen et al. 2009a; Record et al. 2018).

The Barents Sea north of Norway and Russia hosts few but
abundant planktivorous fish species, the most common ones
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are capelin (Mallotus villosus) and Norwegian spring spawning
herring (Clupea harengus), and further to the north polar cod
(Boreogadus saida) (Aune et al. 2021). Mature herring feed and
overwinter in the Norwegian Sea, but the Barents Sea is an
important nursery area for the juvenile part of the population.
There are also other zooplanktivores including the juvenile stages
of many piscivorous species such as Atlantic cod (Gadus morhua),
haddock (Melanogrammus aeglefinus), saithe (Pollachius virens),
and beaked redfish (Sebastes mentella) (Eriksen et al. 2018). Shal-
low banks with < 200 m depth allow efficient visual foraging on
copepods forced into greater light exposure (Aarflot et al. 2019),
and the varied topography of the Barents Sea facilitating both
visual foraging and copepod survival, has been suggested as a
mechanism contributing to the system’s high productivity
(Aarflot et al. 2020). Light is key for visual foraging and in addi-
tion to the topography, the shading effect of sea ice on the water
column presumably structures fish foraging efficiency and conse-
quently the pelagic riskscape for copepods (Langbehn and
Varpe 2017). Such strong effects of visual foraging by fish on the
zooplankton size structure and community composition are well
documented for freshwater systems (Brooks and Dodson 1965).

Climate change has a rapid and unprecedented effect on the
Arctic environment, including drastic changes to the underwa-
ter light regimes resulting from altered ocean snow and sea-ice
cover (Varpe et al. 2015). There is growing concern that increas-
ing temperatures and more open water days due to a shrinking
and thinning ice-cover affecting the phenology of the spring
bloom may lead to “borealization” or “atlantification” of Arctic
marine ecosystems (reviewed in Ingvaldsen et al. 2021) with
unknown consequences for its structure and function (Kortsch
et al. 2015). Already, community-wide shifts in traits and distri-
bution have been observed. Temperate and boreal demersal fish
species in the Barents Sea are extending their distribution
northwards in response to increasing temperatures, and have
become more dominant at higher latitudes (Fossheim
et al. 2015; Frainer et al. 2017). In western Greenland, sea-ice
retreat has been linked to shifts towards a smaller and less fat
zooplankton species (Møller and Nielsen 2020). These changes
may have potentially disruptive effects on the entire food web,
in particular when they occur at key lower trophic levels.

Three species of copepods in the genus Calanus coexist in the
Nordic seas: Calanus finmarchicus, Calanus glacialis, and Calanus
hyperboreus; together, they dominate the mesozooplankton bio-
mass in the Barents Sea (Aarflot et al. 2018). They all share a sim-
ilar morphology and have the same general life cycle but differ
notably in their life-history strategies and body size as well as
their core distributions (reviewed in Conover 1988 and Daase
et al. 2021). The lipid content of Calanus spp. scales with body
size (Renaud et al. 2018) and the copepodites in developmental
stage five of C. hyperboreus and C. glacialis have 25� and 8�
more lipids than C. finmarchicus, respectively (Scott et al. 2000).
Consequently, trophic transfer efficiency might be reduced in an
all-else-equal scenario if the same number of copepods are con-
sumed and the smaller North Atlantic species C. finmarchicus

replaced its larger Arctic congenerics. In addition, because of dif-
ferences in annual routines and life histories, that is, capital
vs. income breeding, generation time, and timing of diapause
(Varpe 2012), shifts in species composition may also affect when
energy is transferred to higher trophic levels (Møller and
Nielsen 2020).

Capelin provides an illustrative example of how a shift
from large Arctic Calanus species to their smaller Atlantic con-
generics can impact higher trophic levels. Capelin body size
and condition have decreased over the past 40 yr off West
Greenland and in the Labrador Sea (Renkawitz et al. 2015),
coinciding with a shift in hydrographic conditions and a
decline in large zooplankton (Mills et al. 2013). Capelin grow
faster when feeding on C. hyperboreus, rather than
C. finmarchicus (Hedeholm et al. 2010). This fits well with
model predictions for lesser sandeel (Ammodytes marinus),
another planktivorous fish common in the North Atlantic,
which suggests that a reduction in prey size from 2 to 1 mm
would roughly halve their energy uptake (van Deurs
et al. 2015). In the model, limitations on visual foraging were
the most important factor explaining reduced energy uptake.
Smaller and less fat capelin as a consequence of smaller and
less fat copepods may negatively impact piscivorous predators
like Atlantic salmon (Salmo salar) (Mills et al. 2013; Renkawitz
et al. 2015). Similar effects in response to a shift towards
smaller mean copepod size have been predicted for little auks
(Alle alle) (Stempniewicz et al. 2007), which are the only exclu-
sively zooplanktivorous seabird in the North Atlantic and,
with > 100 million individuals, the most abundant seabird
species breeding in the Arctic (Barrett et al. 2006).

Because of their central role in polar marine food webs,
understanding the mechanisms that govern the distribution
of large Arctic copepods is key to make reliable predictions for
a future Arctic Ocean. We aim to contribute to a baseline for
the distribution of the largest copepods in the Barents Sea and
help disentangle the drivers and mechanisms that shape their
present and future distributions. We hypothesize that large
copepods are more likely to occur and be present in higher
numbers, in (i) areas where bottom depth is deep enough for
them to migrate vertically to escape predation (sensu Aarflot
et al. 2019) or (ii) in areas where sea-ice shading provides rela-
tive safety from visual predators even at shallower depth
(sensu Langbehn and Varpe 2017). Here, we test these hypoth-
eses by drawing on long term and spatially resolved zooplank-
ton data and sea-ice distributions from the Barents Sea, as well
as previous modeling work of prey detection under varying
light regimes.

Materials and methods
Biological samples

We analyzed mesozooplankton data from WP2 nets (56 cm
diameter, 180 μm mesh size) towed vertically from the seafloor
to the surface. All zooplankton samples were collected over a
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12-yr period (2008–2020) during the annual Barents Sea Eco-
system Survey (Michalsen et al. 2013; Eriksen et al. 2018) by
the Institute of Marine Research (IMR) in late August to
September (Fig. 1B).

All zooplankton samples were processed according to the
standard IMR sampling procedures (Melle et al. 2004;
Skjoldal 2021). In short, each sample is split using a Motoda
splitter, one half is preserved in buffered 4% formalin solution
for later species identification, and the other half is used for
biomass estimates. This latter half is split into fractions of
small (180–1000 μm), intermediate (1000–2000 μm), and large
(> 2000 μm) body size by successive sieving, starting with the
coarsest sieve. Subsequently, the samples were rinsed with
freshwater, dried, and weighed for biomass estimates.

Here, we focus on the large (> 2 mm) biomass fraction.
Since 2008, macrozooplankton such as amphipods, chaeto-
gnaths, krill, fish larvae, and decapod shrimps are routinely
hand-picked and removed from the large size fraction. We dis-
regard macrozooplankton in our analysis because they are not
representatively sampled by this gear. What is left are largely
copepods, typically dominated by adults and late copepodite
stages (CV–CVI) of primarily C. hyperboreus, but also Para-
euchaeta spp. (most likely Paraeuchaeta norvegica and Para-
euchaeta glacialis), and C. glacialis. The smaller C. finmarchicus
is rarely present in the large size fraction (Skjoldal 2021). Bio-
mass is determined separately for C. hyperboreus and Para-
euchaeta spp., therefore we assume that the remaining
biomass can be largely attributed to C. glacialis. Occasionally,
smaller individuals that would normally pass through the
sieve are retained, but their contribution is small and their
effect on the biomass estimates considered negligible
(Skjoldal 2021). For a detailed description of the species and
stage composition of the three size classes, we refer to
Skjoldal (2021, incl. supplementary data).

Environmental data
We focused on four environmental variables in our analy-

sis: bottom depth, sea surface temperature, sea surface salinity,
and seasonal sea-ice cover (Fig. 1).

We based bottom depth (Fig. 1A) on the 2021 version of
the General Bathymetric Chart of the Oceans (GEBCO Compi-
lation Group 2021) which is available with a 1/4� resolution.

In situ temperature and salinity measurements were avail-
able from CTD casts taken alongside the WP2 nets during the
surveys (Fig. 1C). We averaged temperature and salinity across
the upper 30 m of the water column (Fig. 1D,E) and for the
purpose of this study we defined the polar front as the line
separating areas where the probability of Atlantic water masses
(as defined in Sundfjord et al. 2020) across the 12-yr study
period was above or below 50% (Fig. 1F).

We calculated the number of ice-covered days and
extracted sea-ice concentrations (Fig. 1G) from daily gridded
sea-ice charts produced and made available at a 25 km resolu-
tion by the National Snow and Ice Data Centre (Cavalieri

et al. 1996). We focus on the week around midsummer
because this is when days are longest, and herbivorous cope-
pods are typically in surface waters to graze and reproduce.
Consequently, the effect of sea-ice shading is expected to be
largest around that time of year. We defined the ice edge as
the line north of which the probability of sea-ice covering on
average 15% of a given area during the week around midsum-
mer was greater than 50%. We use the same 15% threshold
when counting the number of ice-covered days per year.

Preparation of survey data for statistical modeling
Sampling effort and exact location of the survey stations

varied across years, in the northeast of the study area in partic-
ular, due to weather, seasonal ice cover or limited survey time.
Therefore, we aggregated all samples and environmental data
on a 35 � 35 nautical mile (1 nm = 1.852 km) grid using the
Albers equal-area projection (Fig. 1B,C; see Supporting Infor-
mation Fig. S1 for exact parameter settings). In years with
more than one sampling station per grid cell, and for bottom
depth and sea-ice concentrations, we used grid cell averages.
We only considered complete net casts that covered the full
water column, that is, from within 30 m of the seafloor to the
surface. We also omitted cells where either zooplankton data,
or any of the environmental variables were missing, and we
constrained our analysis to the shelf region with bottom
depth less than 500 m (Fig. 1A). Furthermore, we excluded
grid cells that were surveyed infrequently (< 4 times out of the
12 study years). In total, this left 1953 WP2 nets (and associ-
ated CTD casts) from 160 stations. With this selection, 95% of
the stations were sampled in at least 6 different years
(Supporting Information Fig. S2).

Predictors
We assessed multicollinearity among candidate environ-

mental predictors using the variance inflation factor. From our
initial set of five environmental predictors, temperature and
the number of ice-covered days per year were most strongly
correlated (Pearson’s correlation coefficient, r = �0.85,
p < 0.001). After removing ice-covered days from the list of
environmental predictors, the variance inflation factor for all
remaining covariates was less than three, which is an accept-
able threshold suggested by Zuur et al. (2010). The remaining
four environmental predictors, among which sea ice and bot-
tom depth were the least correlated (r = �0.30, p < 0.001),
were included in the models.

Statistical approach
Initial data exploration revealed that the zooplankton bio-

mass for the large size fraction was zero-inflated and over-
dispersed (Supporting Information Fig. S3), which is common
in ecological data but needs to be accounted for when model-
ing abundance. Therefore, we used a hurdle model approach
in which the probability of occurrence, and abundance or
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biomass conditional on presence are modeled in a two-step
process from the same data (Zuur et al. 2009).

Hurdle models are frequently used to model species distri-
butions (Langton et al. 2021). A benefit of this approach is
that it acknowledges the possibility that mechanisms that
control species presence are different, or may act on different

scales, from those controlling species abundance. For exam-
ple, the method allows for stochastic processes that may lead
to a site being unoccupied despite being suitable (Tyre
et al. 2001).

Here, we fit hurdle models to the combined large copepod
fraction, as well as to the three subsets; C. hyperboreus only,

Fig. 1. Maps of the study area showing (A) location names referenced throughout the text and bottom topography (--- 150 m, ─ 300 m, � � � 500 m),
bottom topography is further shown in all maps; (B,C) the WP2 and CTD survey stations for the years 2008–2020 considered in this study, overlaid by a
35 � 35 nautical mile (1 nm = 1.852 km) sampling grid; (D,E) temperature (�C) and salinity(PSU) at sampling averaged across the top 30 m of the water
column; (F) water mass distributions, and (G) sea-ice concentrations during midsummer. North of the ice-edge, the likelihood of at least 15% sea-ice
cover during midsummer is larger than 50%. All panels show the median values for the study period from 2008 to 2020.
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Paraeuchaeta spp. only, and the remaining unidentified frac-
tion (presumed to be mainly C. glacialis).

Model fitting and selection
First, we modeled the probability of occurrence of large

copepods in a given environment (“the hurdle”) using a bino-
mial generalized additive model (GAM) with a logit link func-
tion fitted to binary presence-absence data. All stations with
positive biomass were classed as present and assigned the
value one, while station where large copepods were absent
were assigned zeros. Then, in the second step, we predicted
large copepod biomass using a GAM with Tweedie distribution
and the default log-link fitted to the presence-only data
(i.e., sites that “cleared the hurdle”).

Full models (before model selection) for both the binomial
and Tweedie GAM were of the following form:

g nx,y
� �¼ te x,yð Þþ s1 depthx,y

� �
þ s2 tempx,y

� �
þ s3 salx,y

� �

þ s4 icex,y
� �þ ti depthx,y, icex,y

� �

where n is either the probability of occurrence when the
response is binary (i.e., presence–absence), or estimated bio-
mass in case of presence-only data; g is the link between n and
the additive predictors; te is tensor smooth of geographical
position (x, y), s1 to s4 are cubic spline smooth functions of
bottom depth (depth), temperature (temp), salinity (sal), mid-
summer sea-ice concentration (ice), and ti is a tensor smooth
function (allowing for different scales or units) of the interac-
tion between bottom depth and sea ice. We included North-
ings and Eastings (x, y) as terms to explicitly account for
spatial autocorrelation in the model (Wood 2017). We esti-
mated the splines with the restricted maximum likelihood
optimization method and applied an additional null space
penalization which allowed for the complete removal of a
covariate when the smoothing was equal to zero (Marra and
Wood 2011). We limited the number of knots for the univari-
ate smoothing terms to 3 and 4 for the binomial GAM and
Tweedie GAM respectively, to avoid overfitting. All GAMs
were fitted using the mgcv library in R (Wood 2017;
Supporting Information Figs. S4, S5).

We removed nonsignificant predictors using a backwards
selection approach based on Akaike’s information criteria
(AIC). The predictor with highest nonsignificant (> 0.05) p-
value was dropped from the model, provided it also decreased
the AIC; or if the difference in AIC was less than two, the
model with fewest covariates was kept. Smooths that were
penalized to zero were also removed from the final model.
Note that because the hurdle model approach allows different
processes and drivers to govern species presence and biomass,
the set of predictors in the two stages of the hurdle model do
not necessarily have to be the same (Zuur et al. 2009).

We compared model fitted values against observations
using a Taylor Diagram (Supporting Information Fig. S6).

Finally, predictions for the probability of occurrence and the
estimated biomass, as well as their product, which can be
interpreted as the biomass weighted by the probability of
occurrence, were projected onto an 8.75 � 8.75 nautical mile
(� 16 � 16 km) grid to visually assess the model performance
against the survey data (Supporting Information Fig. S7).

All analyses were done in R 4.1.1 (R Core Team 2021), and
we refer to the session info provided at the end source code
for a complete list of all loaded packages and version
numbers.

Results
Spatial distribution

Copepods in the large size fraction were not uniformly dis-
tributed across the western Barents Sea. Two areas with simi-
larly high median biomass stand out: (i) the deep troughs in
the Barents Sea Opening south of the polar front where bot-
tom depths exceed 300 m (mean � SD = 360 � 46 m), and
(ii) the region northeast of Svalbard which is shallower
(180 � 40 m; Supporting Information Table S1) but remains
largely ice-covered (59% � 24%) during the height of the sum-
mer (Fig. 2A). In both areas, average median biomass was
around 0.26–0.33 g dry mass (DM) m�2. Biomass was gener-
ally lowest around the banks (i.e., Spitsbergen Bank, Central
Bank and Great Bank). On the banks, in more years than not,
no large copepods were caught in the WP2 nets at the major-
ity of the stations.

This bimodal distribution pattern of high biomass was to
some extent driven by the contrasting distributions of two key
taxa: Paraeuchaeta spp. in the Barents Sea Opening to the
south (Fig. 2B) and C. hyperboreus in ice-covered waters to the
northeast (Fig. 2C; Supporting Information Fig. S9). When
averaged across stations, these two taxa account for around
50% of the large copepod biomass in the WP2 samples.

Paraeuchaeta spp. was found almost exclusively south of
the polar front in the Bear Island Trough and Hopen Trench
and predominantly in deep waters with bottom depth
> 300 m (Fig. 2B; Supporting Information Fig. S9). In deep
waters south of the polar front, Paraeuchaeta spp. was the sin-
gle most important taxa and accounted for more than half of
the average median biomass (63% � 32%; Supporting Infor-
mation Table S3) with values of 0.096 � 0.058 g DM m�2

(Supporting Information Table S4).
However, average median biomass was reduced by three

quarters to 0.026 � 0.027 g DM m�2 (Supporting Information
Table S4) for stations with bottom depth < 300 m. Beyond the
ice-edge the contribution of Paraeuchaeta spp. was negligible,
and with an average median biomass of 0.0022 � 0.0075 g
DM m�2, made up less than 1% of the total biomass in the
large size fraction.

In contrast, C. hyperboreus was distributed mostly in
waters north of the summer ice-edge, around Kvitøya,
where sea-ice lasts for more than 220 � 27 d each year
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Fig. 2. Observed and predicted biomass distribution of large copepods (> 2 mm) in the western Barents Sea; (A) pooled, or split into (B) Paraeuchaeta
spp., (C) Calanus hyperboreus, and (D) the remaining unidentified fraction. Size of the dots indicates the observed median biomass (g DM m�2) within a
given grid cell for samples taken between 2008 and 2020. Crosses indicate that in more years than not, no large copepods were sampled at a given sta-
tion. Background colors indicate the biomass weighted by the probability of occurrence as predicted by the hurdle model. The midsummer ice-extent
(> 50% chance of at least 15% sea-ice cover during the week around midsummer) and the polar front are marked by dark blue lines for spatial reference.
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(Fig. 2C; Supporting Information Table S1). North of the ice-edge
C. hyperboreus contributes 33% � 30% of the large copepod bio-
mass (average across stations) with an average median biomass
of 0.1 � 0.13 g DM m�2. The species is also regularly found in
the deep troughs to the south, but at much lower abundances.
At stations south of the polar front and with bottom depth
> 300 m, the average median biomass of C. hyperboreus was an
order of magnitude lower than in the north with only
0.013 � 0.017 g DM m�2. For stations where C. hyperboreus was
present in more years than not, the minimum depth of occur-
rence was 40 m shallower in ice-covered waters when compared
to ice-free waters (Supporting Information Fig. S9).

The average median biomass both for Paraeuchaeta spp. and
C. hyperboreus was lowest on the banks (bottom depth < 200 m)
between the polar front and the summer ice-edge, with
0.0023 � 0.013 and 0.0033 � 0.012 g DM m�2 (Supporting
Information Table S2), for the two species, respectively. In most
years, however, neither species was caught across the majority of
the stations located on the banks (indicated by crosses in Fig. 2).

The remaining fraction of large unidentified copepods,
most likely later developmental stages of C. glacialis, had simi-
lar patterns. Stations with consistently high biomass were
located in the eastern part of the deeper Bear Island Trough
and Hopen Trench and north of the summer ice-edge. The
Spitsbergen and Central banks were areas of low biomass.
However, the unidentified fraction accounted for almost the
entire biomass in the largest size fraction around the Great
Bank, just south of the ice-edge (Fig. 2D).

Hurdle model evaluation
The comparison of the observed vs. the predicted biomass,

both for combined and individual taxa, suggests a good model
fit (Supporting Information Fig. S6; Fig. 2). The models reliably
predicted areas of high and low biomass and successfully cap-
tured less prominent patterns seen in the observations such as
the influx of Paraeuchaeta spp. through the Storfjorden Trough
around 76�N (Fig. 2B), or the high biomass of C. hyperboreus in
the Eastern Basin at latitudes far south of the ice-edge (Fig. 2C).

Table 1. Model statistics for the binomial and Tweedie GAM fitted to the combined large size fraction (all large), Calanus hyperboreus,
Paraeuchaeta spp., and the remaining unidentified fraction. Model statistics are presented for each individual smoother term. Statistics
indicate chi-square (binomial) and F (Tweedie) test statistics for assessing the significance of model smooth terms; p-values indicate
approximate p-values for the null hypotheses that each smooth term is zero.

Model Dev. expl. (%) R2 adj. Term Edf Statistics p-value

Binomial GAM All large 38.5 0.31 te(X, Y) 8.34 17.7 < 0.05

s(depth) 1.42 13.8 < 0.001

Paraeuchaeta spp. 69.1 0.74 s(depth) 0.94 13.6 < 0.001

s(temp) 1.53 18.8 < 0.001

s(sal) 0.91 9.5 < 0.001

s(ice) 1.01 10.1 < 0.001

C. hyperboreus 53.7 0.56 te(X, Y) 9.24 31.6 < 0.001

s(depth) 1.77 12.3 < 0.001

s(temp) 0.69 1.9 < 0.05

s(ice) 0.80 2.1 < 0.05

ti(depth, ice) 3.14 10.4 < 0.01

Remaining large 36.7 0.37 te(X, Y) 11.00 36.1 < 0.001

s(depth) 0.92 10.7 < 0.001

s(ice) 0.82 3.2 < 0.05

Tweedie GAM All large 65.2 0.64 te(X, Y) 10.60 3.16 < 0.001

s(depth) 0.98 14.90 < 0.001

s(temp) 0.92 3.93 < 0.001

s(ice) 1.28 4.02 < 0.001

Paraeuchaeta spp. 63.7 0.67 s(depth) 2.58 22.80 < 0.001

s(sal) 0.93 4.51 < 0.001

C. hyperboreus 58.5 0.33 te(X, Y) 5.48 1.06 < 0.001

s(depth) 0.80 1.37 < 0.05

s(ice) 1.61 3.96 < 0.01

Remaining large 43.3 0.30 te(X, Y) 5.51 2.29 < 0.001

s(depth) 2.14 10.30 < 0.001

s(ice) 0.77 1.13 < 0.05

Dev. expl., deviance explained; Edf, estimated degrees of freedom; R2 adj., adjusted coefficient of determination; Term, model smooth terms.
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After model selection, the binomial GAMs explained a
medium to high percentage of the deviance in presence–absence
data. The explained deviance was similar for the combined large
fraction and the remaining unidentified fraction with 38.5%
and 36.3%, respectively. The model for Paraeuchaeta spp.
explained 69.1% and the model for C. hyperboreus 53.7%
(Table 1). The deviance explained by the Tweedie GAM fitted to
the presence only data was 65.2% for the combined large frac-
tion, 63.7% for Paraeuchaeta spp., 58.5% for C. hyperboreus, and
43.3% for the remaining unidentified fraction (Table 1).

Drivers of the distribution
The presence of Paraeuchaeta spp. was best predicted by a

model that included bottom depth, temperature, salinity, and
midsummer sea-ice concentrations (Table 1).

Paraeuchaeta spp. was increasingly likely to occur in deeper,
warmer, and more saline Atlantic water masses. At bottom
depth ≳ 280 m and temperatures and salinities above 7.5�C

and 34.7 psu, the probability of occurrence was more than
50% (Fig. 3A–C). The species was predicted to be likely absent
at bottom depth < 200 m and at temperatures < 4.5�C. Sea ice
had an additional positive effect on the probability of occur-
rence at intermediate (� 20–85%) summer sea-ice concentra-
tions (Fig. 3D).

Bottom depth and salinity were significant predictors for
the biomass of Paraeuchaeta spp. (Table 1). We predict higher
than average densities of Paraeuchaeta spp. at a depth of
≳ 350 m (Fig. 3E) and a salinity of ≳ 34.8 psu (Fig. 3F).

The presence–absence of C. hyperboreus was best predicted
by a model including bottom depth, temperature, salinity, and
the interaction between midsummer sea-ice concentration and
bottom depth, as well as the geographical position (Table 1).

The model predicts a sigmoid relationship between the
presence of C. hyperboreus and bottom depth. In shallow areas
the species was more likely to be absent, but the probability of
occurrence increased rapidly between 150 and 300 m bottom

Fig. 3. Partial effects of key environmental factors on the probability of species presence (top row, A–D) and biomass conditional on presence (bottom
row, E,F) of Paraeuchaeta spp. in the western Barents Sea. Each panel shows the shape of response for one environmental variable independent of the
other variables. Solid lines and shaded areas show the mean and 95% confidence intervals. The distribution of samples is given by the rugs on the x-axis.
Confidence intervals are calculated to include the uncertainty about the overall mean. Significance levels and estimated degrees of freedom are indicated
on top of each panel. Only significant terms included in the most parsimonious model, as indicated on top of each row, are shown. Note that the y-axis
in the plots for the binomial GAM (top row) shows the probability of occurrence, while for the Tweedie GAM (bottom row) values on the y-axis represent
the deviation from the mean predicted biomass on the scale of the predictor, that is, a change of 0.5 on the log link scale used here would suggest a
65% increase in biomass.
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depth, with > 50% probability of occurrence at > 260 m bot-
tom depth (Fig. 4B).

C. hyperboreus was least likely to occur at temperatures
between � 2.5�C and 7.5�C, and more likely to be found at
either the cold or warm end of the temperature gradient
(Fig. 4C). The partial effect of sea ice was predicted to be nega-
tive. However, although significant, the partial effects of sea-
ice concentration and temperature on the occurrence of
C. hyperboreus are inconclusive as the confidence intervals
overlapped across the entire range of values. But there was a
significant interaction between sea ice and bottom depth.
C. hyperboreus was more likely to occur in shallow areas
(shallower than predicted based on bottom depth alone, see
Fig. 4B) when sea ice was present (Fig. 4E). This effect
increased with increasing sea-ice concentrations up to 50%
sea-ice cover. The spatial interaction term suggested a higher

probability of occurrence of C.hyperboreus north of the polar
front (Fig. 4A), implying that spatial variance was linked to
some water mass properties other than temperature or salinity,
for example, advection or food availability.

Bottom depth, midsummer sea-ice concentrations, and geo-
graphical position were significant predictors for the biomass
of C. hyperboreus (Table 1). The biomass of C. hyperboreus was
predicted to be above average where midsummer sea-ice con-
centration was between approximately 10–60%, with a broad
peak around 35% (Fig. 4H). Furthermore, C. hyperboreus bio-
mass was positively, linearly related to depth (Fig. 4G), and
higher than average values were found northeast of Svalbard,
and in the Eastern Basin (Fig. 4F).

The presence and abundance of the remaining large frac-
tion, presumably largely C. glacialis, appears to be linked to
the same environmental drivers as Paraeuchaeta spp. and

Fig. 4. Partial effects of key environmental factors on the probability of species presence (top row, A–E) and biomass conditional of presence (bottom
row, F–H) of Calanus hyperboreus in the western Barents Sea. Line plots shows the shape of the response for one environmental variable independent of
the other variables, with solid lines and shaded areas indicating the mean and 95% confidence intervals. The distribution of samples is given by the rugs
on the x-axis. Confidence intervals are calculated to include the uncertainty about the overall mean. Contour plots show interactions with darker colors
indicating lower and lighter colors higher values. Only significant terms included in the most parsimonious model, as indicated on top of each row, are
shown. Note that the y-axis in the plots for the binomial GAM (top row) shows the probability of occurrence, while for the Tweedie GAM (bottom row)
values on the y-axis represent the deviation from the mean predicted biomass on the scale of the predictor, that is, a change of 0.5 on the log link scale
used here would suggest a 65% increase in biomass.
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C. hyperboreus, namely bottom depth and seasonal ice-cover
(Table 1). The model predicts the probability of occurrence
(Fig. 5B) and the abundance (Fig. 5E) to increase with increas-
ing bottom depth. The species was most likely present and
predicted to occur with higher-than-average biomass at bot-
tom depth ≳ 250 m. Midsummer sea-ice cover was positively
related to the probability of occurrence (Fig. 5C) and

negatively related to biomass (Fig. 5F). However, variability
was large and the confidence intervals for sea-ice overlap
across the full range of possible values. Hence the partial effect
of sea ice should be interpreted with caution. An additional
term for spatial interaction suggests that unidentified large
copepods were more likely found in the center and in the
north of the study area but were less likely to be present at the

Fig. 5. Partial effects of key environmental factors on the probability of species presence (top row, A–C) and biomass conditional on presence (bottom
row, D–F) of the remaining unidentified copepods in the large size fraction from the western Barents Sea, after Paraeuchaeta spp. and Calanus hyperboreus
had been removed. Line plots show the shape of the response for one environmental variable independent of the other variables, with solid lines and
shaded areas indicating the mean and 95% confidence intervals. The distribution of samples is given by the rugs on the x-axis. Confidence intervals are
calculated to include the uncertainty about the overall mean. Contour plots show interactions with darker colors indicating lower and lighter colors
higher values. Only significant terms included in the most parsimonious model, as indicated on top of each row, are shown. Note, that the y-axis in the
plots for the binomial GAM (top row) shows the probability of occurrence, while for the Tweedie GAM (bottom row) values on the y-axis represent the
deviation from the mean predicted biomass on the scale of the predictor, that is, a change of 0.5 on the log link scale used here would suggest a 65%
increase in biomass.
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western, southern, and eastern margins of the region (Fig. 5A).
The biomass of these copepods was predicted to gradually
increase from the southwest toward the northeast (Fig. 5D).

Significant predictors for the combined large size fraction
were bottom depth for the probability of occurrence, and bot-
tom depth, sea ice, and temperature for total biomass
(Table 1). These predictions agree with the taxa-specific
models. The binomial GAM predicts a sigmoidal relationship
for species presence with bottom depth, similar to those seen
in all other three models (Supporting Information Fig. S8B).
Furthermore, abundance is predicted to be linearly related to
bottom depth and temperature (Supporting Information
Fig. S8D,E), with higher-than-average biomass predicted at

depths > 270 m and > 5.5�C. The predicted relationship
between biomass and sea ice is dome-shaped, with peak bio-
mass predicted around 45% midsummer sea-ice cover
(Supporting Information Fig. S8F).

Discussion
In the Barents Sea, C. hyperboreus was most abundant in

cold, low-salinity, relatively shallow but ice-covered waters,
and only occurred sporadically south of the polar front in the
deepest troughs. This contrasts the distribution of Paraeuchaeta
spp. which was almost exclusively found south of the polar
front in warm, saline, deep and ice-free waters.

Fig. 6. Conceptual visualization of the key mechanism shaping the distribution of large copepods in the Barents Sea. (A) Large copepods are trans-
ported onto the Barents Sea shelf with Atlantic water masses through the Barents Sea Opening in the southwest. (B) Their downward migration becomes
blocked in shallow waters by the seafloor, and they are exposed to light intensities several orders of magnitudes brighter than their usual light environ-
ment. (C) Large copepods are almost absent on the sun-lit banks, likely because they are quickly decimated by visual predators, such as fish and
zooplanktivorous seabirds. This explains why the shallow banks are foraging hotspots and among the areas with the highest biological activity in the
Barents Sea. (D) In the northern Barents Sea, sea-ice shading creates refugia with dim light where large copepods advected onto the shelf from the north
are relatively safe from visual predation. (E) Below sea ice, the light environment is similar to that at much greater depth in ice-free waters. The light con-
ditions over depth are shown for relatively clear water (diffuse attenuation coefficient of 0.07 m�1, Aarflot et al. 2020) and 1-m-thick sea ice, either with
or without 30 cm of fresh snow on top (King et al. 2017). We assume albedo values of 0.05 for open water, 0.5 for bare ice and 0.9 for snow-covered
ice, and attenuation coefficients of 20 m�1 for snow, 5 m�1 for the upper 10 cm of ice, and 1 m�1 for the ice interior (Perovich 1996). (F) The search effi-
ciency of visual predators’ scales with ambient light. At the ice-edge large copepods are flushed out into the light which makes the marginal ice-zone an
attractive place for visual foragers. The combination of shallow waters and a receding ice-edge could make the Arctic shelf seas future foraging hotspots.
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The herbivorous C. hyperboreus is commonly considered an
Arctic oceanic species, that has its core distribution in the deep
basins of the Greenland Sea and Arctic Ocean (Falk-Petersen
et al. 2009b; Aarflot et al. 2022). Paraeuchaeta spp., on the other
hand, are carnivorous deep-water species that feed on other
copepods, with at least 10 different species known to occur in
the subarctic North Atlantic (Park 1994). All of them, except
P. polaris which is endemic to the Arctic Ocean, are typically
associated with Atlantic water masses. Hence, superficially, the
observed distributions in the Barents Sea may appear unsurpris-
ing as both key taxa are associated with the same water masses
as elsewhere. However, this does not explain why both species
are practically absent on the shallow banks in the Barents Sea,
and why C. hyperboreus are found much shallower in ice-
covered waters than in ice-free waters south of the ice-edge.
Scrutinizing the potential mechanisms that could lead to these
patterns reveals a common, plausible explanation: in both
cases, large copepods are more abundant in dim environments
associated with reduced risk of visual predation.

Although the biology of C. hyperboreus and Paraeuchaeta
spp. is different, they are both associated with deep habitats,
at least for parts of the year. Paraeuchaeta spp. are quasi perma-
nent residents of the dysphotic mesopelagic zone (200–
1000 m). In P. norvegica, ovigerous females and individuals
with large energy reserves, both of which are particular con-
spicuous to visual predators, were found to have deeper distri-
butions than the rest of the population, presumably to avoid
predation (Vestheim 2004). Although some species in the
genus are known to perform diel vertical migrations
(Yen 1985), they typically avoided the upper waters, even at
night (Bollens and Frost 1991; Fleddum et al. 2001).
C. hyperboreus, in contrast, performs extensive seasonal vertical
migrations and overwinters in diapause at several hundred
meters depth at times when food near the surface is scarce in
these high latitude environments (Falk-Petersen et al. 2009b).
Because both species rely on deep habitats it seems reasonable
to assume that these strategies have evolved outside of the
Barents Sea, suggesting their presence in this shallow shelf sea
system is likely the result of expatriation through advection.

We found that Paraeuchaeta spp. in the Barents Sea were
almost entirely restricted to Atlantic water masses, and pre-
dominantly found in the deep trough systems in the Barents
Sea Opening, while being essentially absent in shallower loca-
tions. Predictions from a coupled particle tracking and produc-
tion model have shown a very similar distribution for
mesozooplankton that are advected with Atlantic Water from
the Greenland Sea and Norwegian Sea in to the Barents Sea
(see Fig. 3 in Wassmann et al. 2019 in comparison to Fig. 2 in
this study). Water exchange across the Barents Sea Opening
varies between seasons and years but the net inflow is around
2–3 Sv (1 Sverdrup = 106 m3 s�1) with velocities of up to
20 cm s�1 (Edvardsen et al. 2003; Smedsrud et al. 2022). The
strong currents in the area, together with the observed distri-
bution suggest that Paraeuchaeta spp. are upwelled from their

usual North-Atlantic deep-water habitat and flushed into the
Barents Sea by cross-shelf advection through the troughs that
intersect the western shelf break (Fig. 6A). Individuals that are
transported further into the Barents Sea with the currents are
likely to sooner or later end up on the banks where they
become trapped by shallow bottom topography (Fig. 6B,C).
On the banks, daytime light intensities are several orders of
magnitudes higher than in their typical deep-water habitat
(Fig. 6E). More light means higher foraging efficiency for
visual predators (Fig. 6F) such as planktivorous fish (Aksnes
and Utne 1997), and large zooplankton are particularly vulner-
able to visual predation as they are more easily spotted than
smaller prey items (O’Brien 1979). Following such a top-down
logic, rather than a bottom-up argument where low abun-
dance indicates poor feeding conditions and an unfavorable
environment for copepods, their near absence on the banks
could be explained by efficient fish foraging and thus energy
transfer to higher trophic levels. Atlantic water masses from
the southwest and polar waters from the northeast could pro-
vide a supply of large, energy rich prey that when advected
onto the banks, where they are exposed to higher than usual
light intensities, become available to visual predators and are
quickly decimated. During their annual feeding migration,
capelin form fronts that sweep across the Barents Sea
(Fauchald et al. 2006) and can locally deplete
mesozooplankton biomass in a matter of 3–4 d (Hassel et al.
1991). Furthermore, continuous zooplankton scattering layers
often show gaping holes downstream of banks, presumably as
a result of efficient predation on the banks where the vertical
migration of organisms forming these layers gets blocked by
the seafloor (Genin et al. 1988, 1994) or lakebed (Houghton
et al. 2010). The same mechanism has been proposed for sub-
sea canyons or shelf breaks where entire predator assemblages
line the edges waiting for prey to arrive in the form of vertical
migrators caught outside their light comfort zone (Pereyra
et al. 1969). Foraging aggregations over shallow topographies
may attract larger predators that profit from the same mecha-
nisms of topographic blockage. In the Barents Sea, cod (Gadus
morhua) benefit from capelin coming near the seafloor (Fall
et al. 2021), and studies from Newfoundland show that cod
have a higher amount of capelin in stomach samples from
shallower areas (Fahrig et al. 1993). Shallow banks in the
northern Barents Sea are also central foraging grounds for
cetaceans feeding on capelin and other prey (Skern-Mauritzen
et al. 2011). Therefore, topographic blockage at least partly
explains why productive fisheries are often concentrated on or
near banks or abrupt rises in bottom topography. Heightened
productivity over abrupt topographies may also be caused by
upwelling of nutrients and the associated increased primary
production (Genin 2004; Falk-Petersen et al. 2015).

The topographic blockage mechanism was introduced by
Isaacs and Schwartzlose (1965) and its importance for the ver-
tical distribution of Barents Sea zooplankton and fish foraging
efficiency has been previously described in detail by Aarflot
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et al. (2019, 2020). Our study on an independent dataset sup-
ports their findings and corroborates the importance of bot-
tom depth as a key factor structuring pelagic communities
through changes in foraging interaction strength. In this
study, bottom depth was the only environmental variable
retained for all GAMs fitted. In most cases, the partial effects
of bottom depth showed a sigmoidal response of presence–
absence and/or biomass over depth (e.g., Fig. 3A or 4B). Prey
detection distance of visual foragers over depth would have
the same shape, just mirrored, with larger detection distances
closer to the surface and a rapid decline as light decreases
exponentially with depth (visualized in Aarflot et al. 2020).
This substantiates a causal link between bottom depth and
visual foraging as the effect of trapping and concentrating
zooplankton would rapidly lose its importance at depth where
light is too faint for visual foragers—whose eyes are adapted to
light intensities near the surface—to detect their prey.

Although topographic blockage provides a parsimonious
explanation to the observed distribution of Paraeuchaeta spp.
in the Barents Sea, at first, it seems to fit less well for
C. hyperboreus. This species occurred in low numbers in the
deeper areas south of the polar front (a distribution similar to
that of Paraeuchaeta spp. in the area) but was most abundant
in the ice-covered regions northeast of Svalbard. Here, the
average bottom depth is much shallower (180 � 40 m;
Supporting Information Table S1) than in the troughs to the
south (360 � 46 m; Supporting Information Table S1), yet
C. hyperboreus appears to thrive despite what the topographic
blockage mechanism would suggest. We found that the inter-
action between sea ice and bottom depth was a significant pre-
dictor for its distribution. Both the data (Supporting
Information Fig. S8) and the model (Fig. 4D) suggest that
C. hyperboreus was more likely to be present at shallow bottom
depth (< 200 m) in seasonally ice-covered waters. Herring and
capelin in the Barents Sea are mostly in the upper part of the
water column (Huse and Toresen 1996) and models suggest
that these planktivorous fishes are most efficient in the upper
150 m and unlikely to visually detect copepods at depth
greater than 200 m in the Barents Sea (Aarflot et al. 2019). Sev-
eral smaller troughs intersect the steep shelf break to the
northeast of Svalbard and are the main gateways through
which polar waters flow south onto the shelf. One could
expect large copepods to be most abundant where they are
first upwelled and their biomass to gradually decline further
away from the shelf-break as the chance of being eaten by
visual predators increases with time. Such a gradual decline
can be seen, for example, southeast of the Bear Island Trough
where the abundance of Paraeuchaeta spp. progressively
decreases away from the shelf break and decreasing bottom
depth. However, what we see for C. hyperboreus is an abrupt
drop in biomass across the marginal ice zone several hundred
kilometers south of the northern shelf-break. Sea ice, espe-
cially when thick and snow-covered, is extremely efficient in
blocking light from reaching the waters below (Perovich 1996,

Fig. 6E), making it difficult for visual predators to detect their
prey (Langbehn and Varpe 2017). In consequence, the higher-
than-average abundances of C. hyperboreus in sea-ice-covered
waters, might be explained by the addition of sea-ice shading
(Fig. 6D) that creates a light environment similar to that
found at much greater depth in ice-free waters (Fig. 6E). Model
predictions for the northern Barents Sea suggest that a shift
towards ice-free conditions could boost visual foraging effi-
ciency of planktivores by as much as 16-fold (Langbehn and
Varpe 2017). Vilgrain et al. (2021) documented a similar size
gradient with larger copepods below the ice, and smaller cope-
pods in ice-free open waters across the marginal ice-zone in
Baffin Bay, Canada. In their case, there was no significance dif-
ference in the abundance and species composition of adult
individuals across the ice-edge, whereas young copepod stages
from all Calanus species were much more abundant in the ice-
free eastern part. Therefore, they concluded that the size gradi-
ent was more likely caused by high recruitment of young
copepod stages in response to sea-ice melt and increased pri-
mary production, than size differences between advected
Atlantic and Arctic communities. However, this cannot
explain the observed differences across the marginal ice zone
in the Barents Sea, because we only analyzed the largest size
fraction, which typically does not contain juvenile stages.
Nonetheless, recruitment and high abundances of juvenile
stages in ice-free waters may add to the size gradient during
other times of the annual cycle. In conclusion, visual foraging
(although enacted through different mechanisms,
i.e., topographic blockage vs. sea-ice shading) can provide a
unified explanation for the occurrence of Paraeuchaeta spp.
and C. hyperboreus across different water masses and tempera-
ture regimes in the Barents Sea, and plausibly explains the
general absence of large copepods from the banks. Our inter-
pretation is consistent with findings from previous studies
that show that the growth of polar cod (Boreogadus saida) and
the biomass of capelin is higher in the Barents Sea in years
with less sea ice and an earlier breakup, while the biomass of
copepods typically decreased in those years (Stige et al. 2019;
Dupont et al. 2020). In years when the ice-edge is far north,
the center of the capelin distribution is also further north, fol-
lowing the receding ice-edge (Orlova et al. 2010; Ingvaldsen
and Gjøsæter 2013). In the time around 1690–1790, during
the peak of European whaling, the ice-edge was as far as 82�

north, far off the shelf, and strong northeasterly winds
resulted in pronounced upwelling along the shelf. This
upwelling may have brought large copepods onto the shelf
and fueled high primary and secondary production, likely sus-
taining the historically large abundances of whales north of
Svalbard (Falk-Petersen et al. 2015). With the ice-extent dwin-
dling in the Arctic, a prediction that follows from our analysis
is that the shallow areas around Kvitøya and along the north-
ern shelf break in the Barents Sea may become foraging hot-
spots for visually searching planktivores, and because of size-
selective predation, may result in a shift towards smaller mean
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copepod size. This prediction appears to be supported by
observations from Disko Bay in Western Greenland where
fewer ice-covered days and more open water have been linked
to the increased dominance of smaller and less fat zooplank-
ton species with more Atlantic affinities (Møller and Niel-
sen 2020). There, C. finmarchicus has now largely replaced the
larger Arctic congenerics, but the challenge remains to disen-
tangle the contribution of increased top-down control in ice-
free waters from the change of water masses. Similar trends
have also been observed for the Barents Sea. The biomass of
C. finmarchicus has increased since around 2005, while that of
C. glacialis in the Barents Sea Opening is trending downwards
(Aarflot et al. 2018), at the same time as an increased inflow of
warmer Atlantic water and a decrease in sea ice (Efstathiou
et al. 2022).

However, while a decline in sea ice and mean copepod size
in the western Greenland Sea may have resulted in poorer
feeding conditions for capelin (Renkawitz et al. 2015), this
may not necessarily be the case for the northern Barents Sea
in an ice-free future. Our analysis suggests that large copepods
in the Barents Sea are most likely expatriate populations that
are sustained by source-sink-dynamics through advection
from core populations in the deeper basins of the adjacent
Nordic Seas and central Arctic Ocean. Consequently, in an all-
else equal scenario, increased predation in the Barents Sea is
unlikely to affect core parts of these populations. Therefore, a
boost in visual search as sea-ice retreats may benefit plan-
ktivores and increase stock productivity in the northern
Barents Sea as prey accessibility increases.

A second line of evidence emerges from the freshwater liter-
ature. The introduction of planktivorous fish into once fishless
lakes strongly affects the biomass, community composition,
size structure, and life-history traits of lower trophic level zoo-
plankton, with cascading effects to phytoplankton produc-
tion. Typically, the change in predation regime leads to a
decline in abundance of large-bodied zooplankton individuals
or species, while favoring smaller, less conspicuous forms
(Brooks and Dodson 1965; Schabetsberger et al. 2009) with
shorter life histories, for example, smaller size at first reproduc-
tion (Wathne et al. 2020). Several studies have corroborated
these observations and, as the ultimate test of causality, dem-
onstrated that recovery to predisturbance levels after fish
removal is possible (Knapp et al. 2001). Studies have also
shown that following severely cold winters the mean zoo-
plankton body size in lakes was significantly larger in the fol-
lowing summer (Isermann et al. 2004; Jackson et al. 2007;
Balayla et al. 2010). The suggested mechanism is that oxygen
depletion under ice, particularly in shallow lakes, lead to
severe fish mortality and hence a predatory release of larger
zooplankton in the following year. Reduced visual foraging
efficiency under ice (Langbehn and Varpe 2017) is an alterna-
tive, nonmutually exclusive explanation for the increased zoo-
plankton body size after severe ice winters. Mesocosm studies
with experimentally controlled light regimes have shown that

fish predation leads to smaller than average body size and
lower zooplankton biomass; however, the effect diminished
with declining light levels (Bramm et al. 2009). Similarly,
brownification as the result of increasing input of humic sub-
stances reduces light availability in aquatic ecosystems and
has been shown (in an experimental pond system) to increase
winter mortality in fish due to decreased search efficiency and
consequently increased starvation (Hedström et al. 2017).
Accordingly, in lakes that are ice-covered for most parts of the
year, encounters below the ice might be too rare to sustain
planktivores or prevent them from building up sufficient sur-
plus energy for successful reproduction in the following year
(Shuter et al. 2012) explaining reduced fish abundance after
severe winters.

Concluding remarks
Species distribution modeling is frequently based on fixed

and assumed correlations between environmental factors and
observed patterns of distribution and abundance. However,
interpretation and predictive capabilities are limited when the
underpinning mechanisms are unknown. Here, we propose
that size-selective predation by visual foragers provides a parsi-
monious and mechanistic explanation for the spatial distribu-
tion of large copepods in the Barents Sea and argue that
advection, sea-ice shading, and topographic blockage play a
key role. This case study exemplifies how several environmen-
tal drivers can contribute through different processes to the
same overarching mechanism. Finally, this work suggests that
part of the production harvested within the Barents Sea likely
originates hundreds and thousands of kilometers downstream
in the Norwegian and Greenland Seas. This production is then
advected into the Barents Sea, neatly packaged as large cope-
pods, where it then becomes available for planktivores and
ultimately higher-level predators. These linkages have implica-
tions for the spatial scales of ecosystem-based management.

Data availability statement
The data that support the findings of this study are openly

available in the following repositories: Bathymetry and sea-ice
data were retrieved from the General Bathymetric Chart of the
Oceans (GEBCO Compilation Group 2021) and the National
Snow and Ice Data Centre (Cavalieri et al. 1996). Zooplankton
as well as temperature and salinity data from the Barents Sea
Ecosystem Survey are available through the Norwegian Marine
Data Centre (NMDC) at https://nmdc.no/. For convenience,
we additionally provide the annotated source and all data
needed to run the analysis in the supporting information.
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