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INTRODUCTION

Climate change is currently the most serious threat
to Arctic biodiversity (Conservation of Arctic Flora
and Fauna [CAFF] 2013). Warming in the Arctic
region is taking place at 3 times the rate of the global
average and the summer sea ice extent has declined
at a rate of 11.5% per decade since 1979 (Comiso &
Hall 2014). The amount of multi-year sea ice in the
Arctic Ocean Basin decreased by 40% between 2005
and 2008, with the Arctic predicted to be sea ice free
in the summer by as early as the 2030s (Kwok et al.
2009, Wang & Overland 2012). Sea ice is a central
component of the Arctic ecosystem, influencing pro-

ductivity, exchange of individuals between popula-
tions and overall ecological dynamics in both the
marine and terrestrial systems (Post et al. 2013). The
consequences of Arctic sea ice declines are occurring
among different species at different rates, leading to
trophic mismatches as well temporal and spatial
changes in trophic interactions, with consequences
for ecological communities (Post et al. 2013, Hamilton
et al. 2017).

Ice-obligate and ice-associated marine mammal
and seabird species are dependent on sea ice for a
variety of purposes. Sea ice areas provide important
foraging habitat, protection from aquatic predators
and storm events, a solid substrate for birthing and
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nursing for ice-associated seals and a resting plat-
form for ice-associated seals and seabirds. Sea ice is
also vital in providing transit corridors for polar bears
Ursus maritimus. This solid substrate is particularly
important for females with young cubs that cannot be
immersed in water for long periods (Gilchrist et al.
2008, Kovacs et al. 2011). Consequences of sea ice
loss for Arctic marine mammal and seabird species
are expected to be significant, with negative effects
of sea ice declines already reported for some species
(e.g. Moline et al. 2008, Kovacs et al. 2011, Stirling &
Derocher 2012, Hamilton et al. 2015). However, the
effects of sea ice decline may be hard to detect in
many of these species since basic data, such as popu-
lation trends, are lacking for over 70% of sub-
 populations or stocks of endemic marine mammals
(Laidre et al. 2015a). In addition, some Arctic sea-
birds such as ivory gulls Pagophila eburnea and
 Arctic terns Sterna paradisaea exhibit inter-annual
changes in breeding colony size or location, making
assessing population size via colony counts difficult
(Møller et al. 2006, Gilchrist et al. 2008).

Ringed seals Pusa hispida are an ice-obligate key-
stone species in the Arctic ecosystem. They have a
circumpolar distribution and are found in both
coastal and offshore waters over the continental
shelves and in the Arctic Ocean Basin (Finley et al.
1983, Reeves 1998, Wiig et al. 1999). Ringed seals
maintain breathing holes in the fast ice, above which
they dig out snow lairs in the winter and spring that
are used for pupping, nursing and for general rest
(McLaren 1958, Smith & Stirling 1975, Lydersen &
Gjertz 1986). Sea ice is also used as a resting platform
throughout the year and as a moulting platform in
early summer. Additionally, ringed seal foraging
often targets ice-associated prey (Reeves 1998, La -
ban sen et al. 2007).

Polar bears are top predators of the Arctic food
web. They have a circumpolar distribution and are
primarily found over the continental shelf areas, but
are also found at low densities in the Arctic Ocean
Basin (Amstrup 2003). Polar bears use sea ice as a
platform to hunt ice-associated prey, which is prima-
rily ringed seals in most areas, and they also move
large distances across ice, e.g. to get between den-
ning and feeding areas (Derocher et al. 2002, Thie-
mann et al. 2008, Stirling & Derocher 2012, Iversen et
al. 2013).

Ivory gulls have a patchy circumpolar distribution
(Gilchrist et al. 2008). Breeding colonies for this spe-
cies are usually situated on nunataks, steep cliffs or on
flat ground, but have also been discovered on ice floes
(Gilchrist & Mallory 2005, Gilchrist et al. 2008, Boert -

mann et al. 2010). Ivory gulls are associated with drift
ice year round, where they feed on fish and zooplank-
ton. This species also scavenges at polar bear kill sites
throughout the year, at harp seal Pago philus groen-
landicus and hooded seal Cysto phora cris ta ta whelp-
ing patches in the spring, as well as at human settle-
ments, where they scavenge on blubber, blood, meat,
placentas and garbage (Divoky 1976, Orr & Parsons
1982, Renaud & McLaren 1982, Mehlum & Gabrielsen
1993, Gilchrist et al. 2008, Kar nov sky et al. 2009, Gilg
et al. 2010, Spencer et al. 2014).

The seasonal sea ice extent in the Barents Sea has
large inter-annual variation, due to a variety of factors
such as the magnitude of the Atlantic Water inflow,
the North Atlantic Oscillation (NAO) and the amount
of solar radiation during the summer months (Gloer -
sen et al. 1993, Vinje 2009). Historically, the summer
sea ice minimum was located over the productive
continental shelf of the Barents Sea, but in recent de -
cades the sea ice extent has declined rapidly (Norwe-
gian Ice Service − Norwegian Meteorological Insti-
tute, http://polarview.met.no/). The summer sea ice
minimum in the Barents Sea has now shifted to a lo-
cation over the less productive deep waters of the
Arctic Ocean Basin (Sakshaug et al. 2009). Between
1979 and 2013, the seasonal duration of sea ice cover
in the Barents Sea declined by over 20 wk, which is a
2 to 4 times greater reduction compared to other Arc-
tic areas (Laidre et al. 2015a). Concomitant with the
rapid physical changes in this region, changes in the
biological realm have also occurred. A rapid ‘boreal-
ization’ of the Barents Sea occurred from 2004 to
2012, with boreal fish communities rapidly extending
their distribution northwards, limiting Arctic shelf
fish communities to deep areas bordering the Arctic
Ocean Basin (Fossheim et al. 2015).

A portion of the polar bear and ringed seal popula-
tions in the Arctic archipelago of Svalbard (74 to 81°
N, 10 to 35° E), Norway, travel offshore during sum-
mer and autumn to the marginal ice zone (MIZ, tran-
sition zone between the sea ice edge and areas with
complete [>80%] sea ice coverage) of the Barents
Sea (Mauritzen et al. 2002, Freitas et al. 2008a,
Hamilton et al. 2015). Post-breeding ivory gulls from
Greenland, Svalbard and Franz Josef Land (Russia)
also travel to the MIZ in the northeast Atlantic and
remain there for several months before continuing
their migration to the wintering grounds (Gilg et al.
2010). The purpose of the present study was to inves-
tigate the environmental characteristics of the MIZ
habitat for all 3 species and to identify the defining
environmental features in areas of high spatial over-
lap for this species assemblage. In addition, the
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month ly and inter-annual variation in the location
and density of spatial overlap values were investi-
gated. These findings are discussed in relation to the
current and predicted environmental changes in the
Svalbard area.

MATERIALS AND METHODS

Capture and biotelemetry device information

Offshore habitat use by these 3 species was the
focus of the analyses in this study, so only offshore
locations (when the animals were associated with the
MIZ) were considered herein for each species. The
tracks of the ringed seals and polar bears were divided
into coastal and offshore components as per Hamil-
ton et al. (2015) and Hamilton et al. (2017). Ivory gulls
were classified as being offshore following their de -
parture from their nesting areas. The seasonal period
was restricted to 1 August to 31 October, to match the
shortest offshore period, that for ringed seals.

A total of 139 adult female polar bears were cap-
tured and equipped with a satellite collar between
2007 and 2014 at several locations around Svalbard.
Of these, 88 collars transmitted GPS positions (calcu-
lated at least once every 4 h) using either the Iridium
(Iridium Satellite Communications) or Argos satellite
systems (System Argos; Collecte Localisation Satel-
lites [CLS] 2015). The remaining 51 collars had posi-
tions calculated by the Argos satellite system. The col-
lars were produced by Telonics, Advanced Tele metry
Systems (ATS) and SirTrack. Of these 139 polar bears,
23 displayed the offshore movement strategy during
the seasonal period of interest (Table 1). For details
on capture and handling, see Mauritzen et al. (2002).
Body mass (kg) and body condition index of the bears
were calculated following Cattet et al. (2002).

Between 2010 and 2012, 38 ringed seals were cap-
tured and equipped with Satellite-Relay Data Log-
gers (SRDLs, Sea Mammal Research Unit Instrumen-

tation, University of St Andrews) at several locations
around Svalbard following the annual moult. The
SRDLs transmitted data using the Argos satellite sys-
tem, which also calculated the locations of the seals.
Ten of these tagged seals took offshore trips during
the autumn (Table 1). For details on capture and han-
dling, see Hamilton et al. (2016).

A total of 40 ivory gulls were captured using baited
traps or, when sitting on the nest, with a nylon loop
attached at the end of a fishing rod, between 2010
and 2013 in several colonies on Barentsøya, Sval-
bard. Following capture, they were weighed and
equipped with a solar-powered satellite Platform
Transmitter Terminal (PTT, produced by Microwave
Tele metry and North Star Science and Technology)
by means of either a harness (2010 to 2012) or a leg-
loop (2013). Locations for the ivory gulls were com-
puted by the Argos satellite system. Following the
breeding period, 29 of the ivory gulls went offshore;
PTTs on the remaining 11 birds either terminated
transmissions during the breeding season or did not
transmit locations during the seasonal period of inter-
est (Table 1). Therefore, all of the ivory gulls for
which information is available travelled to the MIZ.
All animal-handling protocols for all 3 species were
ap proved by the Governor of Svalbard and the Nor-
wegian Animal Research Authority.

Location data

Locations from both polar bears and ringed seals
were pre-filtered using the speed-distance-angle
(SDA) filter with maximum speeds of 2.78 (10 km h−1)
and 2 m s−1, respectively (Freitas et al. 2008b). Addi-
tionally, a small number of obviously erroneous loca-
tions (e.g. ringed seal positions inland) were manu-
ally removed. Locations were subsequently filtered
using the CRAWL package in R 3.1.3, with a stopping
model incorporated for ringed seals to account for
time spent hauled out (Johnson et al. 2008, R Core

Team 2015). A position from every
fourth hour was extracted from each
individual’s CRAWL model.

Ivory gull locations were filtered
using the SDA filter with a maximum
speed of 40 m s−1 (highest re cor ded
speed of an ivory gull is 28 m s−1,
Spencer et al. 2014). The default
angles were lowered to 5 and 15 and
the default distances were raised to
5000 and 10 000, meaning that all
spikes with angles smaller than 5 and
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                       No. of      No. of       No. of         No. of offshore        Years of 
                      tagged   offshore   offshore   locations per animal   tagging
                      animals   animals    locations          (mean ± SD)                 

Ringed seal       38            10            2387               239 ± 164          2010−2012
Polar bear         139           23            8596               374 ± 164          2007−2014
Ivory gull           40            29            6424               222 ± 140          2010−2013

Table 1. Information about the offshore ringed seals Pusa hispida, polar bears
Ursus maritimus and ivory gulls Pagophila eburnea equipped with biotele -
metry devices between 2007 and 2014 in Svalbard, Norway. The number of
 locations represent the number of locations used in the statistical analyses
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15 degrees that had lengths greater than 5000 and
10 000 m, respectively, were removed (see Frei tas et
al. 2008b for details). A position from every fourth
hour was linearly interpolated from the SDA-filtered
tracks.

Offshore habitat

Environmental variables of interest were assigned
to each point along the animals’ offshore tracks. In -
cluded variables were sea ice concentration, distance
to the 15% ice contour (approximate location of the
sea ice edge), distance to the 50% ice contour (inter -
mediate between complete sea ice coverage and
open water), distance to the nearest coastline, dis-
tance from the tagging location and bathymetric
depth. Daily sea ice concentration data at 10 × 10 km
resolution were obtained from the Ocean and Sea Ice
SAF High Latitude Processing Centre’s Global Sea
Ice Concentration archive (OSI SAF HL, http:// osisaf.
met.no/), and were used to assign sea ice concentra-
tion and the distance to the 15% and 50% sea ice
contours. Distance to the nearest coastline was calcu-
lated using a coastline shapefile obtained from the
Norwegian Polar Institute (www. npolar. no). Bathy-
metric depth data at 500 m spatial resolution were
obtained from the International Bathymetric Chart of
the Arctic Ocean Version 3.0 (IBCAO, Jakobsson et
al. 2012). Biological data assessed included mass
(ringed seals and ivory gulls), sex (ringed seals and
ivory gulls), body condition index (polar bears) and
reproductive status (polar bears: whether a female
was alone, was with cub[s] of the year or yearling[s]).

The average distances from the coast and the tag-
ging location were bootstrapped using 1000 repli-
cates with the boot package in R (Canty & Ripley
2016). The percentage of locations that individuals of
each species were in areas with a water depth of
≥600 m depth (i.e. approximate depth of the conti-
nental shelf break), were in areas with ≥15%, 50%
and 90% ice concentration and were within 10 km of
the 15% and 50% ice contours were calculated to
characterize the offshore habitat of each species. Lin-
ear mixed effects models with the identity link and
Gaussian family were used to test for potential
changes in association with each environmental vari-
able (by month) for each species using the nlme
package in R (Pinheiro et al. 2016). Animal ID was in -
cluded as a random effect. The response variable was
transformed when needed to fulfil model as sump -
tions. Model validation was carried out as recom-
mended by Zuur et al. (2009).

Species-specific habitat selection

In order to identify the habitat selected by each
species in the offshore environment, the environ-
mental characteristics of locations along the offshore
tracks (utilized habitat) were compared to the envi-
ronmental characteristics of areas the animal could
have travelled to (available habitat). As biotelemetry
data only gives presence information, correlated ran-
dom walks were simulated for each individual, using
characteristics of each individual’s track, to generate
pseudo-absences (see Žydelis et al. 2011, Raymond
et al. 2015). Binomial generalized additive models
(GAMs) with the logistic link function were used to
identify the selected environmental characteristics. A
response variable value of 1 indicated points along
the actual track and 0 indicated points along the sim-
ulated tracks.

A total of 75 correlated random walks were simu-
lated for each individual using Weibull distributed
step lengths and Von Mises distributed turning
angles (Žydelis et al. 2011, Raymond et al. 2015). The
correlated random walks for each individual had the
same number of steps as their offshore track and the
same starting location. The step lengths and turning
angles from each individual’s track were used to cre-
ate the relevant distributions for its simulated tracks,
and the maximum step length from each individual’s
track was used to place an upper limit on the step
length selected by the correlated random walk. The
simulated tracks of polar bears and ivory gulls were
allowed to cross land, but the simulated tracks of
ringed seals were constrained to the ocean (see Fig. S1
in the Supplement at www. int-res. com/ articles /
suppl/  m573 p045_ supp. pdf).

Mean ice concentration and distance to the 15%
and 50% ice contours were extracted for each point
along the offshore tracks and simulated tracks.
Data exploration, via checking for outliers, col -
linearity and relationships between the response
and predictor variables and amongst the predictor
variables, was carried out as recommended by
Zuur et al. (2010). Distance to the 15% and 50%
ice contours were highly correlated and thus the 2
variables were not included simultaneously in the
same model. Additionally, correlated predictor vari-
ables can cause GAM smooth curves to behave
erratically (Zuur 2012); variables that showed this
behaviour were not included in the same model.
Data exploration showed that the biological vari-
ables either had little effect or were highly unbal-
anced, and thus they were not included in the sta-
tistical analyses.
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To select the number of simulated offshore tracks
to use, binomial GAMs were run using 1 to 75 of the
simulated tracks for each species using the mgcv
package in R (Wood 2006). Each of the environmen-
tal variables were included as a cubic regression
smooth curve, and month and ID were included as
random effects using the type ‘re’ smooth curve
(Wood 2006). The chi-square values of the smooth
curves, as well as the associated area under the curve
(AUC), were plotted against the sequential number
of simulated tracks (Žydelis et al. 2011); in general,
these values stabilized at approximately 50 simu-
lated tracks for each species (see Figs. S2, S3, & S4 in
the Supplement). Thus, 55 simulated tracks were
used in the analyses.

GAMs were run for each species using the above
parameters. Mean ice concentration and distance to
the 15% or 50% ice contours were included as possi-
ble predictor variables. The Bayesian Information
Criterion (BIC) was used to guide model selection
and to assess whether a variable should be included
linearly or as a smooth term. As residuals from bino-
mial models are difficult to interpret, the fitted val-
ues, raw data, deviance and normalized residuals
were grouped by day and individual to assess model
fit (Zuur et al. 2009). Each smooth term was also
applied to the deviance residuals with an increased k
to ensure that the k-value was high enough (Wood
2016). The BIC-selected model for each species was
used to predict the habitat selection of the species
within the offshore area north of Svalbard from
August to October using ice data from 2010 to 2012.

Inter-specific spatial overlap

In order to conduct an interspecies comparison, the
predicted habitat selection values resulting from the
GAM models were transformed into habitat impor-
tance values (HI) using the quantiles of the predicted
values for each species and month. For example, grid
cells that had a predicted value beneath the 10%
quantile were assigned an HI of 0, grid cells that had
a predicted value between the 10% and 20% quan-
tile were assigned an HI of 10, etc., with the final HIs
ranging between 0 and 100 (see Raymond et al. 2015
for more details). The HIs of the 3 species were mul-
tiplied together in order to identify the areas with the
highest spatial overlap for each month. A cross-vali-
dation procedure was performed where the percent-
age change in overlap values was calculated for each
grid cell when 1 individual was randomly left out of
the analyses (Raymond et al. 2015).

RESULTS

Polar bears

Out of the 139 tracked polar bears, 23 (17%) were
classified as being offshore between August and Oc-
tober (Fig. 1, Table 1, see Table S1 in the Supplement).
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Fig. 1. Offshore tracks of polar bears Ursus maritimus, ringed
seals Pusa hispida and ivory gulls Pagophila eburnea (from
1 August to 31 October) equipped with biotelemetry devices 

between 2007 and 2014 in Svalbard, Norway
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The northernmost location was 87.0° N, while the
easternmost location was 95.5° E. The furthest a bear
travelled from its tagging location was 1662 km (great
circle distance). The bears were on average 100 (73 to
128) km and 368 (245 to 494) km from the nearest
coastline and their tagging location, respectively. Al-
most all (22 out of 23, 96%) of the bears spent the ma-
jority of their time (≥50%) in areas with
sea ice concentrations ≥15% (Fig. 2), and
16 out of the 23 bears (70%) spent the ma-
jority of their time in areas with sea ice
concentrations ≥50% (Fig. 2). There were
no seasonal patterns in the association of
the polar bears with any of the environ-
mental variables included herein.

Ringed seals

Following their annual moult, 10 of the
38 (26%) tagged ringed seals took off-
shore trips (Fig. 1, Table 1, see Table S2 in
the Supplement). The northernmost and
easternmost locations were 85.1° N and
90.5° E, respectively. The furthest dis-
tance a seal travelled from the tagging
location was 1434 km (great circle dis-
tance). The ringed seals were on average
132 (105 to 159) and 359 (218 to 506) km
from the nearest coastline and the tag-
ging location, respectively. All but 1 (9 out
of 10, 90%) of the tagged seals spent the
majority of their time (≥50%) in areas
with ≥15% sea ice concentration (Fig. 2),
and 6 out of 10 (60%) of the seals spent
the majority of their time in areas with sea
ice concentrations ≥50% (Fig. 2). There
was a decrease in the percentage of loca-
tions in areas with ≥15% (estimate =
−0.215, SE = 0.093, t = −2.308, p = 0.044)
and ≥50% sea ice concentration (estimate
= −0.254, SE = 0.090, t = −2.815, p = 0.018)
and a decrease in the percentage of loca-
tions deeper than 600 m (estimate =
−0.251, SE = 0.096, t = −2.599, p = 0.027)
from August to October.

Ivory gulls

All ivory gulls that transmitted locations
between August and October travelled
offshore following the breeding period

(Fig. 1, Table 1, see Table S3 in the Supplement). The
northernmost location was 86.5° N, while the east-
ernmost locations was 126.0° E. The furthest an indi-
vidual travelled from its tagging location was 2024 km
(great circle distance). The ivory gulls were on aver-
age 207 (181 to 233) km and 754 (657 to 851) km from
the nearest coastline and the tagging location,

Fig. 2. Percentage of time spent in areas with water depths ≥600 m, in
 areas with sea ice concentrations ≥15%, 50% and 90%, and within 10 km
of the 15% and 50% ice contour (IC) for 23 offshore polar bears Ursus mar-
itimus (left column), 10 offshore ringed seals Pusa hispida (centre column)
and 29 offshore ivory gulls Pago phila eburnea (right column) equipped 

with biotele metry devices from 2007 to 2014 in Svalbard, Norway
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respectively. Most (27 out of 29, 93 %) spent the
majority of their time (≥50%) in areas with sea ice
concentrations ≥15% (Fig. 2), and 17 out of the 29
birds (59%) spent the majority of their time in areas
with sea ice concentrations ≥50% (Fig. 2). There was
a decrease in the percentage of locations in ≥50%
sea ice concentration (estimate = −0.202, SE = 0.048,
t = −4.238, p < 0.001) and a decrease in the percent-
age of locations deeper than 600 m (estimate =
−0.159, SE = 0.049, t = −3.234, p = 0.003) from August
to October.

Species-specific habitat selection

GAM models were used to predict the habitat
selection for each species using ice data from 2010 to
2012 for the areas they frequented north of Svalbard
and Franz Josef Land. The predicted values were
transformed into HI values to facilitate inter-species
comparisons (Fig. 3, see Figs. S5 & S6 and Table S4 in
the Supplement). All 3 species selected areas with
sea ice concentrations between 40% and 80% (Fig. 4).
Only mean ice concentration was retained in the
ringed seal model due to high correlation between
this variable and the distances to the 15% and 50%
ice contours (Fig. 4).

Inter-specific spatial overlap

The most important habitat areas in terms of overlap
within the species assemblage were areas slightly
north of the 50% ice contour in all of the months con-
sidered (August to October, Fig. 5). The cross-valida-
tion procedure showed that the uncertainty (percent-
age change) in overlap values when 1 individual was
randomly left out of the analyses were generally small
(see Fig. S7 in the Supplement).

DISCUSSION

All of the ivory gulls, 26% of the ringed seals and
17% of the polar bears equipped with biotelemetry
devices in the Svalbard region travelled to the MIZ of
the Barents Sea during late summer and early
autumn. The Svalbard population of ringed seals has
been estimated to contain approximately 7500 indi-
viduals during the peak moulting season, but this is
believed to be an underestimate of the total popula-
tion size of the region (Krafft et al. 2006). Ringed
seals also breed in the drifting pack ice of the Barents

Sea. Not much is known about this group but they
likely also inhabit the MIZ during the summer and
autumn (Wiig et al. 1999). Thousands of ringed seals
are thus expected to be present in the MIZ north of
Svalbard during the summer and autumn. Similarly,
although only 17% of the tagged polar bears trav-
elled to the MIZ in this study, population surveys
indicate that the large majority of the approximately
2500 bears in the Barents Sea are found in the MIZ
with only a few hundred remaining on land within
the Svalbard Archipelago when the MIZ retreats
north of Svalbard (Aars et al. 2009, Lone et al. 2017).
The MIZ is thus an important foraging habitat for all
3 species. This important foraging habitat has re -
treated in recent years from being located over the
productive continental shelf of the Barents Sea to
being located over the less productive, deep Arctic
Ocean Basin (Norwegian Ice Service − Norwegian
Meteorological Institute, http:// polarview. met. no/),
but animals still make this migration. Individuals
from each of the 3 species in this study selected areas
with sea ice concentrations between 40% and 80%
within the ice pack. Only a minority of locations from
each species occurred in areas with heavy sea ice
coverage (concentrations ≥90%), similar to what has
been found in other studies on these 3 species (Fre-
itas et al. 2008a, Durner et al. 2009, Hamilton et al.
2015, Laidre et al. 2015b, Gilg et al. 2016). The areas
of highest spatial overlap for this species assemblage
in the MIZ from August to October fluctuated on a
monthly and yearly basis, but were generally associ-
ated with the 50% ice contour. The highest density of
overlap values were found in years and months when
the MIZ was narrow (i.e. the zone between the sea
ice edge and heavy sea ice concentration was limited
in area). This is likely to be due to concentration of
the animals within areas that have suitable sea ice
characteristics.

The MIZ in the Barents Sea is an important feeding
area for a wide variety of marine mammal and sea
bird species. A phytoplankton bloom follows the re -
treat of the seasonal sea ice cover as it melts in the
spring and summer with a time delay of about 2 wk,
providing a continuous food source for animals that
are able to track its progression (Engelsen et al.
2002). Even though the annual primary production in
the northern seasonally sea ice covered portion of the
Barents Sea is less than half of that in southern areas
of the Barents Sea that are not covered by sea ice,
productivity in the MIZ is still high and it is spatially
concentrated and predictable (Sakshaug et al. 2009).
The bloom also starts 6 to 8 wk earlier in the ice-
 covered portion of the Barents Sea compared to
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Fig. 3. Monthly mean sea ice concentrations (0 to 100%) and habitat importance values (0 indicates least important habitat and
100 indicates most important habitat) for 2012 for polar bears Ursus maritimus (PB), ringed seals Pusa hispida (RS) and ivory
gulls Pagophila eburnea (IG) equipped with biotelemetry devices from 2007 to 2014 in Svalbard, Norway for August to October. 

Black line: position of the average 50% ice contour for each month
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open-water areas, due to earlier stratification caused
by melt water from the sea ice (Sakshaug et al. 2009).
Sympagic fauna (i.e. fish and invertebrates associ-
ated with the underside of the sea ice) are important
prey for numerous marine mammal and bird species,
including ivory gulls, ringed seals, harp seals and
black guillemots Cepphus grylle (Gulliksen & Lønne
1989, Mehlum 1990, Mehlum & Gabrielsen 1993,
Arndt et al. 2009). Ice algae are estimated to produce
16 to 22% of the primary production in the northern
Barents Sea and the sub-ice ecosystem is home to a
variety of ice-associated fauna, in cluding a number of

amphipod species and the younger
age-classesofpolarcodBoreogadus
saida. Multi-year sea ice and sea ice
with a rough underside that in -
cludes brine channels, holes and
crevices has greater densities of
sympagic fauna than first-year sea
ice or sea ice with a flat underside
(Lønne & Gulliksen 1989, 1991,
Heg seth 1998, Arndt et al. 2009, von
Quillf eldt et al. 2009).

The summer and autumn are im -
portant foraging periods for ringed
seals as this is when they regain
mass that they lost in the spring and
early summer during the breed ing
and moulting periods (Freitas et al.
2008a, Young & Ferguson 2013,
Hamil ton et al. 2015). Travelling
off shore to the MIZ is one of the 2
movement strategies for Svalbard
ringed seals: individuals that travel
offshore are primarily juveniles,
while larger, older individuals stay
coastal and are mainly associated
with tidal glacier fronts (Freitas et
al. 2008a, Hamilton et al. 2015).
High intraspecific competition in
areas at tidal glacier fronts likely
results in smaller, younger ringed
seals being displaced and travel-
ling to the MIZ, which, due to its
large spatial extent and high and
extended productivity, is an impor-
tant alternate foraging area. Ringed
seals in other Arctic regions also
travel offshore in the summer and
autumn (Born et al. 2004, Kelly et
al. 2010, Crawford et al. 2012, Har-
wood et al. 2012, Martinez-Bakker
et al. 2013). However, in other

regions, such as Hudson Bay and western Green-
land, ringed seals stay close to their tagging locations
throughout the year, potentially reflecting ample
food sources locally or excessive distances to reach
suitable offshore areas (Born et al. 2004, Luque et al.
2014).

One of the 2 movement strategies of polar bears in
the Barents Sea sub-population is also to move off-
shore in the summer and autumn, following the
retreating summer sea ice edge, while other bears in
this sub-population remain coastal in Svalbard (Mau-
ritzen et al. 2002). Polar bears use offshore ice exten-
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Fig. 4. Response of the generalized
additive model (GAM) smooth curves
for mean ice concentration (%) and
distance to the 50% and 15% ice
contours (km; negative and positive
distance values indicate areas with <
and ≥15% and 50% ice concentra-
tion, respectively) for offshore polar
bears Ursus maritimus, ringed seals
Pusa hispida and ivory gulls Pago -
phila eburnea equipped with bio -
telemetry devices from 2007 to 2014 

in Svalbard, Norway
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sively throughout the year in the circumpolar Arctic
(Stirling et al. 1993, Durner et al. 2009, Laidre et al.
2015b, Wilson et al. 2016). Declines in Arctic sea ice
have led to polar bears increasingly using land dur-
ing the summer, which has been linked to declines in
condition, survival of different age classes and abun-
dance for several sub-populations (Stirling & De -
rocher 2012, Rode et al. 2014, 2015, Atwood et al.
2016). Investigations into condition and cub produc-
tion of polar bears in Svalbard have found no consis-

tent trends, although these metrics have been linked
to the value of the Arctic Oscillation (i.e. high AO val-
ues —milder weather with less sea ice— correspond
to reduced condition and decreased cub production
the following spring, Andersen & Aars 2016).

In the MIZ, Svalbard polar bears hunt ice-associ-
ated seals. Ringed seals, bearded seals Erignathus
barbatus and harp seals feed in the MIZ of the Bar-
ents Sea in the summer and autumn (Derocher et al.
2002, Freitas et al. 2008a, Nordøy et al. 2008, Hamil-
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Fig. 5. Overlap of important habitat areas for 2010 to 2012 for polar bears Ursus maritimus, ringed seals Pusa hispida and ivory
gulls Pagophila eburnea equipped with biotelemetry devices from 2007 to 2014 in Svalbard, Norway. Black line: position of 

the average 50% ice contour for each month
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ton et al. 2015). Individual bears in Svalbard nor-
mally specialize in one of the 2 movement strategies,
repeating the same movement pattern every year if
possible (Mauritzen et al. 2001). However, early
retreat of sea ice can affect the ability of females to go
offshore in some years, turning bears that normally
use the offshore movement strategy into coastal
bears (J. Aars unpubl. data). Polar bears in the Bar-
ents Sea have their maternity dens on land, and the
sea ice arrival and departure dates affects the ability
of polar bears to reach different denning areas
(Derocher et al. 2011, Aars 2013).

Ivory gulls are associated with offshore pack ice
most months of the year (Gilchrist et al. 2008, Gilg et
al. 2010, 2016, Spencer et al. 2014, 2016). Three pop-
ulations of ivory gulls in the northeast Atlantic (north
Greenland, Svalbard and Franz Josef Land) travel to
the MIZ of the Barents Sea post-breeding, with some
Svalbard individuals also taking trips to the MIZ from
the breeding colonies during the breeding season
(Gilg et al. 2010, H. Strøm unpubl. data). In Canada,
ivory gulls remain within the Arctic Archipelago
post-breeding before moving to wintering areas in
the Davis Strait (Spencer et al. 2014). In the MIZ, they
forage on ice-associated zooplankton and fish, and
also scavenge on polar bear kills (Ryder 1957, Divoky
1976, Orr & Parsons 1982, Renaud & McLaren 1982,
Mehlum & Gabrielsen 1993, Gilchrist et al. 2008,
Karnovsky et al. 2009, Gilg et al. 2010, Lydersen et al.
2014). The spatial overlap between ivory gulls and
ringed seals in the MIZ is likely due in part to a
shared food source, as both ivory gulls and ringed
seals forage on the same ice-associated prey. It is not
known how important scavenging is in terms of over-
all energy gain or if there are different individual for-
aging strategies, but the regular occurrence of ivory
gulls at polar bear kills indicates that it may be signif-
icant, at least for some individuals or for some parts of
the year. Stable isotope analyses of ivory gulls in the
North Water Polynya have suggested that scaveng-
ing on marine mammal carcasses is important and
that ivory gulls have a higher trophic position than
most other Arctic seabirds, with the exception of
glaucous gulls Larus hyperboreus (Karnovsky et al.
2009, Hobson & Bond 2012). The energy content of
ringed seal blubber (close to 100% fat) is up to 10
times higher than that of many potential fish or inver-
tebrate prey (ringed seal fat: 34−39 kJ g−1 wet wt,
Stirling & McEwan 1975; polar cod: 4−7 kJ g−1 wet
wt, Harter et al. 2013, Hop & Gjøsæter 2013; Themis -
to libellula: 4 kJ g−1 wet wt, Hop et al. 1997), high-
lighting the energetic profitability of scavenging seal
carcasses.

The shift in the MIZ from over the continental shelf
to over the deep waters of the Arctic Ocean Basin in
the Barents Region has already been shown to have
negative consequences for ringed seals (Hamilton et
al. 2015) and thus this is also likely for the whole spe-
cies assemblage. Ringed seals that travelled to the
MIZ during late summer and autumn were shown to
move greater distances per day, had dives of longer
duration, spent less time at the surface between dives
and spent less time hauled out after the summer sea
ice edge shifted to over the Arctic Ocean Basin
(Hamilton et al. 2015). Spending less time hauled out
and expending greater effort foraging is expected to
have negative impacts on ringed seal condition, and
less time spent resting on the surface likely reduces
their availability to hunting bears. Fewer kills by
polar bears will naturally affect both the energy bal-
ance of the bears in the MIZ and the scavenging
habits of ivory gulls.

Sex, age and reproductive status were found to
have little or no effect on the habitat selection models
for the 3 species in this study, although other studies
have found variations in habitat selection, home
range size and movement patterns in the MIZ be -
tween unaccompanied female polar bears and fe -
males with cub(s) of the year or yearling(s) (Stirling et
al. 1993, Mauritzen et al. 2001, 2003, Laidre et al.
2013). However, only 6 of the 23 female polar bears
that went offshore in this study had dependent young
(i.e. cub[s] of the year or yearling[s]), which might
have reduced the ability of the model to detect any
potential differences. All of the bears in this study
were females, as no data from males are available
from Svalbard for this time period. However, Laidre et
al. (2013) found that male and female polar bears in
East Greenland had similar patterns of sea ice habitat
selection. The ringed seals that took offshore trips
were primarily juveniles (Hamilton et al. 2015), which
is likely the reason why mass and sex did not have an
effect in the habitat selection models. Mass and sex
also had no effect in the ivory gull habitat selection
models. As 21 of the 29 ivory gulls were males, this
bias may have impacted the ability of the model to de-
tect any potential differences, although sex was not
found to have an effect on stable isotope results and
habitat selection analyses of ivory gulls elsewhere in
the Arctic (Hobson & Bond 2012, Gilg et al. 2016).

Future outlook

Summer sea ice extent is predicted to retreat fur-
ther north and ultimately disappear; this retreat has
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already had a multitude of serious consequences for
Arctic ecosystems (Wang & Overland 2012, Post et al.
2013). Currently, the MIZ represents a predictable
location for successful foraging for marine mammals
and seabird species. Recent warming in the Barents
Sea has shifted the polar shelf fish community north-
wards, limiting these species to deep areas bordering
the Arctic Ocean Basin, but deeper bathymetric depths
might limit further northward movement of this com-
munity (Fossheim et al. 2015). Although young year-
classes of polar cod and ice-associated invertebrates
are found throughout the Arctic Ocean, they have
higher abundances in coastal regions, in thick, old
ice and in areas with high sea ice concentration (Gul-
liksen & Lønne 1989, David et al. 2016). It is currently
unknown what will replace the ice-associated fauna
in the diets of marine mammals and sea birds in a
seasonally sea ice free Arctic Ocean.

As sea ice declines continue, the main overlap areas
between ringed seals, polar bears and ivory gulls are
likely to track the sea ice northwards, remaining in
 association with the 50% sea ice contour, at least to
some distance from the Svalbard coastline. A model-
ling study of Svalbard ringed seals predicted that off-
shore foraging-migration trips will continue to be en-
ergetically profitable as long as the summer sea ice
edge is within 600 to 700 km of the Svalbard coastline
(i.e. sea ice edge situated approximately around 86° N),
given that there are adequate food resources in the
MIZ (Freitas et al. 2008c). A concern for polar bears is
whether the southern sea ice edge is within swimming
distance of the coast. Taking long distance swims
(>50 km) increases the mortality rate of dependent
cubs and puts polar bears at risk from storm events
(Monnett & Gleason 2006, Durner et al. 2011, Pagano
et al. 2012). Ivory gulls are likely to continue travelling
to the MIZ in the post-breeding period as long as sea
ice occurs at this time of year. The extra distance trav-
elled is unlikely to have large energetic consequences
given their lower cost of movement and their capacity
for long distance migration (Gilg et al. 2010, Spencer
et al. 2014). However, the proportion of seal blubber
in their diet may be reduced, depending on the num-
ber of polar bears and ringed seals that are left in the
MIZ and whether or not the proportion of time that
ringed seals spend hauled out (i.e. exposed to preda-
tion) continues to decrease as the sea ice retreats
northwards (Hamilton et al. 2015).

When the Arctic Ocean becomes seasonally sea ice
free, the spatial overlap between these 3 species in
this area will naturally cease to exist. Ringed seals
and ivory gulls that use the MIZ as a profitable forag-
ing area will have to move elsewhere in their search

for food. The success of a future offshore strategy for
ringed seals and ivory gulls depends on their ability
to locate accessible prey patches of sufficient quan-
tity and quality in the quickly changing Barents Sea
ecosystem (Fossheim et al. 2015). Whether or not
they can spend multiple months offshore without
resting platforms is still an uncertainty.

The polar bear, ringed seal, ivory gull species as-
semblage also currently exists along the Svalbard
coastline, primarily associated with tidal glacier fronts
(Freitas et al. 2008a, Lydersen et al. 2014, Hamilton et
al. 2015, 2017). The magnitude of the predator− prey
relationship between polar bears and ringed seals has
already been impacted by the earlier disappearance
of fast ice in these areas (Hamilton et al. 2017).

After the disappearance of the MIZ, both inter- and
intraspecific competition for ringed seals and ivory
gulls is likely to increase in tidal glacier front areas
(Lydersen et al. 2014). However, tidal glacier front ar-
eas in Svalbard are also disappearing, as glaciers here
are in negative mass-balance, and both the number
and total length of tidal glacier fronts have already
decreased in recent decades (Kohler et al. 2007,
Błaszczyk et al. 2009). The continued disappearance
of these coastal foraging ‘hotspots’ and the sea ice
cover in these areas will lead to further in creases in
competition, with consequences for the population
sizes and distribution of polar bears, ringed seals and
ivory gulls in Svalbard. Additionally, calved pieces of
glacier ice frozen into annual fast ice create conditions
suitable for ringed seals to make snow lairs, which are
vital for pup survival (Lydersen & Gjertz 1986). The
decline in the number of calved pieces of glacier ice
as well as the deterioration of sea ice and snow condi-
tions in the spring will lead to increased predation
pressure on the pups with further consequences for
Svalbard ringed seal recruitment and abundance.
(Lydersen & Smith 1989, Smith & Lydersen 1991).

The disappearance of both the MIZ and tidal gla-
cier fronts on Svalbard pose serious threats to the
various marine mammal and seabird species that for-
age in these traditionally ‘hotspot’ areas. Changes in
the abundance and distribution of a single species
can affect many other species through altered biolog-
ical interactions, with the potential for broad ramifi-
cations for Arctic terrestrial and marine ecosystems.
This study highlights the importance of conducting
multi-species studies when assessing the current
state of the ecosystem and when predicting the con-
sequences of climate change. Including biological
interactions in ecological investigations will improve
prediction accuracy and the success of management
efforts in this time of rapid change.
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