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Since the first observation of snow crab (Chionoecetes opilio) in the Barents Sea in 1996, the population has increased significantly, supporting a
commercial fishery on the Norwegian shelf since 2012. To investigate whether the availability of benthic prey organisms may support a continued
geographical snow crab expansion, benthic invertebrate production was studied across the central parts of the Barents Sea and around Svalbard,
where snow crabs are currently absent or at low densities. Annual productivity (P/B ratio) from 66 stations collected by grab and beam trawl
was estimated using a multiparameter artificial neural network model. Mean infaunal productivity and production were 0.43 yr−1 and 38.4 g
ww m−2 yr−1, respectively, while the epifaunal production was considerably lower with 2.5 g ww m−2 yr−1. The proportions of epi- and infaunal
production suitable as prey for snow crab were 98 and 96%, respectively. Areas close to the Polar Front represent the most attractive snow crab
foraging region, having the highest benthic secondary production, high estimated primary production, and bottom water temperatures within
the snow crab’s preferences. At snow crab densities of 12800 ind. km−2, high enough to support commercial fishing, their mean consumption
rate was estimated to be around 1.5 g ww m−2 yr−1, which amounts to 4% of mean infaunal prey production. Food availability is, therefore, not
expected to be a hindrance to further population expansion of the snow crab in the Barents Sea.
Keywords: beam trawl, benthic productivity, biomass, grab, high latitude systems, newly established species, P/B-ratio, polar front.

Introduction

The snow crab Chionoecetes opilio (Fabricius, 1788) popula-
tion is widely distributed on high-latitude continental shelves,
and several valuable fisheries are established in the USA,
Japan, and Canada. In 1996, the snow crab was observed for
the first time in the south-eastern Barents Sea (Kuzmin et al.,
1999) and has later increased its geographical range and estab-
lished a self-reproducing population in large parts of the Bar-
ents Sea (Alvsvåg et al., 2009; Agnalt et al., 2010; Danielsen
et al., 2019) and Kara Sea (Zimina, 2014). A new study based
on genetic analysis shows that the snow crab presence in the
Barents Sea is a result of a recent natural expansion from wa-
ters around Alaska (Dahle et al., 2022).The snow crab’s native
habitat includes the northern Pacific and the cold waters of the
Sea of Japan east of the Korean Peninsula, the Sea of Okhotsk,
the Chukchi Sea, and adjacent waters, eastern Siberian waters,
the Laptev and Beaufort seas as well as the north-western At-
lantic Ocean, including waters off western Greenland (Slizkin,
1982; Williams, 1984). In the Barents Sea, a small snow crab
fishery started in 2012 and it has since increased in economic
importance concurrent to the crabs’ expanding geographical
distribution (Hvingel et al., 2021).

As a newly established large benthic decapod in the Barents
Sea, snow crab predation pressure may impact existing ecolog-
ical interactions through changes in the composition of ben-
thic invertebrate communities (Quijón and Snelgrove, 2005;
Lutz-Collins et al., 2016; Oug et al., 2018), potentially affect-

ing trophic interactions (Gebruk et al., 2020), food web struc-
ture, and energy flow (Pedersen et al., 2018). The snow crab is
known to have a broad dietary range, feeding on both in- and
epifaunal species including, among others, amphipods, ophi-
uroids, polychaetes, shrimp, small bivalves, and gastropods
(see e.g. Pavlov, 2007; Chuchukalo et al., 2011; Divine et al.,
2017; Zakharov et al., 2020). The snow crab usually feeds on
the most abundant prey species, although selective feeding on
less abundant prey species has been reported (Wieczorek and
Hooper, 1995; Lovrich and Sainte-Marie, 1997). There is, for
example, evidence that larger prey items, such as hard-shelled
molluscs, are available to large males due to their relatively
large chela size (Kolts et al., 2013). However, a study from
the Pacific Arctic revealed no major size-dependent diet segre-
gation (Divine et al., 2017). The snow crab thrives in various
benthic habitats that may vary with sex and life stage. In New-
foundland waters, immature snow crabs have been found to
reside in relatively shallow rocky areas, and when growing,
they tend to move to deeper muddy habitats (Comeau et al.,
1998). Studies from the eastern part of the Barents Sea in-
dicate that this movement to deeper areas is dominated by
males, while females and juveniles typically occupy shallow
areas (Zakharov et al., 2020).

The future geographical expansion of the snow crab popu-
lation in the Barents Sea will largely depend on, among other
factors, temperature and prey availability (Kolts et al., 2013;
Divine et al., 2017). To date, only two published studies have
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attempted to quantify food resources and estimate consump-
tion by this new predator in the Barents Sea (see Jørgensen et
al., 2019; Zakharov et al., 2020). Both studies were based on
benthic abundance and biomass estimation solely, which are
static measurements providing little information about com-
munity response over time. Secondary production of a popula-
tion integrates density, biomass, and dynamic population mea-
sures such as growth, recruitment, and mortality (e.g. Dolbeth
et al., 2012) into an overall functional measure of energy flow
through the system. Studies on benthic secondary production
from the Barents Sea are scarce (see Kedra et al., 2013) but are
needed to obtain reliable estimates of energy flow that may
elucidate any snow crab prey limitations, provide valuable in-
put to food web models addressing trophic interactions, and
contribute to an increased knowledge base for future snow
crab management.

Using grab- and beam trawl collected fauna from central
and western parts of the Barents Sea, the present study at-
tempts to (1) increase the current knowledge of benthic in-
vertebrate production and its drivers in the Barents Sea; (2)
estimate the annual secondary production of prey available
for snow crab; (3) estimate snow crab consumption; and (4)
identify areas that may be suitable for further snow crab range
expansion in the Barents Sea.

Material and methods

Study area

The up to 500 m deep Barents Sea has an average depth of
230 m (Loeng, 1991) and is bounded by Norway and Russia
to the south, Novaya Zemlya to the east, and by continen-
tal slopes to the west and north. The southern water masses
are influenced by Atlantic water, with temperatures typically
>3◦C and salinities >35, while subzero temperatures occur in
the areas north of 76◦N. West of the Central Bank, Atlantic,
and Arctic water masses meet and form the relatively stable
and strongly topographically controlled Polar Front (Fer and
Drinkwater, 2014; Oziel et al., 2016) (Figure 1). In general,
the seafloor substrate in the Barents Sea consists of mud and
sandy mud with admixed gravel in the relatively shallow bank
areas, while sand and gravel dominate in the shallowest parts
of the Spitsbergen Bank (Lepland et al., 2014).

The Barents Sea is highly productive, with a modelled an-
nual primary production of 106–134 g C m−2 yr−1 in the
Atlantic-influenced areas and 54–67 g C m−2 yr−1 in the sea-
sonally ice-covered regions (Reigstad et al., 2011). The mid
and northern parts of the Barents Sea are largely ice-covered
during the Arctic winter (Loeng and Drinkwater, 2007).

Field sampling

A total of 66 stations were sampled in the period 2013–2017,
all years between March and November, and at depths be-
tween 85 and 458 m during the Norwegian Mareano seafloor
mapping programme’s field campaigns (Table 1; see www.ma
reano.no). Each station was visited once. The sampled areas
(Figure 1) were preselected by the Norwegian Government
to increase seafloor-related ecological and geological knowl-
edge relative to the future management of the Barents Sea
(Anon., 2011). Sampling followed a stratified design using
unsupervised classification maps (Isocluster) based on multi-
beam bathymetry and backscatter data (substrate type, depth,
terrain variables), modelled seafloor temperature and veloc-

ity (Buhl-Mortensen et al., 2015; Bøe et al., 2020). The sta-
tions were generally located to cover the entire environmen-
tal range in the study area without taking distances between
adjacent stations into account. Detailed station data is avail-
able at the Norwegian Marine Data Center (https://nmdc.no/)
and through the European Marine Observation and Data Net-
work (https://emodnet.eu).

At each grab station, a total bottom area of 0.5 m2 was
sampled using van Veen grabs with a sampling area of 0.1 m2

(62 stations; five replicate samples) or 0.25 m2 (four stations;
two replicates). The lowering speed was reduced to 0.2 m s−1

when approaching the sea floor. Fauna collected using these
grab sizes is suggested to be quantitatively comparable (Holte
and Buhl-Mortensen, 2020). The samples were sieved using
1 mm mesh sieves. Each replicate was treated separately dur-
ing fauna identification and quantification, whilst pooled per
station in the data analysis and the presentation of results.

Epifauna was sampled using a 2 m wide beam trawl
equipped with a bottom chain, a belly net mesh of 20 mm,
and a 4 mm mesh size for the cod end (Rees, 2009). The
beam trawl hauls were standardized to a 5 min tow time at
a speed of 1.5 knots. The sampling area was calculated us-
ing the swept area method (distance travelled on the seafloor
× 2 m). The beam trawl samples were sieved through 5 mm
mesh sieves. All samples (grab and beam trawl) were fixed in
borax-buffered 4–6% formaldehyde solutions. Sampling pe-
riods for the three sub-areas studied and their position ranges
are shown in Table 1.

After the field surveys, the organisms were sorted and trans-
ferred to 70% ethanol and identified to the lowest possible
taxon (Supplementary Table S1) by largely the same taxo-
nomic experts throughout the sampling period. All taxa names
were standardized according to the World Register of Ma-
rine Species (WoRMS; last accessed February 2022). For each
taxon identified, wet weight (ww) was measured with an ac-
curacy of 0.0001 g. The Polychaeta tube weight was sub-
tracted from the total weight after estimating the average in-
dividual tube weight by temporary species-specific subsam-
pling (undertaken by the taxonomic experts). Unidentified
animal fragments, pelagic taxa (e.g. jellyfish and copepods),
fish, and meiofauna (e.g. Nematoda) were excluded from the
dataset.

The sampled areas are largely within the present distribu-
tion area for snow crab in the Barents Sea (Figure 1).

Environmental variables

At each station, one extra grab sample was taken for col-
lecting sediments for analyses of total organic carbon (TOC)
and grain size (clay + silt/ <0.06 mm) from the uppermost
5 cm of the sediment column, using two 6 cm diameter cor-
ers. TOC content was determined by baking samples in an
induction oven at 1300◦C (European Standard, 2012). Grain
size was measured using mechanical (>0.06 mm) and wet-
sieving (<0.06 mm) techniques. The TOC and silt + clay pro-
portion varied between 0.5–3.6% and 37–98% of total sedi-
ment weight, respectively (Table 1).

Mean monthly bottom water temperatures, salinities, and
velocities for the period 2012–2017 were extracted from the
SVIM model on a 4 km grid resolution (Lien et al., 2014),
varying from ca. −1.5◦C in the north to ca. 2◦C in the
south at the sampled stations (Table 1). During the field sam-
pling (2013–2017), temperature and salinity were routinely

http://www.mareano.no
https://nmdc.no/
https://emodnet.eu
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Figure 1. Study area with the 66 sampling stations obtained in three sub-areas (named west, mid, and east; see Table 1) during the period 2013–2017.
The five stations with open symbols were sampled using grab solely (no beam trawl samples). The shown snow crab range is based on observations
obtained from various surveys conducted by the Institute of Marine Research (IMR) and the Polar branch of the Russian Federal Research Institute of
Marine Fisheries and Oceanography (VNIRO). The green polygon shows the area where annual snow crab surveys (IMR) are undertaken and where the
Norwegian crab fishery mainly takes place. The snow crab densities calculated in the present study are based on survey data from this area (2020/21).
Outside of this area, snow crab densities are low.

measured 10 m above the seafloor using a Seabird 911 CTD
sampler.

Data on primary production and sea ice cover were re-
trieved from the NORWECOM model (Skogen and Søiland,
1998; Samuelsen et al., 2015). Values represent the net pri-
mary production (in gram carbon m−2 yr−1) and the number
of days with >10% ice-cover averaged for the period 2013–
2017.

Benthic secondary production

Benthic invertebrate secondary production (P) was estimated
from annual Production-to-Biomass ratios (P/B) obtained
from the Artificial Neural Network model (ANN) by Brey
(2012). This empirical model uses individual biomass as
the major input variable. Environmental variables (sampling
depth and mean estimated annual bottom temperature), tax-
onomic identity, and habit (motility, feeding mode, habitat)
served as additional predictors in the model. Taxon-specific
conversion factors compiled in Brey (2001) were used to con-
vert biomass records (wet weight) into energy (J), where hard

shells were excluded from conversion. If a taxon was not listed
in the database, the conversion factor was obtained from the
next higher taxonomic level available. Colonial taxa were ex-
cluded from production calculations.

Macrobenthic production (kJ or g ww m−2 yr−1) for each
taxon at each sampling station was then estimated by multi-
plying P/B (yr−1) with biomass (B). Total P/B values per sta-
tion were calculated by summing total production over total
biomass based on energy converted values (J). Taxa estimated
from beam trawl samples comprised mainly epifaunal species
(compare Jennings et al., 1999; Reiss et al., 2006) and grab
samples were dominated by infauna. Because the used sam-
pling gears have different efficiencies and for consistency, we
present results separately for each gear and refer below to epi-
fauna (beam trawl sampled) and infauna (grab sampled).

Snow crab consumption

Snow crab prey taxa (Supplementary Table S1) were iden-
tified using available published studies from northwest At-
lantic Canada (Wieczorek and Hooper, 1995; Lovrich and
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Sainte-Marie, 1997; Squires and Dawe, 2003), the Chukchi
Sea, the Beaufort Sea (Divine et al., 2017), the Bering
Sea (Kolts et al., 2013), the Barents Sea (Pavlov, 2007;
Hansen, 2015; Zakharov et al., 2020), and the Sea of Japan
(Chuchukalo et al., 2011). Most stomach content studies do
not identify prey to the lowest taxonomic level due to food or-
ganisms being crushed and/or highly digested. In this study, all
organisms were included as either prey or non-prey based on
information available for their higher taxonomic rank. Excep-
tions were made for taxa which were consistently not classi-
fied as diet items in the available literature (see above) and
which also exhibit high motility and therefore may escape
snow crab predation. Large species with thick shelled armour
may not be available as prey to smaller crabs. However, we did
not distinguish between prey size classes as we assumed juve-
niles are equally exposed to predation by snow crab. Colonial
taxa were not considered to be a major diet item for snow
crabs (e.g. Squires and Dawe, 2003; Chuchukalo et al., 2011;
Zakharov et al., 2020).

To assess consumption by the snow crab, we estimated the
annual Q/B ratio for the snow crab population biomass. The
consumption to biomass ratio (Q/B) represents the number
of times a population eats its own weight during a chosen
period of time (usually one year) and is often used in food
web modelling (e.g. Ecopath) as a standardized population
estimate (see Pauly, 1986; Christensen et al., 2005). Based
on theory in mass-balance ecosystem modelling, the annual
consumption to biomass ratio (Q/B yr−1) of a population
can be calculated according to Q/B = P/B

P/Q (Christensen et
al., 2005) and an estimate for overall consumption (Q) can
then be obtained from Q = Q/B × B. We chose this ap-
proach because laboratory studies obtaining rations for snow
crabs are scarce (but see Foyle et al., 1989; Siikavuopio et
al., 2018) and do not reflect in vivo temperatures and/or
take different crab sizes into account. Holistic methods, such
as empirical relationships of Q/B to characteristics such as
body proportions in fish (e.g. Palomares and Pauly, 1998),
have not been established for crabs. We obtained an aver-
age production to consumption ratio (P/Q) of 0.24 for snow
crab from an experimental study by Paul and Fuji (1989),
who studied energy budgets of Tanner crabs (Chionoecetes
bairdi) (ranging from 10 to 82 mm CW). P/B yr−1 values
were calculated using the ANN by Brey (2012) (see above,
Supplementary Figure S2) with the exploitation parameter
set to 1.

An estimate of snow crab biomass density (B) in a high-
density area was obtained based on data from dedicated snow
crab research surveys conducted by the Institute of Marine
Research (IMR) in 2020 and 2021 (Figure 1, snow crab sur-
vey area). These surveys used multiple sampling gears within
the same area: video transect, to provide density estimates;
trawl and traps, to study size composition and length–weight
relationships. Snow crab density (D) was estimated based on
count data obtained from video transects. A benthic sledge
equipped with two cameras and lasers was towed at 1 knot
for 30 to 45 min to produce a total of 85 transects. The es-
timated number of crabs per km2 registered for video tran-
sects was skewed (skewness 2.05) and included more ze-
ros than can be fitted by standard distributions. The distri-
bution of the density of individuals (y) in a transect may
be approximated by a mixed probability function consist-
ing of a binary discrete distribution for zero/non-zero and
a continuous lognormal distribution, g(y), for the non-zero
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values

f (y) =
{

1 − π y = 0
π · g(y) y > 0

∫ ∞

>0
g(y)dt = 1,

where π is the probability of a positive count. The probability
of getting a positive count times the mean catch in the positive
hauls is the survey index of mean density for which an estimate
is sought; Bayesian methods were used for fitting the model
and to generate CI for the estimates (for further details on
this approach, see Hvingel et al. 2012). The density estimate
was then converted to biomass by applying (1) the average size
composition recorded from trawl hauls and trap caught crabs
and (2) the estimated length–weight relationship. Density es-
timates based on video transects are likely to underestimate
smaller snow crabs often burrowed in sediment (Dionne et
al., 2003), as well as crabs hidden beneath topographic struc-
tures. However, compared to alternative sampling gear like
trawls and traps, video surveys are considered to provide reli-
able estimates of crab densities in their habitat (Zalota et al.,
2019).

Data analysis

All calculations and statistical analyses were performed in
R version 3.6.0 (R Core Team, 2019). Mean abundance,
biomass, and production estimates are given with 95% CI
generated by bootstrap replicates and calculated using the ad-
justed non-parametric bootstrap intervals percentile method
using the R package boot (Davison and Hinkley, 1997; Canty
and Ripley, 2020). The relationship of macrobenthic pro-
duction to community composition was investigated by non-
metric MDS (nMDS) plots using Bray–Curtis dissimilarity for
genus abundances (square root transformed) in the R pack-
age vegan (Oksanen et al., 2019). Environmental parameters
were fitted using the envfit procedure. Environmental vari-
ables and correlations among variables were explored using
the non-parametric rank-based Kendall’s Tau coefficient, suit-
able for handling tied ranks. The computed p-value was scaled
to zero mean and unit variance and is approximately nor-
mally distributed. Data were suspected to exhibit spatial au-
tocorrelation, especially because temperature and depth were
used as input variables to the production model. The pres-
ence of strong spatial autocorrelation may affect conventional
hypothesis testing because it violates the assumption of inde-
pendence between samples (Legendre, 1993). Therefore, the
significance level was set to α = 0.01.

Results

Mean benthic biomass and production

A total of 718 and 787 taxa were registered in grab (below
referred to as infauna) and beam trawl (epifauna) samples,
respectively, of which ∼70% of the taxa were identified to
species level. The mean abundance was 1877 ind. m−2 and 20
ind. m−2, respectively, with a mean biomass of 105.4 g ww
m−2 and 9.1 g ww m−2 (Table 2). Colonial taxa contributed
2.9 g ww m−2 to the grab samples and 2.2 g ww m−2 to the
beam trawl samples (Figure 2).

The infaunal production ranged from 26 to 736 kJ m−2

yr−1 across stations, with a mean of 104 kJ m−2 yr−1 (Table
2; Figure 3). The epifaunal production was considerably
lower, with a mean of 6.8 kJ m−2 yr−1. In terms of wet weight,
the mean production corresponded to 38.4 and 2.5 g m−2

yr−1, respectively. Due to the generally smaller infaunal in-
dividuals with higher turnover rates, mean community pro-
ductivity (P/B) was higher for infauna (0.43 yr−1) than for
epifauna (0.29 yr−1) (Table 2; Figure 4).

While the production increased with abundance and
biomass for both epi- and infauna (τ ≥ 0.4), the infaunal
P/B ratios were negatively correlated to biomass (τ = −0.4),
meaning that high (infaunal) biomass was attributed to or-
ganisms with low turnover rates (low P/B)—often long-lived
species with higher individual biomass. This correlation was
not found for the epifauna. In the grab samples, polychaetes
were the most abundant and productive class, contributing
42% of mean infaunal production (Table 2). In this group,
the most frequent species belonged to the small burrowing
genera Galathowenia and Spiochaetopterus. Bivalves (e.g. As-
tarte sp., Bathyarca sp., Yoldiella glacialis, Hiatella sp.) were
the next productive group, and together with sipunculids,
these contributed significantly to benthic production. Epifau-
nal biomass was dominated by bivalves and asteroids, con-
tributing 34% of the total beam trawl production.

Spatial variability and environmental drivers

Infaunal biomass and production were negatively correlated
to depth (τ ≤ −0.29) and temperature (τ ≤ −0.30), and pos-
itively correlated to TOC (τ ≥ 0.31) and net primary pro-
duction (τ ≥ 0.28) (Supplementary Figure S3). By contrast,
epifaunal biomass and production showed no relationship to
environmental variables even though patterns of production
followed community composition (Figure 5) that most likely
is influenced by abiotic habitat conditions. For both sampling
gears, the spatial variation in P/B ratios correlated positively
with bottom temperatures (τ ≥ 0.28) and negatively with the
number of ice days (τ ≤ −0.28).

In general, infaunal production was high at stations associ-
ated with the Polar Front. Communities with high production
values were dominated by bivalves and sipunculids. Specifi-
cally, the stations at or close to the southern Spitsbergen Bank,
Hopen Bank, Central Bank, and Tiddley Bank, but also the
deepest part of the Storfjorden Trough (298 m), exhibited high
infaunal production (Figure 3). In contrast to the other areas,
the region at and around the Thor Iversen Bank, which is not
geographically associated with the Polar Front, showed gener-
ally low benthic and pelagic primary production (Supplemen-
tary Figure S4). However, epifaunal production was relatively
high in this region, yet five to tenfold lower than the infaunal
community production.

The nMDS stress ≤0.16 analysis showed that depth, mod-
elled bottom temperature, net primary production, TOC, and
clay + silt content correlated significantly to community com-
position in the ordination analyses for both sampling gears
(p ≤ 0.032) (Figure 5). Salinity (p = 0.001) showed a rela-
tionship to infaunal composition only, whereas bottom wa-
ter velocity was related to epifaunal composition (p = 0.017).
Geographically, relatively close stations tended to group to-
gether without forming distinct clusters. For example, north-
ern/eastern stations were separated from southern stations as
temperature, depth, and velocity gradients varied along a lati-
tudinal gradient. Benthic invertebrate production was related
to community composition, since similar communities gen-
erally displayed similar production values (Figure 5). When
fitted as a vector to the ordination, the relationship between
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Benthic secondary production in the Barents Sea and consumption by the snow crab 2531

Figure 2. Benthic biomass for grab (left) and beam trawl stations (right). The pie charts represent the proportion of snow crab prey taxa (coloured),
non-prey taxa (black), and colonial taxa (white). Note the scale difference between the grab and beam trawl (BT).

Figure 3. Annual benthic production for grab (left) and beam trawl stations (right). The pie charts represent the proportion of prey taxa (coloured) and
non-prey taxa (black). Colonial taxa were excluded from production calculations. Note the scale difference between the grab and beam trawl (BT).

benthic invertebrate production and the ordination was also
significant (p ≤ 0.001).

Prey production and consumption

The mean infaunal prey biomass and production available
as prey to the snow crab (hereafter called “prey”) were es-
timated to be 103.2 and 37.3 g m−2 yr−1, respectively (Table
2). The corresponding epifauna values were: 8.6 g m−2 and
2.4 g m−2 yr−1. Thereby, prey production constituted 98 and

96% (range: 71–100%) of the total average in- and epifaunal
production, respectively. Slightly, higher proportions of prey
compared to the total biomass and production were found at
the northern stations (Figure 2; Figure 3), where there was a
higher proportion of bivalves and sipunculids and fewer colo-
nial epifauna.

The mean density of snow crab (D) estimated from the
video surveys was 12800 ind. km−2 (95% CI: 8791 to 18000).
This corresponded to a biomass density (B) of 2349 kg km−2.
The mean P/B-ratio for snow crab was calculated to be 0.15
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Figure 4. Annual benthic P/B yr−1 ratios for grab (left) and beam trawl stations (right). Colonial taxa were excluded.

Figure 5. Non-metric multidimensional scaling (nMDS) based on Bray–Curtis dissimilarity (square root transformed genus abundances) for grab (above)
and beam trawl (below) collected fauna (stress = 0.17/0.15; 1000 permutations). The size of each circle is relatively scaled to benthic production at the
respective sites. Vectors indicate statistically significant (p ≤ 0.05) relations of environmental parameters; the length of a vector is proportional to its
correlation strength (sqrt R2). Species coordinates are not shown.
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Figure 5 —continued. See text in Figure 5 grab.

yr−1 and the Q/B was 0.64 yr−1 (P/Q = 0.2, Paul and Fuji,
1989), giving an annual consumption (Q) of 1.5 g m−2 yr−1

(1.0 to 2.1 g m−2 yr−1; 95% CI). Applying these consumption
estimates to the estimates of benthic prey production, snow
crab at densities comparable to those found in the surveyed
area will consume 4% (3–6%, CI) of the infaunal prey pro-
duction. At stations with relatively low benthic production,
e.g. east and west of Svalbard and some of the southernmost
stations (8–20 g m−2 yr−1), the consumption of available prey
would amount to 8–19%.

Discussion

Based on grab (infauna) and beam trawl (epifauna) samples
taken in the central and western parts of the Barents Sea, an-
nual macrobenthic production was estimated to assess the to-
tal prey production available for snow crab consumption. In-
faunal production estimates were considerably higher than for
epifauna (104 versus 6.8 kJ m−2 yr−1), especially in bank areas
close to the Polar Front, likely driven by high primary produc-
tion. Due to the wide dietary niche of the snow crab, a major
part of the benthic invertebrate production was estimated to
be available as prey for snow crabs. At snow crab densities
high enough to support commercial fisheries, it was estimated
that snow crabs consume 4% (3–6% CI) of annual macroben-
thic production (supported by infaunal taxa mainly), which is
higher than previous estimates (Zakharov et al., 2020), but

supports the assumption that snow crabs generally were not
limited by food supply in the areas and times investigated.

Macrobenthic production and environmental
drivers

Few studies assessing both infauna and epifauna at the same
location and time in the Barents Sea are available, although
Jørgensen et al. (2011) found profoundly higher biomass
in fauna collected using grab than retrieved using beam
trawl, supporting results in this study. The presented infau-
nal biomass and production values are, albeit with clear spa-
tial variations, largely at a similar order of magnitude as esti-
mated in other comparable Barents Sea studies (Carroll et al.,
2008; Cochrane et al., 2012; Zakharov et al., 2020). However,
studies from northern Norwegian fjord systems (Nilsen et al.,
2006; Fuhrmann et al., 2015; sampled in June and January,
respectively) found higher mean infaunal production (174
and 185 kJ yr−1 m−2, respectively), than the present study
(104 kJ m−2 yr−1), reflecting different prevailing depth condi-
tions, lower predation pressure, and higher input of macroal-
gae detritus to these inner fjords (Nilsen et al., 2006; Peder-
sen et al., 2018). The relatively low mean P/B ratio reported
in this study (0.43 yr−1) is similar to previous estimates for
the Barents Sea (0.3 yr−1, Denisenko and Titov, 2003) and
the northern Norwegian Sørfjord (0.42 yr−1, Nilsen et al.,
2006). Degen et al. (2016) report a mean P/B ratio of 0.15
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yr−1 for Barents Sea megafauna collected by Campelen trawl
(bycatch), which is considerably lower than our estimates for
epifauna (0.29 yr−1) and reflects life history traits of larger
megafauna.

The estimated infaunal production was strongly correlated
with pelagic net primary production and sediment TOC con-
tent, which covaried with depth and bottom water tempera-
ture. By contrast, the epifaunal production revealed no sig-
nificant relationship with net primary production (or other
available environmental parameters), which was also found
in studies from the Chukchi Sea (Bluhm et al., 2009) and the
Barents Sea (Degen et al., 2016). Despite cold bottom water
in northern areas, it is well documented that high primary
production in shallow Arctic seas fuels benthic production
(e.g. Piepenburg, 2005; Reigstad et al., 2011; Grebmeier et al.,
2015). Other surveys undertaken at the Spitsbergen Bank in-
dicate that primary production represents a considerable car-
bon input (Reigstad et al., 2011; Kedra et al., 2013), which
strongly benefits benthic communities in this region due to
tight benthopelagic coupling (Carroll et al., 2008; Cochrane
et al., 2009, 2012).

Previous studies report a dominance in echinoderms in ben-
thic production (Kedra et al., 2013; Degen et al., 2016) while
annelids, sipunculids, and bivalves were found to be major
contributors to production in this study (compare also Za-
kharov et al., 2020), again revealing the importance of in-
faunal taxa. These are especially important on slopes and in
deeper areas, whereas epifaunal suspension feeders (molluscs,
cnidarians, and the echinoderm Cucumaria frondosa) are ma-
jor contributors to the high benthic production on the shal-
low Svalbard Bank (syn. Spitsbergen Bank; Kedra et al., 2013),
where coarse substrate dominates.

As for most production studies at high latitudes (e.g. ex-
pensive surveys, seasonal ice cover, sampling challenges), our
production estimates were based on single sampling events
(between March and November). Hence, potential seasonality
in production patterns in the Barents Sea was not accounted
for in the annual estimates. Driven by seasonal differences
in biomass due to relatively high recruitment and individual
growth, benthic secondary production tends to be substan-
tially higher in the spring and summer months than in late
winter (Beukema and Dekker, 2013; Saulnier et al., 2018).
Beukema and Dekker (2013) emphasize the constraints of the
Brey model (2001 version) for predicting production of (indi-
vidual species) populations, which is why the model should
only be applied to communities with multiple species con-
tributing to biomass (Brey, 2001; Beukema and Dekker, 2013).
Seasonality in macrobenthic production, or even biomass, at
polar latitudes has received little attention and may vary sub-
stantially compared with data from shallow, temperate coastal
habitats (see the studies by Beukema and Dekker, 2013 and
Saulnier et al., 2018). On the other hand, a few studies from
Svalbard fjords indicate that benthic communities may main-
tain their abundance and biomass over the year (Włodarska-
Kowalczuk et al., 2016; reviewed in Renaud et al., 2020;
Morata et al., 2021) despite high seasonality in nutrient flux.
This is partly explained by food storage within the sediments
throughout the year after the spring pulse of primary pro-
duction (Smith et al., 2006). This may particularly benefit in-
fauna, while less beneficial to epifaunal/megafaunal communi-
ties that are often numerically dominated by suspension feed-
ers. To some degree, seasonality in production patterns might

be influenced by temperature, and we accounted for this by
choosing modelled annual means as input to the Brey (2012)
model. We found no obvious differences in production esti-
mates among sampled stations (i.e. higher production at sta-
tions sampled during a supposed biomass maximum in the
summer/autumn). Fauna was not sampled in winter months
(see Table 1), and any seasonality in the presented data may be
masked by confounding environmental factors. It is therefore
important to treat values from single stations with caution.

Our study estimated roughly a 15-fold higher production
for infauna than for epifauna. This difference may be due
partly to a relatively low beam trawl sampling efficiency,
which may underestimate biomass by up to 50% (Reiss et al.,
2006). In the present study, however, where (grab collected)
infauna is included in the total snow crab prey production,
this bias is likely to be small. There are currently few alter-
natives to the 2 m beam trawl, while larger trawl gears tar-
geting megafauna (e.g. Campelen trawl, see Jørgensen et al.,
2019) are inappropriate in assessing snow crab prey (Jennings
et al., 1999). Hence, in the muddy habitats of the Barents Sea,
we suggest that infaunal sampling alone is sufficient in future
snow crab prey studies.

Snow crab consumption

Our estimates of consumption by the snow crab (1.0–2.1 g
m−2 yr−1) lie within previous estimates by Jørgensen et al.,
2019 (and see references therein), which state an annual con-
sumption of <5 g ww m−2, although which snow crab densi-
ties these estimates relate to are unclear. Zakharov et al. (2020)
found high infaunal biomass and high snow crab density (up
to ca. 12000 ind. m−2) in the eastern part of the Russian Bar-
ents Sea shelf and concluded that the snow crab consumes
<0.5% of the average benthic biomass available in the Bar-
ents Sea. These estimates of consumption may not be entirely
comparable to ours due to a different approach used in esti-
mating crab consumption, but they seem low, at least in areas
with commercial snow crab densities.

Estimating Q/B for a population is a difficult task because
natural populations are exposed to variable mortality (e.g.
from fishing), and age structure has to be taken into account.
The snow crab consumption estimates given in this study are
not representative for small size classes (<ca. 25 mm CW,
see above) and the population P/B (0.15 yr−1) for snow crab,
therefore, is likely underestimated. Since younger individuals
allocate more energy to growth, a population dominated by
younger individuals will exhibit a higher P/B. In addition, con-
fidence for P/B estimation of a single population is low (Brey,
2012). Krylov (2000) estimated the annual production of Pa-
cific snow crab of marketable size to be equal to ∼1/10th of
the total standing stock biomass (i.e. P/B = 0.1 yr−1) which is
similar to our estimates. Pedersen et al. (2021), on the other
hand, assumed P/B = 0.5 yr−1 for the Barents Sea snow crab,
giving a Q/B = 2.08 yr−1. This is >3 times the Q/B estimated
in this study (0.64 yr−1) and is due to the difference in es-
timated P/B. Savenkoff et al. (2004) used a Q/B of 1.3–1.5
yr−1 for Pacific snow crabs as input to an ecosystem model
(Morissette et al., 2009), providing another example that lit-
erature values for the Q/B of large cold-water crustaceans
vary considerably. In general, there is little information on
the feeding rates of the snow crab, and laboratory experi-
ments are needed to inform consumption estimates. During
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a feeding experiment by Siikavuopio et al. (2018), the daily
ration of large adult males (ca. 650 g) was estimated to be 7 g
week−1 at around 5◦C, giving a Q/B closer to this study’s (0.56
yr−1). In light of uncertainties connected to a population es-
timate for small juvenile crabs and Q/B ratios, our consump-
tion value at the given densities likely presents a minimum
estimate.

Based on our results, we suggest that snow crab preda-
tion can be supported by highly productive infaunal taxa
such as polychaetes, which have a higher turnover (P/B > 0.9
yr−1) compared to the average benthic community. The snow
crab thrives in soft bottom areas, and it is reported that they
have adapted to silty habitats (Pavlov and Sokolov, 2016; Za-
kharov et al., 2020) using an effective feeding technique to
search the sediment for burrowing prey items (Wieczorek and
Hooper, 1995; Author’s video observations). There is evidence
that the snow crab also occupies hard bottom habitats (e.g.
Bluhm et al., 2009), and that females and juveniles reside in
habitats with different bottom substrates in the Barents Sea
(Zakharov et al., 2020), where data on benthic invertebrate
production is deficient (but see Kedra et al., 2013).

The variety of taxa considered to be diet items of snow crab
in this study is likely overestimated. Stomach content stud-
ies in crabs often have low taxonomic resolution, resulting
in entire groups of organisms assigned as diet. For example,
studies show that crustaceans are a frequent diet group for
snow crabs (e.g. Divine et al., 2017; Gebruk et al., 2020),
while predation is likely limited to smaller and less mobile
species. A broad diet may enhance a species’ plasticity when
a resource becomes limited, being able to switch prey to an-
other group. Diet studies show that crabs also ingest a con-
siderable amount of plant material (Wieczorek and Hooper,
1995; Divine et al., 2019). Also, the occurrence of cannibal-
ism is well documented (e.g. Lovrich and Sainte-Marie, 1997;
Kolts et al., 2013; Divine et al., 2017), albeit not known from
the Barents Sea. High-resolution diet studies in the Barents
Sea are therefore needed to better understand the snow crab’s
trophic niche and impact on particular prey groups. The gross
predation impact on the benthic community will largely de-
pend on competitors in the system and also on consumption
by the snow crab on these competitors, potentially result-
ing in a subsequent increased availability of prey organisms.
There are a few studies looking at resource overlap between
snow crab and other benthic predators. A recent stable isotope
study by Gebruk et al. (2020) found that the crab displays
an overlapping trophic niche with Hyas araneus and Pagurus
pubescens, species present at comparatively low numbers and
biomass in our study area. Other large decapods in northern
Norwegian waters are Lithodes maja and the red king crab
Paralithodes camtschaticus, the latter occupying coastal wa-
ters (not found in our study). Limited habitat overlap between
these species and snow crab suggests low competition. There
is little evidence that the snow crab targets larger predatory
taxa (such as other large crabs, buccinid snails, or large aster-
oids). Instead, the snow crab prefers smaller epifauna and in-
fauna, such as bivalves and polychaetes (Gebruk et al., 2020).
A trophic overlap with benthic-feeding fish such as flatfish
and cottids may be present, but this needs further investi-
gation. We suggest that low competition for abundant small
infauna may have facilitated the establishment of the snow
crab in the Barents Sea. However, the potential future increase
in the snow crab population should inspire both researchers

and the snow crab management agencies to contribute to
food web studies looking at energy flow (see Pedersen et al.,
2021).

We show that snow crab consumption would in theory ex-
ceed epifauna production in most areas, and that possible se-
lective feeding on epifaunal taxa may therefore have a greater
impact. Infaunal bivalves are one of the preferred prey groups
for snow crabs in the Barents Sea (Gebruk et al., 2020; Za-
kharov et al., 2020), and we found a low P/B for this group
(0.23–0.28 yr−1), which makes them potentially more vul-
nerable to predation effects despite a relatively high stand-
ing stock biomass. Changes in community composition have
been suggested as a consequence of predation from the inva-
sive red king crab (Paralithodes camtschaticus), resulting in a
decrease of slow-growing species and a raise in community
P/B (Fuhrmann et al., 2015; Pedersen et al., 2018). A Barents
Sea ecosystem model, however, indicates that increasing snow
crab biomass had a small impact on total ecosystem energy
flow in the simulated time period from 2000 to 2013 (Peder-
sen et al., 2021). Reliable impact studies and time series are
needed to evaluate the effects of predation in colonized areas
as compared to pre-established states. This present study may
also serve as a pre-invasive baseline for areas exposed to any
future increased snow crab abundance.

The most suitable snow crab foraging areas

The Polar Front area of the Barents Sea seems to meet two
of the most important criteria for the possible establishment
of commercially exploitable snow crab densities, namely high
benthic secondary production and a bottom water temper-
ature regime suitable for its growth. Results from several
papers indicate an optimum temperature for snow crab of
<4◦C (Chabot et al., 2008; Avlsvåg et al., 2009; Siikavuopio
et al., 2019) and a maximum temperature of 4–6◦C (Dawe
et al., 2002; Siikavuopio et al., 2017; Fedewa et al., 2020).
Foyle et al. (1989) found that snow crab total metabolic
costs exceeded caloric intake at temperatures <1◦C and >7◦C,
whereas the caloric intake decreased when passing 5◦C. These
temperature data in general coincide with the bottom wa-
ter temperatures extracted from the SVIM model around and
somewhat south of the Polar Front, which, in combination
with our production estimates, presumably facilitates a sub-
stantial growth of the snow crab population in soft-bottom
areas close to the Polar Front. However, in addition to high
food availability (Kolts et al., 2013; Zakharov et al., 2020)
and suitable climatic conditions, other factors such as larvae
dispersal, stock dynamics, and ecological interactions presum-
ably will play a major role in a future quantitative expansion
of the snow crab population in the Barents Sea. It is noted
that the coarse substrate and high bottom water velocity on
the shallowest parts of the Spitsbergen Bank (see e.g. Carroll
et al., 2008; Kedra et al., 2013; Lepland et al., 2014) may not
be a suitable snow crab habitat. The ongoing climatic develop-
ment in the central parts of the Barents Sea, with a predicted
increase in water temperature of one degree over the next 50
yr (Anon., 2020; Ellingsen et al., 2008; Sandø et al., 2014) and
no significant change in the geographical position of the Polar
Front (Ellingsen et al., 2008), are unlikely to impact a possi-
ble westward expansion of the snow crab population over the
upcoming decades.
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Conclusions

This study estimates snow crab consumption, under high (i.e.
commercially exploitable) densities, equalling 4% of mean an-
nual infaunal prey production in the central and western parts
of the Barents Sea. Thus, there is little evidence of resource lim-
itation impeding further expansion of this newly established
predator. It is suggested that the expected future geographi-
cal dispersion and subsequent increase in snow crab density
will primarily take place in areas where the infaunal prey pro-
duction is highest and where other environmental conditions
are suitable for its growth, i.e. in most bank areas and their
slopes located close to the Polar Front. Our study shows that
estimating benthic invertebrate production based on epifau-
nal sampling alone underestimates total production substan-
tially for prey resources available to generalist predators such
as crabs. As the Barents Sea snow crab expansion continues,
investigations should be conducted into the structural impacts
on benthic communities caused by snow crab foraging activi-
ties.
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