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Ecography Large-scale patterns in species diversity and community composition are associated
42:295-308, 2019 with environmental gradients, but the implications of these patterns for food-web
doi: 10.1111/ecog.03443 structure are still unclear. Here, we investigated how spatial patterns in food-web

structure are associated with environmental gradients in the Barents Sea, a highly pro-
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Accepted 9 May 2018 between metrics and spatial variability in seawater temperature, bottom depth and

number of days with ice cover. Several food-web metrics were positively associated
with seawater temperature: connectance, level of omnivory, clustering, cannibalism,
and high variability in generalism, while other food-web metrics such as modularity
and vulnerability were positively associated with sea ice and negatively with tempera-
ture. Food-web metrics positively associated with habitat heterogeneity were: number
of species, link density, omnivory, path length, and trophic level. This finding suggests
that habitat heterogeneity promotes food-web complexity in terms of number of species
and link density. Our analyses reveal that spatial variation in food-web structure along
the environmental gradients is partly related to species turnover. However, the higher
interaction turnover compared to species turnover along these gradients indicates a
consistent modification of food-web structure, implying that interacting species may
co-vary in space. In conclusion, our study shows how environmental heterogeneity, via
environmental filtering, influences not only turnover in species composition, but also
the structure of food webs over large spatial scales.
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Introduction

It is well established that species’ diversity and composition vary along environmental
gradients (Worm and Myers 2003, Tittensor et al. 2010, Blois et al. 2013), but the
implications of these patterns for food-web structure remain unclear (Cirtwill et al.
2015, Morris et al. 2015). To date, most large-scale spatial studies of ecological interac-
tions are performed on relatively few (i.e. two or three) interacting species, functional
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groups or food-web compartments (Worm and Myers 2003,
Boyce et al. 2015a). Empirical studies of the spatial variation
of highly resolved food webs are relatively rare (Poisot et al.
2015). The available studies have mainly addressed ter-
restrial bipartite networks (Kissling and Schleuning 2015,
Morris et al. 2015, Trgjelsgaard et al. 2015, Pellissier et al.
2017), and a few studies were performed on unipartite net-
works (Romanuk et al. 2005, Thompson and Townsend
2005, Baiser et al. 2012, Cirtwill et al. 2015), of which,
to our knowledge, only two are marine (Wood et al. 2015,
Gilarranz et al. 2016).

A main source of variation in food-web structure along
environmental gradients is driven by turnover in species
composition due to environmental filtering (Pellissier et al.
2017), and by trait matching between co-occurring species
(Tylianakis and Morris 2017). In the marine environment,
temperature is one of the main drivers of species’ distribu-
tion (Tittensor et al. 2010, Boyce et al. 2015b). Some of the
most important traits determining food-web structure are
body size, motility and thermoregulation, i.e. endothermism
vs. ectothermism (EkISf et al. 2013), which are dependent
on water temperature (Gillooly et al. 2001, O’Connor et al.
2009, Soberén and Nakamura 2009). In aquatic food webs,
body size is an important trait because feeding relationships
are highly size-structured (Romanuk et al. 2011). Consumers
are mostly larger than their prey, as observed in both plank-
ton and fish communities, and larger organisms have a higher
trophic level and are more prone to omnivory and general-
ism (Jennings and Mackinson 2003). In addition to select for
specific traits, environmental conditions may also influence
food-web structure via effects on whole community diversity
and trophic complexity, for example along productivity gra-
dients (Neutel et al. 2007), where trophically more complex
communities (e.g. species-rich, link-rich, with many trophic
levels and long path lengths) develop under adequate supply
and availability of resources.

One way to compare food-web structure is from a net-
work perspective (Dunne 2009). The spatial variation in food
web configuration along environmental gradients can be
assessed by comparing metrics describing relevant structural
properties affected by the composition of species and their
trait attributes (Tylianakis and Morris 2017). For example,
the presence of large, generalist species will affect the con-
nectivity and the modularity of a food web (Kortsch et al.
2015). Further, by relating interaction turnover to species
turnover, the spatial component of food web variability can
be explicitly addressed (Poisot et al. 2012). Previous studies
have shown that interaction turnover is positively related to
species composition and geographic distance (Poisot et al.
2012, Trojelsgaard et al. 2015).

Marine ecosystems that display strong environmental
gradients associated with variation in community structure
are particularly suitable for investigating spatial variability in
food-web structure. The Barents Sea is a shelf sea of the Arctic
Ocean with large-scale gradients in temperature, salinity,
depth and sea-ice coverage, and clear biogeographic patterns
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in species’ composition and diversity (Certain and Planque
2015, Fossheim et al. 2015). These gradients in hydrography
are linked to productivity, where the warmer and nutrient-
rich Atlantic waters of the southwest are more productive
than the colder and ice-covered Arctic waters in the north-
east (Reigstad et al. 2011). The resulting spatial variability
in environmental conditions has strong structuring effects
on fish and benthic communities (Johannesen et al. 2012,
Aschan et al. 2013, Degen et al. 2016), leading to different
food-web structures (Kortsch et al. 2015). Owing to these
distinct subdivisions in species composition, the Barents Sea
is a suitable ecosystem to investigate spatial variation in tro-
phic interactions, i.e. food-web structure, along environmen-
tal gradients.

In the present study, we investigate large-scale variation in
food web structure along environmental gradients across the
Barents Sea. To compare the network properties of 25 subre-
gions within the Barents Sea we rely on gradient and inter-
action turnover analyses using extensive ecosystem survey
data and a highly resolved food-web dataset (Michalsen et al.
2011, Planque et al. 2014). We hypothesize that food-web
structure varies across the Barents Sea, reflecting different
climatic conditions and biogeographic regions. Specifically,
we expect that the warmer, more productive south-western
region of the Barents Sea is positively associated with fun-
damental food-web complexity metrics such as number of
species (Duffy et al. 2017), connectance (Neutel et al. 2007),
trophic levels (Arim et al. 2007), path length (Kaunzinger
and Morin 1998, France 2012), and omnivory (Young et al.
2013). This is because these warmer and more productive
waters can sustain a higher number of species with traits
such as high motility and large body size and feeding strat-
egies such as omnivory and generalism, features that likely
require high resource availability (Wootton 2017). We also
expect that the colder, ice-covered and less productive Arctic
waters are negatively associated with the above-mentioned
food-web metrics. Due the resulting limited food supply, the
expected lower trophic complexity in Arctic waters follows
from reduced growth and the selection of smaller body size
in Arctic fish, which serve as important links between lower
and higher trophic levels in aquatic food webs. Furthermore,
number of species, link density, trophic level and path length
are expected to be positively correlated with habitat hetero-
geneity, because more structurally complex habitats provide
a greater diversity of niches in terms of habitat and diet, pro-
moting community diversity (MacArthur and MacArthur
1961, Tews et al. 2004).

Material and methods

The Barents Sea

The Barents Sea is a high-latitude marine ecosystem charac-
terized by a biogeographic divide with boreal (i.e. Atlantic)
species in the southwest and Arctic species in the north and



northeast (Jorgensen et al. 2015, Johannesen et al. 2016).  Supplementary material Appendix 1 Fig. 1a). The southwest
The bathymetry of the Barents Sea, the largest and deep-  region of the Barents Sea is strongly influenced by the inflow
est marginal shelf sea of the Arctic Ocean (Fig. 1a), is com-  of relatively warm and saline Adantic water (temperature
plex due to banks, trenches and steep shelf slopes (Fig. 1b; > 3°C; salinity > 35.0 psu) (Ingvaldsen et al. 2002), whereas
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Figure 1. (a) Map of the Arctic Ocean and its bordering shelf seas. The location of the Barents Sea is indicated with a red square. The Barents
Sea was divided into 25 sub-regions, i.e. polygons. Environmental information was retrieved for each polygon: (b) mean bottom depth (m);
(c) mean water column temperature (°C) from the surface to the bottom layer; (d) the mean annual number of days with ice cover;
(e) standard deviation of water column temperature and (f) standard deviation of bottom depth within polygons. The polygon id numbers
are printed on top of each polygon region. The polygon ids are adapted from Hansen et al. (2016).
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the northern Barents Sea is a typical stratified Arctic envi-
ronment with colder and fresher Arctic water masses occu-
pying the upper part of the water column (temperature
< 0°C; salinity 34.0 to 34.7 psu), above a deep layer
of modified Adantic water (Lind and Ingvaldsen 2012,
Lind et al. 2016) (Fig. 1¢; Supplementary material Appendix 1
Fig. 1b). The Adantic and Arctic water masses are sepa-
rated by the Polar Front, a dominant hydrographic feature
in the upper layers (Loeng 1991) (Supplementary material
Appendix 1 Fig. 1a, b). The Polar Front is largely topographi-
cally controlled and stationary in the western Barents Sea, but
more variable in the east, where its position is largely deter-
mined by the interannual variability of the Atlantic water
inflow (Loeng and Drinkwater 2007). The region north/
north-east of the Polar Front has seasonal ice cover, strongly
influencing biological production (Dalpadado et al. 2014)
(Fig. 1d). At present, the Barents Sea is experiencing some
of the greatest losses of sea ice and surface warming in the
Arctic, especially along the marginal ice zone in the north-
east (Carmack et al. 2015), including a warming of the entire
water column (Lind and Ingvaldsen 2012). Further details on
the hydrography of the Barents Sea and the selected environ-
mental variables are presented in the Supplementary material
Appendix 1 Fig. 1-3).

Food webs

Food webs are representations of trophospecies (i.e. groups
of organisms sharing the same predators and prey) and their
trophic interactions. The terms trophospecies, species, and
taxa will be used somewhat interchangeably in this paper.
To study how food-web structure varies across the entire
Barents Sea ecosystem, we compiled 25 food webs for chosen
subregions delimited by polygons (Supplementary material
Appendix 1 Fig. 1¢). The boundaries of the polygons are to a
large degree defined by the topography and enclose relatively
homogenous areas with respect to hydrography and bathym-
etry (Hansen et al. 2016), two features known to influence
species” distribution in the Barents Sea. The 25 subregional
food webs were constructed by selecting the trophospe-
cies present in each polygon based on information from a
large-scale ecosystem survey taking place in the late summer
period (August/September), covering the entire Barents Sea.
The corresponding feeding links were sub-sampled from the
Barents Sea food-web database (Planque et al. 2014). A dia-
grammatic description of how we subsampled the food webs
within subregions is shown in Fig. 2. The metaweb database
includes the most common taxa from the seafloor to the sur-
face across the entire Barents Sea, comprising 233 trophospe-
cies and 2218 feeding links. When assembling the 25 regional
food webs, we assumed that species co-occurring in a polygon
(i.e. subregion) and connected via trophic interactions in the
metaweb also interact within the polygon. Further details on
the Barents Sea ecosystem survey and the Barents Sea food
web are presented in the Supplementary material Appendix 2
Fig. 1 and 2).
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Figure 2. Diagrammatic description of the food-web subsampling
procedure. 1) We used a polygon-by-species matrix together with
the metaweb food web for the entire Barents Sea to subsample feed-
ing links used to generate food webs within polygons. 2) The food
webs within polygons were used to calculate the food-web metrics.
3) The metric values were colour coded and plotted for each poly-
gon/food web in space.

Strengths and limitations of the Barents Sea food-web
data set

Topological food-web descriptions are static representations
of species’ trophic interactions. In nature, however, food webs
are dynamical and food-web configurations vary in time and
space. The food webs in this study are representative for the
late summer (August/September) period in the Barents Sea,
when sea ice is at its minimum, most marine organisms are
intensively foraging and the distribution of boreal foraging
migrants is widest (e.g. cod Gadus morhua). Highly mobile
migrating taxa (e.g. large fish, sea birds and marine mam-
mals) change their distribution throughout the year; hence,
food-web structure will vary seasonally, a factor that cannot
be accounted for in our approach. Species connected in the
metaweb are assumed to be connected also in the sub-webs
(i.e. polygon food webs) if both species co-occur, assuming
interactions that may not be realized. We acknowledge the
limitations of our assumptions, and recognise that our results



do not fully represent realized food-web structures in space
and time, but give a reliable representation of the poten-
tial food-web structures in space for the summer/autumn
conditions for the period 2004-2007 in the Barents Sea. A
strength of our study is that, unlike most comparative food-
web studies, food webs for the different regions were com-
piled with identical methodology and from a common data
source. This implies that dissimilarities observed between the
25 food webs should be attributed to differences in species
composition and link configuration of the food webs among
regions, and not to differences in the classification and aggre-
gation of trophospecies. Further details on the construction

of the Barents Sea metaweb are presented in Planque et al.
(2014).

Food-web metrics

To characterize the topological structure of regional food webs,
we selected 18 food-web properties commonly addressed
by topological food-web analyses: 1) number of species, 2)
number of links, 3) link density, 4) directed connectance, 5)
modularity, 6) clustering, 7) level of omnivory, 8) proportion
of omnivores, 9) proportion of cannibals, 10) predator per
prey, 11) prey per predator, 12) mean short-weighted (sw)
trophic level, 13) mean shortest path length, 14) proportion
of basal species, 15) proportion of intermediate species, 16)
proportion of top species, 17) vulnerability SD, i.e. standard
deviation of the out-degree distribution, and 18) general-
ity SD, i.e. standard deviation of the in-degree distribution.
Apart from the fundamental metrics of food web complexity
such as number of species and connectance, our discussion
focuses on a subset of metrics such as the level of omnivory
and trophic level that are important features of aquatic food
webs (Dunne et al. 2004, Thompson et al. 2007), and there-
fore particularly relevant to detect structural variation along
environmental gradients in marine systems. We also included
degree of modularity to characterize how densely sub-groups
of species interact with one another compared to species from
other sub-groups (Newman and Girvan 2004). Definitions
and some known dynamical implications of the chosen
metrics are presented in more detail in Table 1.

Environmental data

To relate food-web structure to marine environmental con-
ditions, we retrieved the following environmental data for
each polygon (Fig. 1b—f): mean temperature from surface to
bottom, mean number of days with sea ice cover, and mean
bottom depth. To assess the associations between food-web
structure and environmental variables, we chose environmen-
tal variables with known effects on species composition in the
Barents Sea (Johannesen et al. 2012, Fossheim et al. 2015,
Jorgensen et al. 2015, Degen et al. 2016). Heterogeneity in
the physical habitat was estimated using the standard devia-
tion of bottom depth and temperature within each poly-
gon. Bottom depth was registered by depth sensors for each
bottom-trawl station. Following an approach by Lind et al.

(2016), ocean temperature and salinity observations from
conductivity-temperature-depth profiles, sampled during the
joint Norwegian—Russian ecosystem surveys in August and
September during 2004-2007, were interpolated on horizon-
tal grids with a high vertical resolution, see Supplementary
material Appendix 1 for details. Mean temperature and
salinity, and corresponding standard deviations, were esti-
mated for the whole water column in each polygon from the
gridded fields (Supplementary material Appendix 1 Fig. 1b
and 2). The sea-ice data were gridded SMMR and SSM/I
passive microwave data with 25 X 25 km resolution obtained
from the National Snow and Ice Data Centre (Maslanik and
Stroeve 1999, Meier et al. 2006). The total number of days
with more than 15% sea ice concentration in August 2004—
July 2007 was assigned to each trawl station and averaged
over each polygon.

Exploitation (i.e. fisheries) affects marine ecological sys-
tems directly (Gislason and Sinclair 2000) or in conjunction
with environmental variation (Planque et al. 2010), and is
thereby a potential confounding factor in the context of our
study. But fishing pressure could not be included as a covari-
ate in our analyses due to the unavailability of appropriate
geographical data on fishing effort at the scale of the Barents
Sea shelf. The analyses presented here rely exclusively on
presence/absence data. Given that exploitation in the Barents
Sea does not drive species to extinction, it is assumed that
the effects of exploitation on the food-web structures identi-
fied with the present approach would be small relative to the
effects of the chosen environmental variables.

Null model of spatial food-web structure

To determine if the observed patterns in food-web struc-
ture are associated with environmental gradients, we com-
pared the empirical food-web metrics to those obtained from
null model simulations. The purpose of the null model is to
explore whether the spatial food-web patterns are informa-
tive or whether they could have emerged by chance. In the
null model, spatial variation in food-web structure results
from random distribution of species under few constraints.
The alternative hypothesis is that spatial variation in food-
web structure is environmentally driven, rather than resulting
from random species distribution. Simulated food webs were
constrained to preserve four properties of the empirical food
webs: 1) the frequency of occurrence of species at the scale of
the Barents Sea (i.e. if a species is present in e.g. five polygons,
it is also present in five polygons in the null-model simula-
tions), 2) the number of species in each polygon, 3) the con-
nectivity of species (i.e. no species should be disconnected
from the rest of the food web), 4) non-basal species must
have at least one prey item. In the empirical data set, there are
five polygons in which one species (either Aglantha digitale or
Arctozenus risso) is not linked to a prey item, and we therefore
allowed that one non-basal species could be present without
a prey in the randomised food webs.

Simulated food webs were constructed by randomising
the species-by-polygon matrix using the swap algorithm
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Table 1. List of metrics, their definition and potential associated structural and dynamical implications in an ecological context.

Metric Defintion Structural and dynamical implications References
Number of Number of taxa (nodes) in a food ~ Species diversity has implications for the persistence of May 1973, Tilman
species web. ecosystems, and may show decreased stability at the 1996
population level but increased stability at the community
level. Species diversity may reflect combined effects from
underlying ecological processes such as productivity and
stability.
Number of Number of trophic interactions in  Link richness has implications for the complexity of the food Dunne et al. 2002
links a food web. web, and the number of pathways along which energy can
flow.
Link density Number of trophic interactions The average number of links per species informs about how  Dunne et al. 2002
(links) per species. connected species are within the food web.
Connectance  Directed connectance describes ~ Connectance is a fundamental measure of network May 1973,
the proportion of directed links complexity. Connectance can be negatively or positively Dunne et al. 2002
realized out of the maximum associated with food-web robustness, depending on the
number of possible links. network structure (random vs non-random) or how the
strength of the interactions are distributed.
Modularity Modularity describes how densely Modularity is positively associated with robustness, because  May 1973, Stouffer
sub-groups of species interact perturbations can be retained within modules, preventing and Bascompte
with one another compared to them to spread to the whole network. 2011
species from other sub-groups.
Clustering The clustering coefficient describes  Food webs with higher clustering contain taxa that are more  Montoya and Solé
the probability that two taxa that highly interlinked. Similarly to connectance, clustering 2002
are linked to the same taxon are may influence the stability of the food web.
also linked together.
Level of Level of omnivory of each species  Omnivory can negatively or positively influence the stability of McCann and
omnivory is the standard deviation of the communities, depending on the interaction strength. Hastings 1997,

short-weighted trophic level of
its resources.

Proportion of  Proportion of taxa that feed on

omnivores resources on more than one
trophic level.
Proportion of  Proportion of taxa that feed on
cannibals themselves.

Predators per ~ The mean number of predators per

prey prey.

Prey per The mean number of prey per
predator predator.

Short-weighted Mean of all short-weighted paths
(sw) trophic from base to each species.
level

Mean shortest food chain
connecting each pair of species
in a food web.

Proportion of taxa with no prey.

Mean shortest
path length

Proportion of
basal species

Proportion of
intermediate
species

Proportion of taxa that are both
prey and predators to other
species.

Proportion of ~ Proportion of taxa with no

top species predators.
Vulnerability ~ Normalized standard deviation of
SD vulnerability (i.e. number of

consumers per taxon) in the food
web.

Normalized standard deviation
of generality (i.e. number of
resources per taxon) in the food
web.

Generality SD

Intermediate levels of omnivory may stabilize communities,
and may diffuse top-down influences through the food webs
and thereby reduce the probability of trophic cascades.

A higher the proportion of omnivores increases the probability
for omnivory. As food chains lengthen and trophic levels
increase, omnivory becomes increasingly prevalent.

Moderate levels of cannibalism e.g. in fish, can reduce
inter-cohort competition, enabling coexistence of many
cohorts, but it can also be destabilizing and lead to
alternative stable states.

The more predators a prey species has, the higher the
out-degree, the more vulnerable it becomes to predation.

The more prey a predator sepcies has, the higher the
in-degree, the more generalist it becomes.

The number of trophic levels is a central feature of the
vertical structure of food webs and is related to the length
of food chains. The height of trophic levels reflects
ecological processes that sustain top predators.

The stability of food chains depends on their length. Short
chains are shown to be more stable than long chains. Food
chains may lengthen in more productive ecosystems.

The proportion of basal species is often under-represented in
marine food webs. The few basal species impart a funnel
shape at the base of the food web.

The proportion of intermediate species influence the
connectivity of a food web between lower and upper trophic
levels. The proportion of intermediate species is positively
associated with connectance and level of omnivory.

Top predators may induce indirect, top down effects such as
trophic cascades through lower trophic levels.

Higher VulSD reflects the variability in the out-degree
distribution.

Higher GenSD reflects the variability in the in-degree
distribution.

Bascompte et al.
2005, Wootton
2017

Thompson et al. 2007

Claessen et al. 2000

Dunne 2009
Dunne 2009

Thompson et al. 2007

Kaunzinger and Morin
1998, Borrelli and
Ginzburg 2014

Kortsch et al. 2015

Dunne et al. 2004,
Romanuk et al.
2005

Frank et al. 2005

Dunne 2009

Dunne 2009
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proposed by Strona et al. (2014). A graphical description of
the null-model computation procedure is presented in the
Supplementary material Appendix 3 Fig. 1. In the swap algo-
rithm, the number of species in each polygon is preserved,
as well as the number of polygons in which a given species
occurs. We used the new, randomized list of species for each
polygon to generate ‘null’ food webs by subsampling the
trophic interactions of the randomized species lists from the
metaweb. We retained simulated food webs that satisfied all
the four constraints specified above. The procedure was re-
iterated until 9999 randomized food webs were obtained for
each polygon, and these were then used to compute the null
distribution for each metric. Empirical values of food web
metrics were considered to deviate strongly from the ran-
domized food webs if these were outside the 0.05 to 0.95
quantile range of the null distribution. For each polygon, the
probabilities of the empirical values under the null model are
reported in italics on the maps in Fig. 3. A table with the null
model outputs is presented in the Supplementary material
Appendix 3 Table 1.

Data analyses

To group the polygons into main regions with similar food-
web characteristics, we applied hierarchical clustering based
on Euclidian distances and ward linkage on the food-web
metrics (Ward 1963). Ward clustering emphasizes sharp dif-
ferences between, and strong homogeneity within, clusters.
In our map, we highlighted clustering based on a specific cut
level of the dendrogram chosen based on the configuration
of distances between food webs (Supplementary material
Appendix 4 Fig. 1 and 2). To examine the most important
correlations among the food-web metrics and the chosen
environmental variables across polygons, we applied a redun-
dancy analysis (RDA, Legendre and Legendre 1998). The
environmental variables included in the RDA were mean
bottom depth and water column temperature, and standard
deviation of bottom depth and water column temperature
(Fig. 1b, ¢, ¢, f). Due to collinearity between temperature and
sea-ice coverage, the food-web data was not constrained by
the latter (Fig. 1d), and sea-ice coverage was displayed only
as a passive variable. The significance of the RDA result was
tested by permutation.

To assess the relationship between species turnover and
interaction turnover along environmental gradients, we cal-
culated the beta dissimilarity (B) for species composition
and network structure between pairs of food webs for all
pairwise combinations of the 25 Barents Sea food webs. To
compute the beta dissimilarities, we used the beta diversity
(B,) measure by Whittaker (1960).

Beta dissimilarity (B,) was computed as

a+b+c

B’”=(2¢z+!7+c)/2_

where 4 is the number of items (e.g. number of species or
number of interactions) shared between network A and B,
b is the number of items unique to network A and ¢ is the

number of items unique to network B. The interaction turn-
over was further related to spatial and environmental distance
between polygons. The geographic distance (km) was calcu-
lated as the distance between the midpoints of the polygons,
and the difference in environmental characteristics between
polygons was derived from a principal component analysis
(PCA) of the environmental variables.

All computations and statistical analyses were performed
in R, ver. 3.2.1 (R Core Team). Modularity was calculated
with the spinglass algorithm using the igraph package
(Csardi and Nepusz 2006). The multivariate analyses were
performed with the statistical packages vegan and Pvclust
(Suzuki and Shimodaira 2006, Oksanen et al. 2007). Beta
dissimilarity was computed using the betalink package
(Poisot et al. 2015).

Data deposition

The food-web dataset files used in this study can be down-
loaded from the Dryad Digital Repository: <https://doi.
org/10.5061/dryad.k04q2kd> (Kortsch et al. 2018). The
R codes used in this study can be made available to readers
upon request.

Results

Spatial patterns in food-web metrics across the Barents
Sea

Network analyses revealed considerable variability in food-
web metrics across the Barents Sea, with distinct large-scale
biogeographic patterns (Fig. 3). Based on hierarchical clus-
tering, the Barents Sea was divided into four main regions
(Fig. 4a): the southwest-central (boreal; 10 subregions), the
Svalbard Archipelago (4 subregions), the northeast (Arctic;
3 subregions), and the southeast-shallow water (8 subre-
gions), the latter also included three polygons (24, 47 and
48) to the north. Among the four clusters, the northeast
Arctic food webs displayed the most distinct characteristics
in network topology compared to the remaining food webs
(Supplementary material Appendix 4 Fig. 2). The Arctic food
webs in the northeast Barents Sea stood out with significantly
higher modularity, predators per prey, proportion of top spe-
cies and standard deviation of vulnerability than expected
from the null model (Fig. 3e, j, o, p). In contrast, the num-
ber of links, connectance, proportion of omnivores, propor-
tion of cannibals, mean sw trophic level, and proportion of
intermediate species were significantly lower in the northeast
than expected from the null model (Fig. 3b, d, h, i, |, n).
The boreal food webs of the southwest and central Barents
Sea, influenced by warmer Atlantic water, were positively
associated with link density, connectance, clustering, propor-
tion of cannibals, level of omnivory, and mean sw trophic
level (Fig. 3¢, d, f, g, i, 1), whereas modularity and vulner-
ability SD were low (Fig. 3e and p). The most complex food
webs, in terms of species and link density, were found in the
Svalbard archipelago (Fig. 3a, b, c). These food webs were also
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characterized by a high proportion of omnivores, many prey  associated with connectance, prey per predator, proportion
per predator, higher trophic levels, higher proportion of inter-  of intermediate species, and generality SD (Fig. 3d, k, n, q).
mediate species, and longer mean shortest paths (Fig. 3h, k,1, A summary table of the null model results are presented in
n, r). The southeast-shallow water food webs were positively  the Supplementary material Appendix 3 Table 1.
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Figure 3. Spatial variation in selected food-web metrics: (a) number of species; (b) number of links; (c) link density; (d) connectance; (e)
modularity; (f) clustering; (g) level of omnivory; (h) proportion of omnivores; (i) proportion of cannibals; (j) predators per prey; (k) preys
per predator; (I) short-weighted trophic level; (m) proportion of basal species; (n) proportion of intermediate species; (0) proportion of top
species; (p) vulnerability SD; (q) generality SD; (r) mean shortest path length. The gradient bar to the right of each panel provides a legend
for the empirical food-web estimates. The null model probabilities are printed with italic numbers on top of each polygon. Null model
probabilities < 0.05 or > 0.95 indicate that the empirical food-web values deviate strongly from the null model expectation.
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Association between food-web metrics, environmental
drivers and habitat heterogeneity

The first and second axes of the RDA accounted for 26 and
10%, respectively, of the constrained variation in the food-
web data (Fig. 4b), and indicated that warmer and ice-free
waters were positively associated with connectance, cluster-
ing, proportion of cannibals and level of omnivory (boreal
food webs displayed high values for these metrics, see light

(a) :

78 4

Latitude

70

Longitude

Longitude

Longitude

orange points in Fig. 4b). Sea ice cover and low tempera-
tures were positively associated with higher modularity and
vulnerability SD (Arctic food webs displayed high values
for these metrics, see blue points in Fig. 4b). Environmental
heterogeneity, i.e. standard deviation of bottom depth and
water column temperature, was highest in the region sur-
rounding the Svalbard archipelago (polygons 21, 22, 26
and 49) in the northwest. This coastal region has a highly
varying hydrography due to mixing of warm saline Adantic,
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Figure 4. (a) The four main food-web regions of the Barents Sea are: the southwest and central (light-orange), the Svalbard Archipelago
(green), the northeast Arctic (blue) and the southeast-shallow water (organge). (b) Tri-plot of redundancy analysis (RDA) results showing the
relationship between sampled food webs (circles with polygon numbers are colored according to cluster affiliation), food-web metrics (grey
triangles), and environmental variables (black arrows), mean temperature (mean.temp), standard deviation of temperature (SD.temp), mean
depth (mean.depth) and standard deviation of depth (SD.depth). The mean days of ice cover was included as a passive variable in the RDA.
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cold Arctic and costal water masses and a complex bathym-
etry due to fjords, shelves and steep shelf slopes (Fig. 1f).
Habitat heterogeneity was positively associated with numbers
of species, link density, prey per predator, sw trophic level and
mean shortest path length (see light green points in Fig. 5b).
A summary table of the RDA results and permutation test

outcomes are presented in the Supplementary material
Appendix 5 Table 1 and 2.

Relationship between species and interaction turnover

Turnover in trophic interaction increased with turnover in
species composition (Fig. 5). The relationship had a steeper
slope than 1, and for a given compositional dissimilarity, the
interaction dissimilarity between food webs varied consider-
ably. In addition, dissimilarity in species trophic interactions
among Barents Sea food webs increased with geographical dis-
tance (Fig. 5 and Supplementary material Appendix 6), being
highest for distances separating distinct climatic regions. The
higher interaction turnover values for a given species turn-
over were consistently higher than those associated with the
null-model food webs (Supplementary material Appendix 6
Fig. 1). Further, linear regression analyses (Supplementary
material Appendix 6 Fig. 2a) showed that interaction turn-
over increased with geographic distance (R?=0.28) and with
environmental distance (Supplementary material Appendix 6
Fig. 3a, b) measured along the main environmental gradient
PC1 (R2=0.21).

Discussion

Biogeography of high-latitude marine food webs

In the Barents Sea, food-web metrics display systematic
spatial variation along environmental gradients, separating
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Figure 5. Relationship between interaction turnover and turnover in
species composition for all possible pair-wise comparisons (300)
among the 25 food-webs. The yellow to red colours of the circles
indicate the geographic distance in kilometers between pairs of
food webs, see color bar in legend. The dashed grey line indicates
the 1:1 relationship.
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distinct biogeographic regions. The division of the Barents
Sea into four main regions sharing similar food-web charac-
teristics mirrors previous biogeographic subdivisions of the
Barents Sea, in particular along the southwest-to-northeast
axis ranging from warmer Adantic to colder Arctic waters
(Fossheim et al. 2015, Jorgensen et al. 2015). The relation-
ship between food-web configurations and environmental
gradients suggests that broad-scale variation in species’ spa-
tial distributions, shaped by environmental filtering and by
species’ ecological niches (e.g. diet breadth), manifest them-
selves as distinct biogeographic patterns in food-web struc-
ture. In line with previous comparative multivariate studies
of food webs, we find that link density and connectance are
more important metrics than species richness in accounting
for the structural variation among food webs (Vermaat et al.
2009, Baiser et al. 2012). Number of species is thereby not
the primary driver of the geographic variation in food-web
complexity in the Barents Sea, although it scales with num-
ber of links and connectance as observed in previous studies
(Riede et al. 2010). Rather, structural differences in food-
web topology, such as modularity, connectance and level of
omnivory, across the Barents Sea are driven by the composi-
tion of species, and by their biological characteristics (e.g.
size and motility) and network role (e.g. ecological niche
breadth), leading to trophic link configurations that are
region-specific.

However, for a given compositional dissimilarity (i.e. spe-
cies turnover), nearby food webs have more similar interac-
tion structure than geographically distant food webs, in line
with previous studies (Poisot et al. 2015, Trojelsgaard et al.
2015), and interaction dissimilarity is highest for geographic
distances separating distinct climatic regions. The higher
interaction turnover compared to species turnover along
environmental gradients (i.e. the steeper than 1 slope) indi-
cates a consistent modification of food-web structure along
those gradients. Such a consistent variation in interaction
turnover with distance along environmental gradients could
indicate that interacting species co-vary along those gradients,
implying that interacting species have similar responses to
the environment, and/or that species interactions influence
species distributions.

Food-web structure along environmental gradients

Species traits such as body size, motility and the degree of
diet specialization are known to be good predictors of food-
web structure (Polis et al. 1989, Eklof et al. 2013). Body size,
metabolism, and motility are all influenced by ocean temper-
atures and linked to resource demands (Gillooly et al. 2001,
Tylianakis and Morris 2017). In the Arctic, growth is con-
strained by a limited energy supply due to cold seawater, the
sea ice and the short productive season. Such environmental
conditions select for reduced energy expenditure and result
in small adult size in fish, which play an important role in
coupling different compartments of aquatic food webs. As a
consequence, fish in Arctic communities are generally smaller,
more stationary and more closely associated with the seafloor



than fish in boreal communities (Wiedmann et al. 2014,
Frainer et al. 2017, Marsh et al. 2017, Mecklenburg et al.
2018), which are more pelagic and motile (Fossheim et al.
2015). Considering that marine food webs are highly size-
structured (Romanuk et al. 2011), these major differences in
fish body size and motility between the boreal and the Arctic
regions are expected to result in different link configurations,
as we observe in the Barents Sea.

The main gradient of food-web variation in the Barents Sea
spans along the southwest-to-northeast axis (i.e. the Atlantic
to Arctic axis), and is associated with gradients in seawater
temperature and sea ice. Arctic food webs in the northeast,
which are associated with cold Arctic water masses and a sea-
sonal ice cover, display the most distinct structure relative
to the other regions. Despite the number of trophospecies
being similar to that of other regions, these food webs contain
relatively fewer links, resulting in fewer links per species, low
connectance, and high modularity. This illustrates that rela-
tively high diversity does not necessarily imply high trophic
complexity. The lower trophic complexity in the Arctic can
be ascribed to a relatively low proportion of intermediate hub
species (i.e. species with many trophic links), which leads to
a lower connectivity between higher and lower trophic levels
(Dunne et al. 2004, Romanuk et al. 2005). This has been
shown to increase the modularity of the Arctic Barents Sea
food web (Kortsch et al. 2015). These food-web properties
may reflect a wasp-waist shape of the Arctic food webs where
only a few intermediate species, such as polar cod Boreogadus
saida have a central role in controlling the dynamics of the
trophic network (Hop and Gjeseter 2013).

Wasp-waist food webs are primarily ascribed to highly
productive upwelling systems (Cury et al. 2000), however,
the Arctic Barents Sea food web is associated with relatively
low annual productivity. The wasp-waist system of the Arctic
may be a result of several processes. First, the ice-associated
short but highly pulsed seasonal production in the spring
leads to a rich detritivore-driven benthic environment in
terms of diversity and biomass (Degen et al. 2016). Secondly,
the coupled ice-land associated habitat hosts many top preda-
tors (i.e. sea birds, seals, walruses and polar bears) of which
many are seasonal migrants, feeding on the lipid-rich pelagic
production and the rich benthic biomass. On the other hand,
the short productive season of the Arctic is not capable of
sustaining a high pelagic production of fish at intermediate
trophic levels, except for a few species such as polar cod. The
high proportion of top predators but relatively few interme-
diate species with many in-going and out-going interactions
give rise to the wasp-waist structure.

A main difference in food-web structure between the
boreal (i.e. Atlantic) and Arctic regions has recently been
explained by the greater occurrence of highly connected gen-
eralist fish in the boreal region, e.g. Atantic cod and haddock
Melanogrammus aeglefinus, and by the absence of these large,
motile generalists in the Arctic region, except for Greenland
halibut Reinhardtius hippoglossoides (Kortsch et al. 2015).
These super-generalists are characterized by many trophic

interactions, connecting species across habitats and trophic
levels, which increases connectance but reduces modularity.
The presence of species with a broad niche (high in-degree)
also explains the high omnivory of the boreal region, cor-
roborating predictions from a size-structured model show-
ing that omnivory evolves in response to niche width and
competition (Loeuille and Loreau 2005). Compared to fish
species in boreal communities, typical Arctic fish have a more
specialized benthic diet (e.g. Lycodes spp. and Icelus spp.),
an observation supported by several Arctic studies from the
northeastern Barents Sea and the Kara Sea (Dolgov 2014,
Dolgov et al. 2014), and by a recent study from the high-
Arctic Chukchi Sea (Marsh et al. 2017). The lacter study
shows that Arctic fish communities occupy a smaller isoto-
pic niche space and specialize more on benthic prey, whereas
warm-water fish have a broader isotopic niche and feed more
in the pelagic compartment (Marsh et al. 2017), also in line
with recent findings from the Barents Sea (Frainer etal. 2017).
The Arctic region also shows lower omnivory and lower mean
short-weighted trophic level, despite a high proportion of top
predators, most likely due to fewer species with many trophic
interactions at intermediate trophic levels.

Habitat heterogeneity promotes food-web complexity

Food-web complexity, in terms of number of species, number
of links and link density, was positively associated with habitat
heterogeneity, defined as within polygon variability in depth
and water temperature, around the Svalbard archipelago. This
finding supports a previous empirical study on aquatic food
webs and the habitat heterogeneity hypothesis (MacArthur
and MacArthur 1961, Thompson and Townsend 2005), stat-
ing that structurally complex, heterogeneous habitats provide
a greater diversity of niches and availability of environmen-
tal resources promoting diversity (Tews et al. 2004). Indeed,
a recent study on fish diversity patterns showed that the
Svalbard region contained the highest diversity and turnover
rates of fish in the Barents Sea (Certain and Planque 2015).
The relatively high species diversity around Svalbard may be
linked to the complex hydrography (i.e. mixing of Atlantic,
Arctic and coastal water mases) and strong spatial variabil-
ity in bathymetry, expanding the species pool, resources and
niche diversity in terms of habitat and diet. Additionally, the
inflow of nutrient-rich water and the relatively high pelagic
productivity in this region (Degen et al. 2016) are conditions
that may sustain high food-web complexity (i.e. high link
density, high connectance, high mean path length).

Implications for the effects of climate change on Arctic
marine food-webs

Given the observed variation in food-web structure along
climatic gradients, a reorganisation of food-web configu-
rations may be expected as a consequence of warming
(Hattab et al. 2016, Pecl et al. 2017). However, it is notori-
ously hard to foresee how ecosystem structure, dynamics and
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functioning will change in response to warming (Planque
2016). Nonetheless, information on changes that have
occurred in recent decades due to warming and analyses
that substitute space-for-time can provide some indication
of how food webs may look like in a warmer Barents Sea.
The northern part of the Barents Sea is among the regions in
the Arctic undergoing some of the most extensive and rapid
environmental changes driven by global warming with large
reductions in the sea ice cover accompanied by substantial
warming of the entire water column (Lind and Ingvaldsen
2012, Carmack et al. 2015, Lind et al. 2016). This has led to a
rapid retraction of the marginal ice zone and a prolonged open-
water season (Dalpadado et al. 2014, Carmack et al. 2015).
The documented responses to this warming are increased
pelagic primary and secondary production and a poleward
movement of pelagic and generalist fish (Orlova et al. 2013,
Dalpadado et al. 2014, Fossheim et al. 2015, Eriksen et al.
2016). Owing to the distributional shift of species, the struc-
ture of the Arctic food-webs is becoming more connected and
less modular, in particular at intermediate trophic levels, with
consequences for tropho-dynamics and ecosystem function-
ing (Kortsch et al. 2015, Frainer et al. 2017), possibly lead-
ing to a more extensive and rapid spread of energy, matter
and pertubations. Given the observed changes in the Barents
Sea, we hypothesise that food-web configurations such as
omnivory, trophic loops, and longer food chains may become
more prevalent in Arctic Barents Sea food webs as a result
of a more trophically complex and species-rich pelagic food-
web compartment, potentially leading to dynamically more
unstable food-web configurations. However, the higher levels
of omnivory could also stabilize Arctic food webs by diffusing
top-down effects (Bascompte et al. 2005).

Concluding remarks

The structure of Barents Sea food webs varies systemati-
cally in space along environmental gradients known to fil-
ter species characteristics such as body size which, in turn,
influence the structure of feeding relationships. Climatic
constraints on fish body size (the Arctic fish being smaller
than boreal fish) and their ecological niche space (Arctic fish
being more specialized than boreal fish) result in region-
ally distinct food-web structures. Although the general-
ity, or context-dependency, of our findings remains to be
examined further, our study indicates that environmental
filtering and habitat characteristics, constraining species’
ecological niche space, affect not only species composition,
but also the structure of trophic interactions, resulting in
large-scale variation in food-web structure along environ-
mental gradients.
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