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Introduction

The Arctic is warming and sea-ice extent is decreasing 
(Stocker et al. 2013). Sea-ice-dependent  animals such as 
the polar bear (U. maritimus) will be particularly affected 
(Laidre et al. 2008). This apex predator has a circumpolar 
distribution (Amstrup 2003) and uses the Arctic sea ice as 
a primary habitat and hunting ground for its main prey 
species: ringed seals (Pusa hispida) and bearded seals (Eri-
gnathus barbatus) (Amstrup 2003).

Polar bears in eastern Svalbard typically exhibit sea-
sonal migrations (Mauritzen et al. 2001) as well as den-
ning and spring feeding site fidelity (Zeyl et al. 2009; 
Lone et al. 2013). Although polar bears of all ages and 
both sexes may go into temporary dens during periods 
with harsh weather or low food availability in winter 
(Amstrup 2003), only pregnant females display prolonged 
denning (Messier et al. 1994). Dens in most areas in Sval-
bard are located only on land, although in the Beaufort 
Sea dens have also traditionally been found on land-fast 
ice or on multiyear sea ice (Lentfer 1975; Amstrup & 
Gardner 1994; Fischbach et al. 2007). Pregnant females 
usually enter maternity dens sometime in October to 

mid-December (Amstrup 2003), where they give birth 
to one to three altricial cubs in mid-November to mid- 
January (Harington 1968). Den emergence varies from 
February to May (Amstrup 2003), and in Svalbard has 
a peak in early April (Andersen et al. 2012; Aars 2013). 
In most populations, cubs stay with their mothers for 
2.5 years (Amstrup 2003). Consequently, adult females 
will enter a maternity den every third year if cubs are suc-
cessfully weaned (Ramsay & Stirling 1986). In Svalbard, 
the estimated cub survival fraction is approximately 0.4 
in the first year (Aars unpubl. data). Therefore, on aver-
age, it is more typical for pregnant females to enter a den 
every second year (Wiig 1998).

An estimated 2650 (Aars et al. 2009), polar bears 
inhabit the Barents Sea. This shallow (average 230 m) 
shelf sea is situated in the European Arctic and includes 
the  Svalbard and Franz Josef Land archipelagos. Most 
polar bear dens in Svalbard are found in the east of the 
archipelago (Andersen et al. 2012). Derocher et al. (2011) 
demonstrated that the maternity den distribution in Sval-
bard is affected by the timing of the arrival of sea ice 
around the archipelago in autumn. If pregnant females 
are not able to reach their accustomed denning sites they 
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have to find suitable terrains in other regions (Derocher 
et al. 2004; Fischbach et al. 2007). In addition to sea ice 
allowing bears to reach the areas in autumn, a snow cover 
and the presence of snowdrifts adjacent to abrupt banks, 
bluffs and cliffs and sea-ice pressure ridges are necessary 
for denning to occur. Sufficient snow must accumulate by 
late November for bears to dig dens (Larsen 1985).

Because sea ice distribution and extent are changing, it 
is likely that key denning areas in Svalbard may often be 
inaccessible by bears in future years. Hence, it is import-
ant to be able to assess not only the terrain-related factors 
of denning habitat but also how denning habitat can be 
affected by variable weather patterns in a given year. This 
study explores whether a physically-based snow trans-
port model can adequately describe available polar bear 

maternity denning habitat in Svalbard when combined 
with a digital terrain model and local weather data.

Methods

Study area

The study area comprised islands—Kongsøya (78.9° N, 
28.7° E), Svenskøya (78.75° N, 26.6° E) and Hopen (76.55° 
N, 25° E)—in the eastern part of the Svalbard Archipel-
ago (74–81° N, 10–34° E), Norway (Fig. 1). Kongsøya is 
an island, 40 km long and up to 8 km wide, and is dom-
inated in the west and east by mountainous areas 12 km 
and 8 km long, respectively, with a maximum elevation 
of 320 m. The neighbouring island, Svenskøya, is 22 km 

Fig.1 Location of the three study islands within the Svalbard Archipelago (top left) and the distribution of all recorded polar bear maternity dens  

(n = 489) on these islands, accumulated from 1972 to 2012. White shapes illustrate glaciated areas while brown contour lines denote 100 m elevation 

increments. Insets in each panel depict circular histograms of total accumulated snow depth (in metres) for each wind direction and each island in the 

time period 1966–2011. The maximum of each histogram is scaled to 2500 m accumulated snow over the 46 years considered.
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long and up to 8 km wide, with a central mountain ridge 
ranging from the north-west to the south-east with ele-
vations of up to 290 m. The third island, Hopen, is 37 km 
long and up to 2 km wide, with eight plateaus and a high-
est elevation of 385 m. It is unlike the other two islands in 
that it is characterized by near sheer cliffs dropping from 
these plateaus into the ocean.

Polar bear maternity den data

Polar bear maternity dens were opportunistically recorded 
by visual inspection during ground and aerial surveys in 
Svalbard from 1972 to 2012 (Larsen 1972; Hansson & 
Thomassen 1982; Larsen 1986; Andersen et al. 2012). All 
surveys were conducted from March to May. Ground sur-
veys were conducted on skis or snowmobiles and aerial 
surveys were conducted by using helicopters or fixed-
wing aircrafts from altitudes between 25 and 100 m. Only 
denning locations in Kongsøya, Svenskøya and Hopen 
were used for this study since these islands represent 
important denning areas and the majority of surveys were 
conducted there (Andersen et al. 2012). Survey effort var-
ied both spatially and temporarily between years. When 
skis were used, the areas covered were more local, and 
concentrated on prime denning habitat (particularly east 
Kongsøya). The number of observation days also varied 
with weather conditions; for example, in some years, dens 
were difficult to locate after windy weather when open-
ings were covered by drifting snow.

Meteorological forcing

To drive our analyses, long-term Norwegian Reanalysis 
Archive (NORA10) data were provided by the Norwegian 
Meteorological Institute. These hourly data are available 
at a 10-km spatial resolution, spanning the time period 
from 1958 through present, over the north-eastern North 
Atlantic (Reistad et al. 2011; Furevik & Haakenstad 2012; 
Reistad et al. 2015). To prepare the meteorological data 
for this study, the 10-km gridded MET data were down-
scaled, using MicroMet (Liston & Elder 2006) to a 1-km 
grid covering all of Svalbard (Van Pelt et al. 2016). Then 
the meteorological data time series corresponding to the 
1-km grid cell closest to the centre of each of the three 
islands was aggregated to daily values and extracted and 
used to force the snow transport model, SnowDens-3D.

SnowDens-3D

SnowDens-3D (Liston et al. 2016) is a physically based, 
spatially distributed numerical snow model that simu-
lates snow-depth evolution resulting from precipitation 

and blowing-snow redistribution over virtually any topo-
graphically variable landscape. SnowDens-3D mimics the 
physical interactions of snow, wind, topography and land-
cover, to determine when, where and how much snow 
is transported and deposited in response to variations in 
weather and topography. The resulting system predicts 
the locations, timing and evolution of snowdrifts suit-
able for polar bear dens, and reproduces the controlling 
factors that determine key polar bear snowdrift denning 
habitat characteristics such as snow depth and distribu-
tion. In Arctic Alaska, Liston et al. (2016) found that, for 
the 31 den locations where position accuracy estimates 
were known, 97% of the time SnowDens-3D produced a 
snowdrift suitable for denning within that distance.

Pregnant polar bears in Svalbard normally enter dens 
from October through early December (Lønø 1970; 
Wiig 1998). Therefore, SnowDens-3D was applied to a 
20 × 20 m resolution digital terrain model ( Norwegian 
Polar Institute) and run from 1 August through 
30 November for each year from 1966 to 2011 with a 
daily time step; this period encompassed the typical 
period for snow to accumulate before bears went into 
their maternity dens. For the simulations presented 
herein, one modification was made to the SnowDens-3D 
version described in the work of Liston et al. (2016): the 
blowing snow horizontal transport fluxes simulated by 
SnowDens-3D were increased by a factor of 20 in order 
to account for the turbulent eddies that transport snow 
farther downwind than the grid cells nearest to the lee 
lip of the topographic distributions. This was applied over 
the entire gridded digital terrain model. The net effect of 
this change was to extend the snowdrifts farther down-
wind from the lee-slope edges; this better matched our 
visible imagery/observations of snowdrifts on the steep 
mountain slopes of the three islands.

Environmental variables

It is not possible to collect absence data for maternity 
dens. Therefore, we randomly generated 10 pseudo-ab-
sence locations for each observed den (Barbet-Massin 
et al. 2012) within the island boundaries to represent the 
landscape potentially available as denning habitat on the 
island where the den was found. Pseudo-absence loca-
tions are analogous to used versus available locations as 
defined by Johnson et al. (2006).

Precision in the recorded positions of observed dens 
vary. Some were observed from a distance and drawn on 
a map, others had GPS coordinates taken from a heli-
copter hovering above the den. In later years, triangu-
lations were used in some cases and, for dens known to 
be deserted, a GPS position was taken on the den. We 
assumed few dens were placed correctly within metres, 
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but that most recorded positions would be within 100 m 
from the real location. We did, however, test for three 
levels of uncertainty: (1) accurate (radius of uncertainty: 
20 m, i.e., one pixel); (2) moderate accurate (100 m) 
and (3) inaccurate (250 m). At any level of uncertainty, 
dens recorded within a pixel with insufficient modelled 
snow depth were assumed to have been observed in the 
closest pixel with sufficient snow depth, given that the 
distance between den observation and pixel with suf-
ficient snow depth for denning was less than or equal 
to the uncertainty level for that model. Snow depth for 
each den location and each pseudo-absence location was 
extracted from the year-specific snow distribution maps 
as categorical variables with two levels: (1) sufficient and 
(2) insufficient snow depth to establish a maternity den. 
As a cut-off point, a minimum snow depth value of 2 m 
was used to define viable den habitat (Liston et al. 2016).

To assess whether other geographical factors influ-
ence denning locations, distance to the closest stream 
was included as a categorical variable with four  levels 
(0–100 m, 100–200 m, 200–300 m and > 300 m). Loca-
tions of streams were obtained from the Mapping Sec-
tion of the Norwegian Polar Institute. Altitude and slope 
were extracted from the digital terrain model as an 
average of all pixels for each uncertainty level. Aspect 
was not included in the analysis since the survey and 
observation methods biased polar bear maternity den 
observations with regard to this variable (e.g., Hansson 
& Thomassen 1982).

Statistical analysis

The predictive capabilities of the SnowDens-3D model 
were analysed using logistic generalized linear models 
with binomial family and logit link. Models were fit-
ted using R (version 3.0.2, R Development Core Team 
2018) and the dredge function from the MuMIn package  
( Bartoń 2013) to test all possible model combinations for 
the three different levels of uncertainty. To assess the fit 
of SnowDens-3D, a snowdrift model set and a terrain 
model set for each uncertainty level were developed in 
which the response variable was presence versus pseu-
do-absence of polar bear maternity dens. The snowdrift 
model set included the predictor variables snow (a factor 
with two levels: sufficient or insufficient snow present 
as modelled by SnowDens-3D), distance to the closest 
stream and island (a factor with three levels: Kongsøya, 
Svenskøya and Hopen). The terrain model set included 
the predictor variables: slope in degrees, altitude in 
metres and island.

Initially, we checked whether any pair of predic-
tor variables were correlated. Spearman’s rank correla-
tion test was used to assess continuous variables while 

chi-squared contingency table tests were used to test 
categorical variables. If two variables were correlated 
(p  < 0.05 and/or |r

s
| > 0.7) the one with the most bio-

logical relevance for polar bear denning habitat selec-
tion was included in the models. Linearity of continuous 
variables (slope and altitude) was explored by modelling 
and visually inspecting each predictor variable against 
the response on a logit scale with generalized additive 
modelling and the binomial family using the package 
mgcv (Wood 2006). Both slope and altitude showed 
signs of nonlinear relations with the response variable, 
and hence a second-order polynomial for each variable 
was added. The best model for each snowdrift set and 
each uncertainty level was selected using BIC, and BIC 
weights, rather than AIC, to penalize model complexity 
and select the simplest model. Goodness of fit for all mod-
els was assessed using Nagelkerke’s R2 (Nagelkerke 1991), 
which quantifies the proportion of the total variance 
explained by a model. The predictive accuracy of each 
snowdrift model was calculated using the DAAG package 
(Maindonald & Braun 2010). The data were randomly 
split into 10 folds, which were in turn removed and the 
remaining data used to fit the logistic regression and to 
predict the deleted observations. This was repeated 25 
times and the mean and standard deviation of the inter-
nal cross-validation presented. Model discrimination was 
tested by calculating the AUC (Fielding & Bell 1997). The 
AUC value ranged from 0.5 for no discrimination ability 
to 1.0 for perfect discrimination (Pearce & Ferrier 2000). 
Further, sensitivity analyses were performed with regards 
to the cut-off value for the minimum required snow 
depth for a bear to establish a den.

Linear regressions were used to assess possible cor-
relations of year and number of maternity dens, with the 
proportion of each island covered by snow deeper than 
the minimum required snow depth. To compare the dif-
ferent islands, the proportions have been standardized.

Results

A total of 489 maternity dens (115 on Hopen, 288 on 
Kongsøya, 86 on Svenskøya) were observed from 1972 
to 2012 within the study area (Table 1).

The main snow carrying wind directions were north 
and north-east for Kongsøya and Svenskøya and north, 
north-east, east and south-east for Hopen during the 
period 1966–2011. Most snow was predicted to come 
from the north and north-east for all three islands. Hopen 
received most, and Svenskøya the least, amount of snow 
for all wind directions (Fig. 1).

For the time period 1966–2011, year-specific mod-
elled snowdrifts, sufficient for den creation, covered 
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on average 1.8% (absolute 3.4 km2, range: 0.3–4.6%/ 
0.6–8.8  km2) of Kongsøya (Fig. 2), 2.1% (2.9 km2, 
range: 0.5–4.2%/ 0.7–5.7 km2) of Svenskøya and 24.7% 
(11.3 km2, range: 13.0–36.1%/ 6.0–16.5 km2) of Hopen. 
Snowdrift coverage was not sensitive to the cut-off value 
used as minimum required snow depth (2 m) for polar 
bear dens on Kongsøya and Svenskøya ( Supplementary 
Fig.  S1). Hopen displayed more variability, but at a 
higher proportion covered. The proportion of the study 
islands covered by sufficient snow depth was positively 
correlated with year independent of the three study 
islands (0.3% increase per decade in Kongsøya and 
Svenskøya and 1.0% increase per decade in Hopen, 
p < 0.001, R2 = 0.08). A high proportion of dens were 
in modelled snowdrifts using the most probable uncer-
tainty of 100 m for all three islands (Kongsøya = 60%, 
Svenskøya = 66%, Hopen = 95%).

No set of predictor variables were correlated. The 
best snowdrift model included snow and island, while 
the best terrain model included four continuous vari-
ables (altitude, altitude2, slope, slope2) and island (Fig. 3, 
model coefficient estimates as well as marginal plots for 
the other uncertainty levels are shown in the appendix). 
The best snowdrift model had the lowest BIC for the most 
probable assumed uncertainty of 100 m (Table 2; results 
for the other two uncertainty levels are shown in Supple-
mentary Table S1). The explained variance for the best 
snowdrift model (R2 = 0.42) was higher than that for the 
best terrain model (R2 = 0.35). The proportion of observa-
tions correctly classified was consistently high at 0.9 for 
all considered models (Table 2).

Discussion

The motivation for developing a tool to map polar bear 
denning habitat was to make it possible to predict likely 
changes in the distribution of the areas suited for denning 
in future years. With sea-ice loss, drastic changes in distri-
butions of dens have already been seen in Svalbard. The 
historically important denning areas in the south-east of 
the archipelago now host few denning females in winter 
because in recent years sea ice often formed too late in 
autumn (Derocher et al. 2011; Aars 2013).

Year-specific modelled snowdrifts were able to describe 
maternity den habitat with good accuracy (R2 = 0.42 and 
AUC = 0.85). Additionally, Liston et al. (2016) showed 
that SnowDens-3D also performed well in northern 
Alaska, which is dominated by a flat, featureless topog-
raphy interrupted by river and coastal banks. With 
detailed topographic maps and weather data, we can 
map denning habitat for the whole Svalbard archipelago, 
and tell: (1) where the most likely alternative areas for Ta
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denning are, given that the bears failing to reach islands 
in the south-east need alternative sites; (2) with predicted 
changes in climate, model how both availability and dis-
tribution of denning habitat may change in future years. 
In combination with models of sea-ice distribution, and 
knowledge of prey distributions in different seasons, this 
will enable us to better manage a polar bear population 
experiencing significant changes in its living area.

The terrain model also performed well (R2 = 0.35, 
AUC = 0.88). Most dens were found in steep terrain with 

slopes of 15–35 degrees at 100–250 m altitude (Fig. 3). 
The snowdrift model will be superior when weather data 
are available, but the terrain model may be useful to 
make initial habitat maps, telling where the terrain will 
allow snow to accumulate providing enough precipita-
tion and wind from the right direction. Although wind 
direction was very prominent from the north and north-
east at the study islands, wind directions change between 
years. It is valuable to produce habitat maps that include 
areas that may be of minimal importance in almost all 

Fig. 2 Digital elevation model of west Kongsøya (black area in inset box) in shades of brown. Modelled snowdrifts of sufficient depth for den creation 

(yellow) for the autumn of years with minimum (1968) and maximum (2007) snowdrift coverage as well as maximum number of dens observed (1979). 

Observed dens found in subsequent years (none in spring 1969, 41 in spring 1980 and two in spring 2008) are added as black symbols (+) with a 100 m 

buffer to denote uncertainty (black circles).

Fig. 3 Marginal plots for the best fitted terrain model (grey background) as well as snowdrift model (white background) for the 100-m uncertainty level. 

The effect of each variable on the predicted probability of presence of a polar bear maternity den is shown by varying one predictor variable and keeping 

the other constant. The 95% confidence intervals are shown as shaded areas. The distribution of the predictor variables is shown in the bottom of each 

panel. Note that results for Svenskøya and Kongsøya overlap to a large extent (see model coefficients in Supplementary Tables S2 and S3 and marginal 

plots for the other uncertainty levels are provided in Supplementary Fig. S2).
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years, but that may be most important in years with atyp-
ical weather conditions.

Models predicted that Hopen had so much of the area 
covered with snowdrifts in any year (i.e., at the mini-
mum 6 km2), that it would be unlikely that availability of 
snowdrifts would be a limiting factor to bears searching 
for den sites. However, Kongsøya and Svenskøya—two 
of the major denning areas for polar bears in Svalbard—
had only on average 2% of the area covered with suffi-
cient snow depths corresponding to less than 4 km2 of 
available denning habitat on these islands. Additionally, 
this varied significantly among years, ranging from 0.6 to 
8.8 km2. The coverage of modelled snowdrifts showed a 
significant increase from 1966 to 2011. A simulation for 
the whole of Svalbard by Van Pelt et al. (2016), based 
on the same set of weather data, shows that there has 
been an increase in snow precipitation in the east and 
north, but at the same time a decrease in the south-west 
area of the archipelago. It may therefore be that there 
are improved conditions for suitable den sites in areas 
where polar bears will not be able to get to on account of 
lack of sea ice between these areas and the areas where 
the bears hunt in summer, while alternative areas fur-
ther west that recently seem to have experienced an 
increase in denning bears (Andersen et al. 2012) may 
experience a reduction in suitable sites. It is, however, 
not possible based on recent data to state if availability 
of suitable snowdrifts is limiting in any of the actual den-
ning areas. Although milder weather may, in some areas, 
lead to more snow and more available denning habitat, 
mild spells also lead to more frequent episodes of rain on 
snow. Such episodes have been shown to impact terres-
trial wildlife significantly in Svalbard (Stien et al. 2012; 
Hansen et al. 2013). They  could lead to fatal collapses 

of maternity dens and the death of mothers and cubs 
(Clarkson & Irish 1991).

Both the snowdrift model and the terrain model showed 
increased fit by including the islands as a variable. This was 
most likely driven by the island Hopen, which, due to its 
topography and prevailing weather conditions, has a much 
higher proportion of its area covered by sufficient snow 
drifts. All three islands are too small to have any areas far 
from the coast. In other areas, distance to the coast may be 
a parameter that could improve the model, since the dis-
tance a mother has to walk with her cubs to reach the coast 
for ringed seal hunting may be of importance.

SnowDens-3D simulations and hence the snowdrift 
models depend strongly on the quality of the meteorolog-
ical inputs, in particular, air temperature, precipitation, 
wind speed and wind direction. While the NORA10 data 
we used are considered the best available for this region, 
it may still suffer from important deficiencies. For exam-
ple, most polar bear dens are in topographically variable 
terrain (e.g., ridges, gullies and cut-banks) that impact 
the local wind speeds that are not resolved by the 10-km 
NORA10 data. In addition, the reanalysis forcing data 
includes changes in assimilated observation datasets that 
can impact trends in the simulated den-habitat distribu-
tions. Therefore, the simulated trends may not be related 
to actual trends in atmospheric conditions. Finer-grained 
digital elevation models may thus improve the den hab-
itat models further. While areas with rough topography, 
like Hopen, will likely have many places with sufficient 
snow drifts in any year, and that may be part of the rea-
son why it has had among the highest densities of dens 
in the Arctic (Larsen 1985), less profound structures can 
be important in areas where most of the terrain is flat. 
In Alaska, banks along the mainland coast or on smaller 

Table 2 The four best models for the snowdrift model set, as well as the terrain model set (final four rows of the table, set in boldface), at 100-m 

uncertainty according to BIC and BIC weights. Dashes indicate that the given variable was unavailable for the given model set.

Model variables df BIC ∆BIC BIC weight AUC R2f cvg sd cvh

rvra snowb altc alt2 slpd slp2 loe

+ – – – – + 4 2151 0.0 1.00 0.85 0.42 0.94 <0.001

+ + – – – – + 7 2176 25.0 0.00 0.84 0.42 0.94 <0.001

+ + – – – – 5 2300 149.0 0.00 0.84 0.38 0.92 0.001

+ – – – – 2 2306 155.0 0.00 0.81 0.37 0.91 <0.001

– – + + + + + 7 2386 234.8 0.00 0.88 0.35 0.91 0.001

– – + + + + 6 2423 272.0 0.00 0.87 0.34 0.91 0.001

– – + + + + 6 2442 290.8 0.00 0.87 0.33 0.91 0.001

– – + + + 5 2446 294.5 0.00 0.87 0.33 0.91 0.001

aCategorical, distance to the nearest stream. bPresence or absence of sufficient snow depth. cAltitude (m).dSlope (°). eIsland factor (Kongsøya, Svenskøya, 

Hopen). fNagelkerke’s R2. gCross-validation. hStandard deviation of cross-validation.
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islands with only a few metres height provide drifts for 
dens in large flat areas with few good alternatives (Durner 
et al. 2001; Durner et al. 2003; Durner et al. 2013).

Conclusion

With current and predicted changes in sea-ice availability 
and a milder climate, the distribution of both polar bears 
and their prey species are expected to experience signif-
icant changes in distribution, densities and habitat use. 
Habitat maps identifying both current and future areas 
for maternity denning will be important in future man-
agement of the Barents Sea population and other Arctic 
populations experiencing similar changes.
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