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ABSTRACT: The Arctic Barents Sea is experiencing
a record temperature increase, a poleward shift in
the distributions of commercial fish stocks, and invasion by the snow crab, a new predator. To evaluate
benthic community vulnerability when exposed to
seawater warming, bottom trawling, and predation
from a new predator, we used a trait-based approach
and applied this to an extensive dataset of > 450
megabenthic taxa, from a 1.5 million km2 area. Taxon
rank values were obtained after sorting the taxa by
temperature median and temperature range, i.e. the
temperature sensitivity trait, and by body height,
mean weight, and mobility, i.e. the trawl vulnerability trait, and were given as a size-based prey classification, i.e. the predation trait. The taxon rank values
were then used to calculate the mean community
sensitivity. Our study showed a recent significant increase in community mean temperature ranks, indicating an increased importance of species with affinity for warmer waters and a reduced importance of
coldwater species. Commercial fish stocks and snow
crabs are expanding into the western part of the
Barents Sea, thereby simultaneously increasing the
exposure of large immobile species to trawling and
of small prey species to crab predation. Overall, we
found a high level of vulnerability to the 3 investigated stressors in the northwestern Barents Sea,
which may lead to alterations in community structure
and diversity. Mapping vulnerability to multiple stressors enables authorities managing human activities
to identify vulnerable areas that warrant special measures, including protection from trawling and reduction of the snow crab stock.
*Corresponding author: lis.lindal.joergensen@imr.no

Individuals of a benthic community in the Arctic Barents Sea
that are easily damaged by a bottom trawl.
Photo: Mareano, IMR

KEY WORDS: Climate warming · Sea ice reduction ·
Trawling · Snow crab invasion · Megabenthos ·
Sensitivity · Vulnerable species

1. INTRODUCTION
Climate warming is a major threat to biodiversity
and the functioning of marine ecosystems (Sunday et
al. 2012), and can alter population ecology of native
species, changing geographic ranges and the structure and composition of communities (Walther et al.
2002, Doney et al. 2012). Local environmental stres© The authors 2019. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
Publisher: Inter-Research · www.int-res.com
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sors may exacerbate the impact of global environmental change on species and ecosystems (Crain et
al. 2008). The resulting impact on faunal communities will depend on the sensitivities of member species to the combination of environmental stressors.
Presently, the combined impact of seawater warming
and other stressors on Arctic marine communities is
not known (but see Kenny et al. 2018 for the North
Sea). The effects of climate change are particularly
severe in the Arctic, where seawater warming and
associated predicted species invasion rates are respectively twice (Hoegh-Guldberg & Bruno 2010)
and 5 times (Cheung et al. 2009) the global average.
The Arctic Barents Sea is currently experiencing
rapid seawater warming. Over the last 4 decades, the
late summer temperature has increased by almost
1.5°C (Lind & Ingvaldsen 2012), the ice cover has
decreased by 10% (Årthun et al. 2012), and the area
of Atlantic Water has increased substantially (Johannesen et al. 2012 and Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/m608p001_supp.pdf),
associated with northward shifts in the frontal zone
where Atlantic and Arctic water masses meet (the
Polar Front) (Oziel et al. 2016). Temperature increase
accelerated after the year 2000, with a sudden, rapid
warming taking place throughout the entire water
column (Lind et al. 2018). Temperature observations
from the southern Barents Sea (Russian Kola section)
show that the year 2012 was the warmest on record,
and the third highest mean value since 1900 was
recorded in 2015 (Larsen et al. 2015). The northern
Barents Sea is experiencing the strongest declines in
winter sea ice concentration and the most rapid surface warming in the entire Arctic, and may soon complete the transition from a cold and stratified Arctic to
a warm and well-mixed Atlantic-dominated climate
regime (Lind et al. 2018).
In the Barents Sea, climate warming has led to
poleward shifts in fish communities (Fossheim et al.
2015) and caused a restructuring of the Arctic ecosystem for plankton, fish, benthos, sea birds, and marine
mammals (Kortsch et al. 2015, Frainer et al. 2017).
Commercial fishing activity in the Barents Sea (Shevelev et al. 2011) occurs most intensively on the shelf
along the western Barents Sea (Fig. S2), the southern
Barents Sea, and the area around Bear Island on the
Spitsbergen and Central Bank (Misund et al. 2016).
High trawling activity has also been recorded in the
central parts of the Russian Barents Sea and along
the archipelago of Novaya Zemlya, whereas trawling
activity is very low in the northeastern part of the
Barents Sea (Lyubin et al. 2011) and in seasonally
ice-covered areas in the north. However, when

perennial sea ice retracts and commercially important fish stocks shift poleward (Kjesbu et al. 2014,
Landa et al. 2014), fisheries may expand into areas
previously unaffected by bottom trawling.
The Barents Sea is also experiencing a simultaneous increase in abundance of the invasive snow crab
Chionoecetes opilio (> 3000 ind. km−2). In 1996, the
first snow crab was identified on Goose Bank in the
southeastern part of the Barents Sea. Since then, the
number of crabs has increased steadily from 0.6 million individuals across 44 000 km2 in 2004 to more
than 2280 million across 662 000 km2 in 2013, primarily spreading westward (Pavlov & Sokolov 2003,
Bakanev et al. 2016, Strelkova 2016, see also Fig. S3),
and snow crab juveniles were first recorded northeast of Svalbard in August 2017 (L. L. Jørgensen pers.
obs.). The snow crab has an optimal temperature
preference of −1.5 to 3.0°C (Bakanev 2015). Climate
warming will determine the future spread of the nonnative snow crab in the Barents Sea (Pavlov &
Sokolov 2003, Bakanev 2015), and a future crab fishery is expected to develop around Svalbard (Hansen
2016). The snow crab is a benthic predator (Squires &
Dawe 2003), with a mean annual consumption rate of
4.6 g of benthic prey per m2 (Manushin et al. 2016),
that might reduce biodiversity (Hansen 2016) and
compete with other bottom-feeding species (Kortsch
et al. 2015).
The Barents Sea benthic megafaunal (invertebrate
bottom-dwelling animals larger than 4 mm) communities are currently experiencing rapid seawater
warming, with a record temperature increase (Lind &
Ingvaldsen 2012, Smedsrud et al. 2013), concurrent
with increased trawling (Misund et al. 2016) and
predator invasion (Strelkova 2016). This part of the
benthic fauna displays clear biogeographic patterns,
with a productive Arctic community prevailing in
the northeast (Degen et al. 2016), and an Atlantic
warmwater community in the southwest (Jørgensen
et al. 2015, Johannesen et al. 2017). A deep, coldwater community is found in the northwestern Barents
Sea, whereas a shallow-bank community prevails
in the southeastern Barents Sea, on the Spitsbergen
Bank south of Svalbard, and sporadically west and
north of Svalbard (Jørgensen et al. 2015). This strong
spatial variability in taxonomic composition is expected to be associated with variation in phenotypic
traits due to adaptation and environmental filtering
along latitudinal and climatic gradients (Marshall et
al. 2012, Marshall & Burgess 2015). In general, temperature tolerance will determine species sensitivity
to climate warming, whereas morphology, behaviour, and life history traits will affect species’ sen-
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sitivity to other stressors associated
with seawater warming, such as new
harvesting regimes and invasive
predators.
Here we identify geographical areas
of possible ecological change in the
benthic megafauna community when
exposed to seawater warming, bottom trawling, and predation from
the newly arrived snow crab. We
used a trait-based approach to characterize the sensitivity of different
benthic invertebrate taxa when exposed to seawater warming, trawling, and snow crab predation by
(1) investigating the community sensitivity to sea water warming from
2009−2011 to 2012−2015, (2) calculating the unweighted and weighted
(biomass) community vulnerability to
bottom trawling, and (3) calculating
the community proportion of snow
crab prey in terms of species and for
biomass.

2. MATERIALS AND METHODS
2.1. Study area
The Barents Sea is one of the continental shelf areas surrounding the
Arctic Ocean. It covers an area of ~1.6
million km2, with an average depth of
230 m (Fig. 1; Jakobsson et al. 2004),
and is characterized by a transitional
zone from Atlantic to Arctic water
masses. There are several bank areas
with depths between 50 and 200 m,
and basins and trenches down to the
maximum depth of about 500 m at the
western boundary. Relatively warm
(2−8°C) Atlantic Water of the N orwegian Atlantic Current and coastal

Fig. 1. Barents Sea, showing (a) bathymetry and local names, and (b) the 2280
stations (black dots) sampled during
2009−2015. The white lines in both panels delimit the N orwegian and Russian
Economic Zones, whereas the triangle in
the central part of the map represents
international waters (high seas)
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waters of the N orwegian Coastal Current flow into
the Barents Sea from the southwest (Loeng 1991).
These currents are the main source of heat input to
the region and keep the southern Barents Sea relatively warm and ice-free. Colder Arctic water (temperatures below 0°C) dominates in the northern Barents Sea. The border area between the Atlantic and
Arctic water masses forms the oceanographic Polar
Front. Atlantic water also enters the northern Barents
Sea from the north in deeper areas between Svalbard
and Franz Josef Land (Lind & Ingvaldsen 2012). The
northern parts of the Barents Sea are seasonally icecovered, with maximum ice coverage in March−April
and minimum ice coverage in August−September
(Loeng 1991).

2.2. Data collection and processing
Data were obtained from the joint Institute of Marine Research (IMR, Norway) and Knipovich Polar Research Institute of Marine Fisheries and Oceanography (PIN RO, Russia) Barents Sea Ecosystem Survey
(Michalsen et al. 2013). Sampling was done in August−September of each year from 2009−2015. Sampling stations were at fixed positions along a regular
grid (36 nautical miles [n miles], ~65 km) between
each station) in the central Barents Sea, whereas the
steep continental slope west and north of Svalbard
had a depth-stratified approach. The whole sampling
area spanned approximately 1.5 million km2 (Fig. 1).
The trawling depth, registered by depth sensors on
the trawl for each bottom trawl station, varied from 15 m
to a maximum of 1000 m, limited by the wire length.
Due to sea ice cover, the most remote northern areas
were not sampled each year by this annual survey.

and 1230 stations during the record warm period
of 2012−2015. The total sampled biomass of benthic
megafauna was almost 70 t, encompassing over
4.4 million individuals. Some species were pooled to
genus or higher taxonomic levels because of uncertain species identification. The final list included 447
taxa (of which 263 were identified to species level).
Samples were taken with a Campelen 1800 bottom trawl, rigged with rockhopper ground gear and
towed on double warps, and standardized to a fixed
sampling effort of 15 min (equivalent to a towing distance of 0.75 n miles [~1.4 km]). The horizontal opening of this trawl is 17 m, and the vertical opening is
4 m (Engås & Ona 1990). The mesh size is 80 mm
(stretched) in the front and 24 mm at the codend,
allowing the capture and retention of small fish and
the largest benthos (benthic megafauna larger than
4 mm) from the seabed.
The benthic megafauna was identified to the lowest possible taxonomic level, counted, and the wet
weight measured onboard the vessel, in accordance
with standard procedures (Jørgensen et al. 2015).
The length of the largest individuals per taxon in the
Barents Sea was measured (to the nearest cm) in the
body direction that reflected the vertical distance
from the top of the animal to the sea bed. For example, the large sea star Solaster syrtensis (170 g mean
body weight) measures only 5 cm from the top of the
animal to the seabed, whereas the sea pen Umbellula
encrinus (39.6 g mean body weight) can reach
heights of > 200 cm from the top of the animal to the
peduncle in the seabed (see also Table S1). In cases
where taxa represented a large group of species (e.g.
Porifera, Bryozoa, Hydroida), mean size and weight
were chosen as representative for the group. Here
we considered a trawl catch of benthic megafaunal
taxa to sample a ‘community’.

2.2.1. Temperature
2.3. Trait-based sensitivity and vulnerability estimates
Bottom-water temperatures were taken at all stations each year, at the deepest sample (5 m above the
seabed) from vertical casts made with a Seabird
CTD. The CTD casts were usually performed at the
same locations as the bottom trawling; when this was
not the case, the closest CTD station was used to represent the trawling station (Fig. S1).

2.2.2. Benthos sampling
A total of 2280 stations were sampled (Fig. 1b):
1051 stations during the colder period of 2009−2011,

The response traits were chosen and grouped according to the specific stressor they were intended to
address, that is water temperature, bottom trawling,
or snow crab predation (see Table S1 and description
below). Mean community sensitivity and vulnerability estimates were calculated for each cell (36 ×
36 n miles) of a predefined grid. All taxa were used
in the analyses, including those pooled to genus or
higher taxonomic levels. In the case of identification
to species level (263 species), the mean community
measures were considered to be precise, whereas
in cases where a higher taxonomic level was used
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(147 taxa), we considered individual members of the
taxon to be phenotypically similar and provided averaged, approximate estimates of trait values. When
using high taxonomic levels (34 taxa) as in the case
of sponges, bryozoans, and hydroids, the members
of the taxon were assumed to be morphologically
similar, but potentially different in terms of thermal
niche. A summary of the 2 datasets, i.e. with and
without large groups, showed a strong correlation
(R2 = 0.875), and the large groups were therefore
included in all analyses.

2.3.1. Climate warming
In climate studies addressing the spatial distribution
of species and their sensitivity to warming, it is common to use a species temperature index (STI), i.e. the
average temperature experienced by individuals of a
species over the species’ distribution range, which is
the simplest parameter of the species climate envelope
(Thuiller et al. 2005). More recently, community temperature indices (CTI) have been proposed to address
the temperature sensitivity of a whole community or
assemblage (Devictor et al. 2008).
Here, we computed STI and CTI for Barents Sea
benthos, focussing on rank values as the basis for our
indices of temperature sensitivity. Our STIs are not
calculated on the full distributional range of species,
but are based on Barents Sea bottom water temperature and benthic taxa distribution, sampled annually
in August−September, from 2009 to 2015, i.e. the realised, and not the true full, distribution range. Our
STI is modified from previous work, as we relied on
median, rather than mean, temperatures. Further, to
obtain a temperature sensitivity rank-value for each
taxon, taxa were sorted according to the combination
of their STI (50th percentile) and temperature range
(10th−90th percentile range), thereby providing values ranking species from cold, stenothermal to cool,
eurythermal (see Table S1).
The above taxon-specific sensitivity rank values
were used to compute a community mean rank for
each station based on the taxonomic composition at
that station. The resulting mean rank value was then
averaged across the stations pertaining to a given
grid cell, and mapped to help evaluate the spatial
community temperature sensitivity during 2 periods
(2009−2011 and 2012−2015). These periods were
chosen based on the recent hydrographic changes in
the Barents Sea, with the most recent 4 years (2012−
2015) denoted as record warm by Larsen et al. (2015),
registering a strong reduction of the area of Arctic
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water (temperature < 0°C) in the central Barents Sea,
and a substantial warming of water in the Hopen
Deep and the area east of Svalbard (Lind et al. 2018).
To produce a ‘hotspot’ map of changes in the Barents Sea, the differences in the mean community sensitivity value from 2012−2015 to 2009−2011 were
plotted for grids for which values for both periods
were available. Increased (community warming) and
decreased (community cooling) values were depicted
as a circle in the centre of grids and reflect the
degree of change.
Due to the expected poleward expansion of cool,
eurythermal taxa and reduced importance of cold,
stenothermal taxa, we tested whether there had
been a recent decrease in temperature sensitivity of
benthic communities in the Barents Sea. For this, we
used a generalized least squares (GLS) model. To
account for spatial variability in community sensitivity in the model, a rectangular grid of 9 equally sized
areas (blocks), each area encompassing 35 grid cells
(Fig. S4.3), was specified and included as a factor
in the model. The difference in mean community
temperature sensitivity between periods was then
tested, having corrected for spatial autocorrelation
using a continuous autoregressive, AR (1), correlation structure (CAR), relying on longitude and latitude of individual grid cells.
Areas in the Barents Sea inhabited by communities dominated by cold, stenothermal species (herein
called Arctic communities) were defined as vulnerable toward seawater warming, whereas areas inhabited by communities of cool, eurythermal species
(called boreal communities) were defined as robust.

2.3.2. Trawling
Body size (Jennings et al. 2001a,b, Duplisea et al.
2002, Shin et al. 2005), morphology, and mobility
(Certain et al. 2015, Jørgensen et al. 2016) of a given
taxon affect its vulnerability to trawling as they determine the probability of its being caught and/or
entangled by a trawl, i.e. its exposure, as well as the
probability and severity of damage inflicted by a
trawl, i.e. the taxon’s sensitivity. To obtain a rankvalue of vulnerability to trawling per taxon, all taxa
were sorted according to their
(1) maximum height above the seabed as recorded
in the Barents Sea,
(2) mean body mass as recorded for the Barents
Sea (biomass/numbers of individuals), and
(3) mobility (3 categories: ‘sessile’, ‘speed of a
snail’, ‘speed of a crab’) (see Table S1).
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These taxon-specific rank values were used to calculate the unweighted and weighted (taxa biomass/
community biomass) × (taxa specific trait value) mean
community vulnerability. The resulting community
vulnerability estimates were calculated for each grid
cell by allocating sampling stations to
the grid cell and averaging across
years (2009−2015).
An area in the Barents Sea with
communities dominated by the highest, largest, sessile taxa is defined as
vulnerable to trawling, whereas an
area with a community dominated by
low, small, fast-moving taxa is defined
as robust to trawling.

(Fig. 2a). The biomass of megafauna in the central and
southeastern part of the Barents Sea was generally
low (<1.5 kg per 15 min trawl). The total number of
individuals was highest in the northeastern area of
the Barents Sea, including south of Novaya Zemlya, in

2.3.3. Snow crab predation
Snow crabs in the Barents Sea primarily feed on Crustacea, Polychaeta,
Echinodermata, and Mollusca (Manushin et al. 2016). In the present study,
snow crabs were identified as potential predators on 82 of the 467 taxa (see
Table S1). Community sensitivity to
predation was determined as the (1)
relative number of prey species/taxa
per trawl haul, and (2) relative prey
biomass per trawl haul averaged
across years within grid cells.
The sorting of trait tables for ranking
and computations was conducted in
Excel 2016 and in R version 3.2 (R
Development Core Team 2008), the
GLS statistical modelling was performed in R with package ‘nlme’, and
maps were produced in ArcGIS version 10.1. A full list of the species,
coded for climate, trawl, and prey sensitivity, is available in Table S1.

3. RESULTS
3.1. Abundance, biomass, and
diversity of benthic megafauna
The total biomass of benthic megafauna was highest in the southwest,
along the west coast of Novaya Zemlya,
on the bank areas of the central
Barents Sea, and west of Svalbard

Fig. 2. Barents Sea benthic megafaunal maps, showing (a) biomass (kg per
standardized trawl), (b) abundance (individuals per standardized trawl), and
(c) species richness (number of species per trawl catch) averaged across
2009−2015 for each grid cell (36 × 36 nautical miles)
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Fig. 3. Temperature sensitivity of benthic communities calculated as the mean of taxa ranks (based on temperature median and
range) for (a) 2009−2011 and (b) 2012−2015. Sensitivity is computed for each grid cell (36 × 36 nautical miles) as the average for
sampling stations associated with that grid cell across years

locations around Svalbard, in the Bear Island Trench,
and on Spitsbergen Bank (Fig. 2b). The number of
taxa revealed biodiversity hotspots (Fig. 2c) in the
western, central parts of the Barents Sea.

3.2. Climate change sensitivity
The boreal communities were associated with areas
of warm, year-round ice-free waters in the southwest
(Fig. 3), west of Svalbard, and in the southern Barents Sea. The Arctic communities were distributed in
the northeast and were associated with Arctic water.
Communities found in the transition zone between
the areas inhabited by Arctic and boreal communities were characterized by species with wider temperature tolerance ranges relative to those of Arctic
communities (Fig. S4.2). The area containing communities with a calculated lower temperature preference was reduced in the central Barents Sea in later
years (Fig. S4.1), whereas the transition zone expanded north and east, and communities with higher
temperature preference covered the entire shelf area
west of Svalbard (Fig. 3).
There was an increased importance of species with
warmwater affinity and a reduction in importance
of species with coldwater affinity (i.e. community
warming) throughout the Barents Sea from the cooler
period (2009−2011) to the warmer period (2012−2015)
(Fig. 4). The GLS model showed that mean benthos
community temperature sensitivity decreased significantly in the Barents Sea from the earlier, cooler
period, to the more recent warmer period (p = 0.0011).

Fig. 4. Hotspots of change between 2012−2015 and 2009−
2011 in temperature sensitivity of benthic communities. A
result is given only for grid cells with values in both periods
(see Fig. 3). The size of the circles is proportional to the
change in community mean rank values between periods
(increasing values in red, decreasing values in blue)

3.3. Trawl vulnerability
The central part of the Barents Sea was characterized by communities of species with low vulnerability
to trawling (i.e. robust communities) (Fig. 5a) due to
their low height above the seabed (Fig. S5a), small
body size (Fig. S5b), and high mobility (Fig. S5c).
Areas characterized by large, immobile species with
high vulnerability to trawling surround this central
area, with increasing vulnerability toward the outer
regions of the Barents Sea. The weighted (biomass)
estimates of vulnerability showed a different spatial
pattern, with the southern Barents Sea being relatively robust to trawling, due to a dominance of
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Fig. 5. Barents Sea benthic community vulnerability to (a,b) bottom trawling, based on (a) unweighted (taxonomic composition) and (b) weighted (by biomass) estimates, and to (c,d) snow crab predation, based on the percentage of snow crab prey
(c) taxa and (d) biomass in relation to the total number of taxa and total biomass, respectively. Vulnerability is expressed as
the average for sampling stations across years calculated for each grid cell (36 × 36 nautical miles)

motile, flat, and/or small species (Fig. S5) and an increase in vulnerability toward the north due to
increasing biomass of large, upright species (Fig. 5b).

3.4. Sensitivity to snow crab predation
Benthic communities with higher prevalence of
snow crab prey species (Fig. 5c) were found along a
corridor stretching from Svalbard to the southeastern
part of the Barents Sea, whereas communities with
fewer prey species prevailed in the southwest and
northeast. When the prey species were weighted by
biomass (Fig. 5d), the area south of Svalbard and the
southeastern Barents Sea had higher sensitivity compared to the rest of the Barents Sea.

4. DISCUSSION
We used a trait-based method to show that the
temperature sensitivity of the Barents Sea megabenthic communities increases in a northeast direction, but shows a significant overall decrease from
an earlier, colder period (2009−2011), to a later,
warmer period (2012−2015), indicative of recent
poleward expansion of boreal species and a reduction in the importance of Arctic species. Trawling
vulnerability is highest in the peripheral areas of
the Barents Sea, where large, upright species are
prevalent. Sensitivity to snow crab predation is
highest along a corridor reaching from the northwest, around Svalbard, to the southeast, where
small prey species are most prevalent. Considering
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the geographic distribution of the stressors, climate
warming is broadly affecting the Barents Sea,
whereas trawling is presently confined to the west,
and the snow crab is found primarily in the northeast, but is spreading toward the west. The area
east and north Svalbard, with its high richness of
coldwater species, consists of large, upright species
that are vulnerable to trawling, and of small snow
crab prey species; this combination identifies the
northwestern area of the Barents Sea as particularly vulnerable.

4.1. Climate warming
Megafaunal species recorded with a high mean
and a wide temperature range in the Barents Sea,
e.g. the sponge Geodia barretti, the sea star Ceramaster granularis, and the sea urchin Spatangus
purpureus, can expand in the Barents Sea as long
as the living conditions, i.e. depth, substrate, and
food availability, are appropriate. Species with a
low temperature preference, such as the cephalopod Cirroteuthis muelleri, the decapod Hymenodora
glacialis, and the cnidarian sea pen Umbellula encrinus, could decline. Some species are not mobile
and must adapt to large temperature fluctuations,
e.g. to the large inter-annual variability in water
temperature on the shallow banks in the Barents
Sea (Årthun et al. 2012). This variability indicates
that the August−September temperature used to
calculate the temperature sensitivity of each taxon
does not fully account for the temperature tolerance
of the more than 400 taxa involved in this study.
Poleward expansion of boreal megabenthic species
has been recognised recently; cephalopod species
(Teuthowenia megalops and Todaropsis eblanae)
were found in the Arctic Barents Sea for the first
time, at distances of more than 2500 km outside
their ranges (Golikov et al. 2013). Early Russian
studies reported biomass fluctuations in macrofauna
due to climate variability in the Barents Sea (Anisimova et al. 2011), suggesting that a northward displacement of subarctic and temperate species is a
response to climate warming in the Arctic (see
review by Wassmann et al. 2011). Rates of change
in distribution of up to 70 km per decade have been
observed for marine benthic species, but the available evidence of benthic responses to climate change
is complex and not yet possible to reliably predict
(Birchenough et al. 2015). In the Barents Sea, climate warming has also led to poleward shifts in fish
communities (Fossheim et al. 2015).
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4.2. Vulnerability to trawling
Being a large, long-lived species (K-selection strategies) is a widespread adaptation in polar invertebrates
(Clarke 1980) and could explain why some of the large,
upright species are so prevalent in the northern areas
of the Barents Sea, creating a structurally diverse and
complex species habitat. Species included were the
basket stars, sea lilies, sponges, sea pens, and cauliflower corals, with upright bodies or arms stretched
out in the water to increase prey search volume. Such
morphological features (body shapes; see image on
p. 1) are easily hit, damaged, and caught/entangled
in trawling gear (Jørgensen et al. 2016), and have
been reported at reduced densities in trawled areas
(Kaiser & de Groot 2000, Kaiser et al. 2000, Moran &
Stephenson 2000, Pitcher et al. 2000). Trawling has
previously been shown to remove epifauna, thereby
reducing the complexity and species diversity of the
benthic community (Collie et al. 2000). Juvenile fish
species are more abundant in areas of complex habitat (Ross et al. 2007); reduced biogenic (e.g. sponges,
hydrozoans, bryozoans, amphipod tubes, holothurians, shell aggregates) and sedimentary (e.g. sand
waves, depressions) structures may lead to increased
predation on juveniles of harvested species and may
ultimately reduce recruitment to the harvestable
stock (Auster et al. 1996). Although in situ studies of
trawling impacts are sparse for the Barents Sea (but
see Kutti et al. 2005, Løkkeborg 2005), biomass and
species diversity of benthos are commonly negatively
correlated with intensity of bottom trawling (Denisenko 2013, Kędra et al. 2013, Buhl-Mortensen et al.
2016, Jørgensen et al. 2016). At least 2 factors must
be considered when examining the effects of trawling on benthic populations: the immediate mortality
inflicted by trawling gear, and the longer-term ability of populations to cope with this mortality. Such
data are developed for many benthic macrofaunal
taxa (see Duplisea et al. 2002, Hiddink et al. 2006),
whereas for many benthic megafaunal taxa, data are
still lacking. In this work, the vulnerability assessment is therefore based on data mainly obtained
from the field (height above sediment surface, mean
body weight, realised thermal niche).

4.3. Sensitivity to snow crabs
Dependent on their sex and size, the diet of snow
crabs consists of polychaetes, shrimps, crabs, smaller
crustaceans, clams, brittle stars, gastropods, and sea
urchins (Squires & Dawe 2003), and these prey spe-
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cies were common in the southeast, central, and
northwestern part of the Barents Sea. With a mean
annual consumption rate of less than 5 g benthic prey
per m2 (Manushin et al. 2016) and a temperaturedependent future spread in the Barents Sea (Pavlov
& Sokolov 2003, Bakanev 2015), the first sign of
impact on megafauna from the snow crab will be difficult to predict. Furthermore, the proportional community prey biomass in this study may have been low
due to the dominant biomass of large-bodied taxa not
used as prey. Because the Campelen trawl is a poor
sampling device for small taxa, the biomass is therefore only approximate. Combining the results from
the trawl with traditional grab sampling would possibly detect a drop in benthic biomass attributed to
snow crab predation, as was recorded northwest of
N ovaya Zemlya (ICES 2017). Reduction in benthic
biomass is consistent with a worldwide trend for
areas exposed to crab invasions (see Galil et al. 2011).

al. 2005), which generally have slow recovery and
high catchability (Jennings et al. 2001a,b), e.g. the
upright, large-bodied, sessile, coldwater sea pen Umbellula encrinus, whereas the snow crab preys on
small-sized individuals (Zakharov et al. 2016). This
size-based vulnerability implies that bottom trawling
in the northwestern Barents Sea will reduce the largesized benthos in the community and consequently the
bottom habitat complexity, and that future expansion
of snow crabs into this area will reduce the smallsized benthos in the same community. The communities will thus be exposed to increases in selective
mortality at both ends of the size spectrum, while simultaneously experiencing the more general effects
of a rapidly warming environment.
This combination of pressures suggests that management (e.g. closed areas, effort management, gear
modification) in the northwestern Barents Sea should
take steps to limit the effects from bottom trawling
and the growing snow crab population inside these
species-rich, complex coldwater communities.

4.4. Vulnerability to multiple stressors
With respect to the geographic distribution of the
3 stressors, climate warming is broadly affecting the
Barents Sea, whereas trawling is presently confined
to the west, and the snow crab to the northeast. There
are indications that species near the edge of their
thermal tolerance exhibit stronger responses to climate-related environmental change at stressed sites
than at unstressed sites (Hewitt et al. 2016), and that
the impact of multiple stressors operating simultaneously results in altered community structure and diversity (Doney et al. 2012). A combination of stressors
could therefore result in a rapid reduction in species
richness and habitat complexity throughout the Barents Sea.
Climate-driven northward expansion of commercial
fish stocks (Kjesbu et al. 2014, Landa et al. 2014, Misund et al. 2016), combined with reduction in perennial
sea ice (Årthun et al. 2012), is exposing the seabed to
more frequent trawling in the northwest. Combining
this increased exposure with the recent records of invasive snow crabs in the west could eventually lead
to, or is already resulting in, all 3 stressors affecting
the northwestern Barents Sea. This area is characterized by a high diversity of coldwater species with a
broad size range, where large-bodied animals, such
as sponges, cauliflower corals, sea pens, sea lilies,
basket stars, bryozoans, and hydroids, increase the
bottom habitat complexity. The bottom trawling mortality of benthic fauna is strongly size-dependent,
showing the highest rates for large organisms (Shin et
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