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Abstract

Habitat loss and climate change are major processes affecting biodiversity, especially in the Arctic which is experiencing rapid
sea ice decline. Loss of sea ice habitat for ice-dependent species such as polar bears (Ursus maritimus) has been associated
with declines in body condition, reproductive output, survival, and abundance. Monitoring habitat use can therefore provide
insights into population responses to sea ice loss, especially for vulnerable demographic groups such as subadults. Here,
we used resource selection functions to examine habitat selection patterns of subadult male and female (n=21) and adult
female (n=37) polar bears in the Southern Beaufort Sea population from 2007 to 2011. We found that polar bears displayed
broad similarities in seasonal habitat selection by using nearshore areas in winter/spring and ranging farther offshore into the
multiyear ice in summer/autumn. However, there were differences in habitat use among age, sex, and reproductive classes.
Adult females with cubs-of-the-year differed the most among classes and selected landfast ice in spring, allowing them to
hunt for seal birth lairs while reducing risk of intra-specific predation. Adult females with older cubs and solitary adult
females used active sea ice, which allowed them to hunt adult seals, while subadult females used a mix of active and landfast
ice. Subadult males had similar selection for landfast ice as females with cubs-of-the-year, potentially as a mechanism to
reduce intra-specific competition and/or kleptoparasitism. The Arctic faces continued warming and understanding variation
in habitat use patterns can assist in identifying which bears are most vulnerable to loss of different sea ice habitats.

Keywords Polar bear - Habitat selection - Resource selection functions - Southern Beaufort Sea - Climate change - Ursus
maritimus

Introduction

Habitat loss and fragmentation are key drivers of
biodiversity loss (Brook et al. 2008; Mantyka-Pringle
et al. 2012) and anthropogenic climate change similarly
threatens global biodiversity (Scheffers et al. 2016). Climate
change and habitat loss can interact synergistically to
negatively affect species (Opdam and Wascher 2004; Brook
et al. 2008; Mantyka-Pringle et al. 2012). As changes to
habitats are predicted to continue due to climate change
(Mantyka-Pringle et al. 2012; IPCC 2014), understanding
habitat use and requirements can aid conservation efforts.
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Habitat use can vary among age classes in many species
(Mattson et al. 1987; Reid et al. 1994; Whitehead et al.
2002; Kokurewicz 2004; Crawford et al. 2012). However,
habitat use is often modeled with little or no consideration
for age or reproductive class, which can result in incomplete
assessments of habitat requirements due to variation within
populations (Aebischer et al. 1993; Durner et al. 2009;
McCall et al. 2016). Understanding variation in habitat use
and selection among demographic groups can help identify
which groups are most vulnerable to habitat change, and
improve predictions about population responses to future
change.

The Arctic is warming at a faster rate than the rest of
the world (Wassmann et al. 2011; IPCC 2014; Parkinson
2014), resulting in sea ice extent reductions, increased open
water duration (Comiso 2002; Parkinson and Cavalieri
2008; Stroeve et al. 2012; Parkinson 2014), earlier sea
ice breakup, and later freeze-up (Stirling and Parkinson
2006; Stern and Laidre 2016; Stroeve and Notz 2018). Sea
ice is critical habitat for many Arctic species and sea ice
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decline has negatively affected the population dynamics of
various species including many Arctic marine mammals
(Laidre et al. 2008; Post et al. 2009; Kovacs et al. 2011).
For example, sea ice is essential for polar bears (Ursus
maritimus) due to its use as a platform for movement and
foraging on their main prey [ice-associated ringed seals
(Pusa hispida) and bearded seals (Erignathus barbatus)]
(Stirling and Archibald 1977; Smith 1980). Because sea
ice affects energy intake and use, polar bear body condition
and growth are affected by sea ice availability (Stirling et al.
1999; Rode et al. 2010; Durner et al. 2017). Climate change-
induced sea ice decline thus affects the availability of polar
bear critical habitat and sea ice loss has been associated with
negative effects on polar bear body condition, reproduction,
survival, and population abundance (Regehr et al. 2010;
Rode et al. 2010; Bromaghin et al. 2015; Lunn et al. 2016).
Polar bears are threatened by future sea ice declines (Wang
and Overland 2009, 2012; IPCC 2014; Regehr et al. 2016)
and it is therefore important to understand habitat use and
requirements in the warming Arctic.

In particular, the Southern Beaufort Sea (SB) polar bear
population has undergone extensive reductions in habitat
availability due to declines in sea ice concentration by 9.3%
decade™! and ice-covered days by 17.5 days decade™ (Stern
and Laidre 2016), with associated declines in SB polar
bear body condition, reproductive output, survival, and
abundance (Regehr et al. 2010; Rode et al. 2010; Bromaghin
et al. 2015). Studies on polar bear habitat use have identified
selection for intermediate to high sea ice concentrations
over the shallow continental shelf, which is a biologically
productive region (Durner et al. 2009; Laidre et al. 2018;
Lone et al. 2018b). Sea ice can be further categorized as
stable landfast ice or active sea ice, which differ in their
availability of prey (Stirling et al. 1993; Pilfold et al. 2016;
Reimer et al. 2019). Landfast ice is lower-quality foraging
habitat where ringed seal pups and adults in birth lairs are
hunted by polar bears (Smith and Stirling 1975; Smith 1980;
Stirling et al. 1993; Reimer et al. 2019). In contrast, active
sea ice is high-quality foraging habitat along leads between
the fast ice and drifting offshore ice and is the habitat where
juvenile/adult ringed seals and bearded seals are available
to polar bears (Stirling and Archibald 1977; Stirling et al.
1993; Amstrup et al. 2000; Pilfold et al. 2014; Reimer
et al. 2019). Adult females with cubs-of-the-year (COY)
select landfast ice in spring, likely to protect cubs from
the threat of infanticide from adult males, whereas other
age classes select active ice (Stirling et al. 1993; Freitas
et al. 2012; Pilfold et al. 2014; McCall et al. 2016). Intra-
specific competition may also influence distribution within a
population and further segregate habitat use due to dominant
individuals excluding subordinates from optimal habitat
(Egbert and Stokes 1976; Mattson et al. 1987; Pilfold et al.
2014). For example, competition for food resources affects
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variation in grizzly bear (U. arctos) habitat use, whereby
adult females and subadults avoid or are excluded from the
habitats used by dominant adult males (Egbert and Stokes
1976; Mattson et al. 1987). Similarly, polar bears also differ
in their competitive ability as adult males are the largest
class and subadults are inexperienced hunters that adults
can kleptoparasitize (Stirling et al. 1993; Pilfold et al. 2014).
However, knowledge of variation in habitat use within the
SB population primarily comes from bear captures and seal
kill sites (Pilfold et al. 2014) and observational surveys
(Stirling et al. 1993), whereas the use of telemetry to track
the movements of different demographic groups of SB polar
bears and examine habitat use is lacking.

In this study, we examined variation in SB polar bear
habitat use between adult females of different reproductive
status and male and female subadults using global
positioning system (GPS) satellite-linked telemetry and
resource selection functions (RSFs). Habitat use was
compared between demographic groups and RSFs were used
to predict subadult and adult female habitat selection in each
season. We hypothesized that habitat selection would vary
the most among classes during primary hunting/reproduction
seasons (winter and spring). Researching variation in
habitat use within the SB can improve our understanding of
habitat requirements for different demographic groups, with
implications for foraging success, energetics, and models of
population-wide habitat use.

Methods
Study area

The study area was located in the southern Beaufort Sea
from Pearce Point, Northwest Territories, Canada to Icy
Cape, Alaska, USA, and offshore up to 80°N (Fig. 1).
The clockwise Beaufort Gyre, wind, and currents affect
ice drift patterns in this region (Proshutinsky et al. 2002;
Bromaghin et al. 2015; Pongracz and Derocher 2017). There
is a narrow continental shelf in the Beaufort Sea and primary
productivity is driven by sea ice algae (Horner and Schrader
1982). The region is characterized by stable shorefast ice
that forms each year, open-water leads that occur in spring
at the boundary of the shorefast ice (active sea ice zones),
and drifting pack ice farther offshore (Stirling et al. 1993;
Pilfold et al. 2014; Pongracz and Derocher 2017). Open-
water leads between the shorefast ice and the pack ice are
important regions of biological productivity (Stirling et al.
1993; Bromaghin et al. 2015; Moore et al. 2018). When
annual sea ice melts in summer, SB polar bears either travel
north to multiyear ice in the Polar Basin or move onto land
(Amstrup et al. 2000; Atwood et al. 2016; Pongracz and
Derocher 2017).
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Fig. 1 Distribution of 21 subadult (female and male) and 37 adult female (with cubs-of-the-year [COY], with older cubs, and solitary) polar
bears from GPS collar locations in the Beaufort Sea by season from 2007 to 2011

Field sampling

Field work was conducted in April-May of 2007-2010 in
the Canadian portion of the southern Beaufort Sea. Subadult
male and female (3—4 years old) and adult female (>5 years
old) polar bears were immobilized using tiletamine
hydrochloride and zolazepam hydrochloride (Zoletil®,
Laboratoires Virbac, Carros, France) following standard
procedures (Stirling et al. 1989) and fitted with GPS collars
(Telonics, Mesa, AZ) linked to the Argos satellite system
(CLS America Inc., Lanham, MD) that collected locations
every four hours (Pongracz and Derocher 2017). The
programmable releases (CR-2a, Telonics, Mesa, AZ) on
the collars were set for 1 year for subadults and 2 years for
adults and subadult collars had a corrodible link. Erroneous
data, dropped collar data, locations on land, and locations
from one adult female that traveled outside the study area to
Wrangel Island, Russia (Johnson et al. 2017) were excluded
from analyses. Capture and handling protocols followed
the Canadian Council on Animal Care guidelines and were

approved by the University of Alberta BioSciences Animal
Care and Use Committee.

Habitat use

At each polar bear GPS location, eight environmental
covariates were extracted: sea ice concentration (Ice; %),
distance to 5% sea ice concentration contour (IceEdge; km),
two types of ice thickness (FirstYear, OldIce; %), three
types of ice floe size (SmallFloe, VastFloe, Fastice; %),
and distance to land (DistLand; km) (Table S1 in Online
Resource 1). These variables were chosen for ecological
reasons relevant for polar bears: Ice is a key feature that
influences polar bear habitat use, IceEdge represents the
edge of the sea ice, ice thickness/floe type characterizes
the seascape and prey availability (nearshore stable fast ice
versus active ice) (Stirling et al. 1993; Pilfold et al. 2014),
and DistLand is important because polar bears select
nearshore habitats (Durner et al. 2009; Lone et al. 2018b).
Sea ice concentration was obtained from satellite passive
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microwave data from the National Snow and Ice Data
Center (daily SSM/I with a resolution of 25 km; Boulder,
CO; Cavalieri et al. 1996; https://nsidc.org/data/NSIDC
-0051/versions/1; accessed 09 April 2011) and sea ice
thickness/floe size data were obtained from the Canadian Ice
Service and extracted from a satellite remote sensor (weekly
AMSR-E with a resolution of 6.5 km; Spreen et al. 2008;
https://icewebl.cis.ec.gc.ca/Archive/pagel.xhtml; accessed
25 October 2011). ArcGIS was used to calculate the distance
to land for each polar bear location (ArcGIS v.10.6.1,
Environmental Systems Research Institute, Redlands, CA).

Use of each environmental covariate was compared
among five SB polar bear classes: adult females with COY,
adult females with older cubs (yearlings and two-year-old
cubs), solitary adult females, subadult females, and subadult
males. The environmental variables were non-normally
distributed (Shapiro—Wilk test, p <0.05) and standard
transformations did not improve normality; therefore,
Kruskal-Wallis and Dunn’s non-parametric tests were used
to examine differences in the use of environmental variables
among classes in each season.

Resource selection models

RSFs are an effective method for modeling polar bear habitat
selection using GPS locations and ecologically relevant
environmental covariates, such as sea ice concentration,
ice type, and distance to land (Manly et al. 2002; Durner
et al. 2009; Rode et al. 2010; Pilfold et al. 2014; McCall
et al. 2016). We created separate RSF models for subadults
(pooled) and adult females (pooled) in the SB in each
season from 2007 to 2011: winter (December—February),
spring (March-May), summer (June—August), and autumn
(September—November). A discrete choice modeling
approach was used for the RSFs, which involved modeling
polar bear selection for the environmental covariates with
a used versus available habitat approach (Durner et al.
2009; Laidre et al. 2015, 2018; McCall et al. 2016). The
used habitat locations were the polar bear GPS locations
(1 location/day selected randomly) while available habitat
locations were 75 randomly generated locations within a
buffer around each used location (Laidre et al. 2015, 2018;
Hauser et al. 2017). The radius of the buffer was based on
seasonal mean movement rates between GPS locations for
each class to estimate the distance a bear could travel in
3 days (overall mean hourly movements rates: 2.50 km/h
for subadults and 2.07 km/h for adults) (Laidre et al. 2015,
2018). Because it can be expected that selection will be
more similar within than between bears, a random-effect
term for each individual was included in a generalized linear
mixed effects model approach (McCall et al. 2016). The
exponential RSFs were modeled with the Ime4 package in R
(R Core Team 2019) using the logistic regression equation:

@ Springer

wx) = exp(B X, + Xy + ... + B X,), 4))

where w(x) is the relative probability of selection, X is the
value for the environmental covariates, and § values are the
coefficients from the RSF model output. Thirty-four a priori
RSF models (Table 1) were created using combinations
of the environmental covariates based on ecological
hypotheses: Ice (included in every model because it is a key
feature in polar bear habitat use), ice thickness/floe type to
characterize the seascape, and DistLand (Durner et al. 2009;
Laidre et al. 2018). Variables were screened for collinearity
in each season and models with correlated variables
(Irl>0.6) were removed (Table S2 in Online Resource 1)
(Durner et al. 2009; Pilfold et al. 2014). Ice was modeled as
a quadratic term because polar bears exhibit an intermediate
preference (Durner et al. 2009; Pilfold et al. 2014).

Predicted habitat selection

Model selection was conducted using Akaike’s Information
Criterion (AIC) to select the top model for subadults and
adults in each season. The top model for each class in
each season was used to predict the relative probability
of selection across the landscape in each season using the
equation of the top model (Eq. 1), # coefficients from each
covariate in the top model, and the environmental conditions
for a representative day in each season (winter: February
4; spring: May 7; summer: August 6; autumn: November
5) (Durner et al. 2009; McCall et al. 2016). The resulting
RSF predictions were then scaled to a relative probability of
selection from O to 1 to compare predicted selection between
subadults and adults (Durner et al. 2009; Laidre et al. 2015).

RSF zones

Predicted RSF values for each age class in each season were
placed into 10 equal-area bins that were ranked from 1 to
10 and the percentage of used locations falling into each bin
was determined (Durner et al. 2009, 2019). In addition, the
percentage of used locations in the upper 20% (i.e., optimal
habitat) and upper 50% of RSF zones were calculated
and chi-square tests were used to assess differences in the
percentage of used locations in each RSF zone between age
classes (Durner et al. 2009, 2019). The level of significance
was set at o <0.05 and statistical analyses were conducted
in R v.3.6.0 (R Core Team 2019).

Results
The four seasonal RSF models were constructed with 1399

locations pooled from 10 subadult males and 11 subadult
females, and 2996 locations from 37 adult females (Fig. 1;
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Table 1 List of a priori resource
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Ice +Ice® + FirstYear

Ice +Ice® + Oldlce

Ice +Ice® + SmallFloe

Ice +Ice® + VastFloe

Ice +Ice® + Fastlce

Ice +Ice® + DistLand

Ice +Ice® + IceEdge + DistLand

Ice +Ice® + FirstYear + DistLand

Ice +Ice® + Oldlce + DistLand

Ice +Ice® + SmallFloe + DistLand

Ice +Ice® + VastFloe + DistLand

Ice +Ice® + Fastlce + DistLand

Ice+Ice* + FirstYear+ Fastlce + DistLand

Ice+Ice? + Oldice + Fastlce + DistLand

Ice+Ice® + SmallFloe + Fastlce + DistLand

Ice+Ice* + VastFloe + Fastlce + DistLand

Ice + Ice? + FirstYear + SmallFloe + DistLand

Ice +Ice® + FirstYear+ VastFloe + DistLand

Ice+Ice* + OldIce + SmallFloe + DistLand

Ice+Ice® + OldIce + VastFloe + DistLand

Ice+Ice® + FirstYear + SmallFloe + Fastlce + DistLand

Ice+ Ice® + FirstYear + VastFloe + Fastlce + DistLand
Ice+Ice® + OldIce + SmallFloe + Fastlce + DistLand
Ice+Ice® + OldIce + VastFloe + Fastlce + DistLand

Ice+Ice* + IceEdge + FirstYear + SmallFloe + DistLand
Ice+Ice* + IceEdge + FirstYear + VastFloe + DistLand
Ice+Ice® + IceEdge + Oldice + SmallFloe + DistLand
Ice+Ice* + IceEdge + Oldice + VastFloe + DistLand
Ice+Ice* + IceEdge + FirstYear + SmallFloe + Fastlce + DistLand
Ice+Ice* + IceEdge + FirstYear + VastFloe + Fastlce + DistLand
Ice+Ice* + IceEdge + Oldice + SmallFloe + Fastlce + DistLand
Ice+Ice® + IceEdge + Oldice + VastFloe + Fastlce + DistLand

Covariates included: Ice (sea ice concentration), IceEdge (distance to 5% sea ice concentration), FirstYear
(percentage of ice that was first year), OldIce (percentage of ice that was multiyear), SmallFloe (percentage
of floes that were small), VastFloe (percentage of floes that were vast), Fastlce (percentage of floes that
were land fast), and DistLand (distance to land)

Table 2). Given that some adult females were tracked for
> 1 year, there were six adult females with COY, 35 adult
females with older cubs, and five solitary adult females.

Habitat use

In winter, there were no significant differences in the use of
Ice and Fastlce among classes, and no significant differences
in any environmental variables between subadult females
and subadult males (Dunn’s tests, p > 0.05; Fig. 2; Table S3
in Online Resource 1). Subadults were significantly closer
to land [mean 36 km (n=11)] than adult females with

older cubs [mean 60 km (n=25)]. Adult females with COY
were significantly closer to IceEdge [mean 545 km (n=06)]
and used areas with significantly less VastFloe [mean 0%
(n=16)] than all other classes [mean IceEdge > 662 km,
VastFloe >26% (n=236)]. Adult females with COY also used
areas with significantly more SmallFloe [mean 21% (n=6)]
than all classes [mean 12% (n=30)] except subadult males
[mean 14% (n=06)].

In spring, adult females with COY used areas significantly
closer to land [mean 28 km (n=6)] with significantly more
Fastlce [mean 51% (n=6)] and less VastFloe [mean 30%
(n=6)] than all other classes [mean DistLand > 42 km,
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Table 2 Number of used locations for each age class in each season
used to create polar bear resource selection functions for the Southern
Beaufort Sea in 2007-2011

Season  Number Number of Number Number of adult
of subadult used of adults used locations
subadults  locations

Winter 11 287 26 602

Spring 21 357 37 743

Summer 21 390 36 914

Autumn 15 365 33 737

Total 21 1399 37 2996

The total number of subadults/adults does not equal the sum of the
number of individuals over the seasons because individuals usually
provided data for more than one season

Fastlce <22%, VastFloe>58% (n=59)] (Dunn’s tests,
p <0.05; Fig. 2; Table S4 in Online Resource 1). Subadult
males showed some similarities to adult females with
COY by using areas significantly closer to land [mean
42 km (n=10)] with significantly more Fastlce [mean 22%
(n=10)] and less VastFloe [mean 58% (n=10)] than adult
females with older cubs/subadult females [mean DistLand
> 50 km, Fastlce <12%, VastFloe > 69% (n=45)]. Subadult
males also used significantly lower Ice [mean 92% (n=10)]
than all classes [mean >94% (n=49)] except adult females
with COY [mean 96% (n=06)]. Adult females with older
cubs used areas with significantly more OldIce [mean 5%
(n=234)] than subadults [mean <2% (n=21)]. Solitary adult
females used areas with significantly more SmallFloe [mean
5% (n=4)] than adult females with older cubs [mean 4%
(n=34)] and subadult females [mean 3% (n=11)].

In summer, subadult males used areas with significantly
lower Ice [mean 64% (n=10)] and were closer to IceEdge
[mean 25 km (n=10)] than all other classes [mean
Ice>T74%, IceEdge > 36 km (n=54)] (Dunn’s tests, p <0.05;
Fig. 2; Table S5 in Online Resource 1). Adult females with
older cubs and subadult females used significantly more
VastFloe [mean >55% (n=44)] than other classes [mean
<42% (n=20)]. Adult females with COY used significantly
more Fastlce [mean 25% (n=6)] and were significantly
closer to land [mean 69 km (n = 6)] than other classes [mean
Fastlce <9%, DistLand>97 km (n=58)].

In autumn, subadults used significantly lower Ice [mean
81% (n=15)] than adults [mean > 86%) (n=42] and were
significantly closer to IceEdge [mean < 130 km (n=15)]
than adults [mean > 144 km (n=42)] (Dunn’s tests, p <0.05;
Fig. 2; Table S6 in Online Resource 1). Subadult females
used areas farthest from land [mean 177 km (n=28)],
with significantly lower amounts of OldIce [mean 11%
(n=28)] and VastFloe [mean 12% (n=8)] compared to all
other classes [mean DistLand < 127 km, OldIce > 25%,
VastFloe > 19% (n=49)]. Solitary adult females used
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areas with significantly more OldIce [mean 56% (n=>5)]
and VastFloe [mean 43% (n=>5)] than other classes [mean
OldIce <34%, VastFloe <25% (n=52)]. Adult females with
COY were significantly closer to land [mean 57 km (n=6)]
than other classes [mean > 110 km (n=51)].

Resource selection models

Ice and DistLand were the most common variables retained
(in all of the 8 top RSF models), followed by Fastlce (5
models), IceEdge (5 models), OldIce (4 models), SmallFloe
(3 models), FirstYear (1 model), and VastFloe (1 model)
(Table 3; Tables S7-S10 in Online Resource 1).

Ice was a significant predictor for subadults in winter and
summer, and for adults in summer and autumn (Table 4).
DistLand was a highly significant predictor in every season
for both age classes. Fastlce was significant for both classes
in winter and spring. IceEdge was significant for adults in
spring and both age classes in summer/autumn. OldIce was
significant for subadults in spring while SmallFloe was
significant for adults in spring/autumn.

Predicted habitat selection

In winter, both adults and subadults selected for nearshore
regions over the continental shelf with low Fastice,
with subadults selecting for lower Ice and closer to the
coast (~30 km offshore) than adults (~50 km offshore)
(Fig. 3; Table 4). In spring, both classes selected low
FastlcelOldIce, with subadults selecting lower Ice and closer
to land (~ 30 km offshore) than adults that selected closer to
IceEdge, more SmallFloe, and farther offshore (~ 50 km).
Both age classes selected closer to IceEdge and the farthest
offshore in summer (~200 km), as well as closer to IceEdge
and relatively far offshore (~ 100 km) in autumn.

RSF zones

A significantly larger proportion of adult locations occurred
in the highest RSF zones in winter relative to subadults (Chi-
square test, y; =45.14, p<0.001; Fig. 4; Table 5). In spring,
subadults had a larger proportion of locations in the upper
20% of RSF zones than adults (Chi-square test, y; =3.95,
p=0.05), but were not significantly different in the upper
50% of RSF zones (Chi-square test, y; =0.80, p=0.37). The
proportion of locations in the highest RSF zones did not
differ significantly between classes in summer (Chi-square
test, y; =0.02, y;=1.28, p>0.05). In autumn, adults had
a larger proportion of locations in the upper 50% of RSF
zones (Chi-square test, y; =5.28, p=0.02), but were not
significantly different in the upper 20% of RSF zones (Chi-
square test, y; =0.17, p=0.68).
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- Subadult female (n = 11)
- Subadult male (n = 10)

Adult female with cubs-of-the-year (n = 6)
Adult female with older cubs (n = 35)
Solitary adult female (n = 5)

Fig.2 The means (+standard error) for the use of each environmental covariate by each class of Beaufort Sea polar bears in each season of
2007-2011. See Appendix Tables S3—S6 for Dunn’s test results comparing the use of environmental variables among classes

Table 3 The top model for each season and the associated AIC (Akaike Information Criterion) and w (Akaike weight) for subadults and adults

Season  Subadult Adult

Model Covariates AIC w Model Covariates AIC w

Winter 24 Ice + Ice® + FirstYear + VastFloe + Fastlce + DistLand 28174 0.37 14 Ice+Ice® + Fastlce + DistLand ~ 6307.4 0.35

Spring 16 Ice+Ice*+ Oldice + Fastlce + DistLand 3617.8 0.48 33 Ice+Ice®+IceEdge+Oldlce  7757.1 0.59
+SmallFloe + Fastlce + Di
stLand
Summer 33 Ice + Ice® + IceEdge + Oldice + SmallFloe + Fastlce  3989.6 034 9 Ice + Ice* + IceEdge + DistLand  9395.0 0.66
+ DistLand
Autumn 9 Ice+Ice* + IceEdge + DistLand 3600.5 0.43 29 Ice +Ice* + IceEdge + OldIce+ 74523 0.55
SmallFloe+ DistLand

Model number corresponds to Table 1
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Table 4 The f coefficients

Season Subadult Adult
(p), standard error (SE), and
p values (p) from the top Covariates f SE P Covariates f SE p
models for subadult and adult
polar bear resource selection Winter Ice —0.058 0.035 0.10 Ice 0.018 0.030 0.53
function models in the Southern Ice? 0.0006 0.0003  0.03 Icé? —0.0001  0.0002 0.58
?gg;f%lsfa for each season of FirstYear ~ —0.004 0002 008  Fastlce —0010 0002  <0.001
VastFloe 0.003  0.002 0.12 DistLand —0.009 0.0009 <0.001
Fastlce —0.016 0.002 <0.001
DistLand —0.028 0.002 <0.001
Spring Ice —0.013 0.018 0.48 Ice 0.023 0.016 0.17
Icé? 0.0001 0.0001 0.40 Icé® —0.0001  0.0001 0.31
OldIce —0.024  0.008 0.003 IceEdge —0.0002  0.00009 0.04
Fastlce —0.011 0.002 <0.001 Oldlce —0.004 0.003 0.15
DistLand —0.017 0.002 <0.001  SmallFloe 0.006 0.003 0.02
Fastlce —0.009 0.001 <0.001
DistLand —0.009 0.001 <0.001
Summer Ice 0.019  0.009 0.03 Ice 0.017 0.007 0.01
Icé? —0.0001 0.00008 0.05 Icé? — 0.00008 0.00005 0.13
IceEdge —0.011 0.002 <0.001 IceEdge —0.005 0.0008 <0.001
OldIce 0.001  0.002 0.62 DistLand —0.003 0.0005 <0.001
SmallFloe —0.007 0.006 0.21
Fastlce —0.008 0.003 0.006
DistLand —0.004  0.0009 <0.001
Autumn  Ice 0.016 0.011 0.16 Ice 0.026 0.010 0.009
Icé? —0.0001 0.00009 0.13 Icé? —0.0002  0.00007 0.009
IceEdge —0.002  0.0005 <0.001 IceEdge —0.0008  0.0002 0.001
DistLand —0.004 0.0006 <0.001 OldiIce 0.002 0.001 0.15
SmallFloe 0.005 0.001 <0.001
DistLand —0.005 0.0006 <0.001
Discussion area such as a lead (Pilfold et al. 2014). All bears used areas

Understanding variation in habitat use and requirements
within populations can be beneficial for managing vulnerable
populations experiencing habitat loss. Here, we found broad
similarities as well as variation in habitat selection based on
age, sex, and reproductive class for SB polar bears. Broadly,
SB polar bears selected nearshore habitats with intermediate
to high Ice over the continental shelf, similar to studies in
this and other populations (Durner et al. 2009; Wilson et al.
2014; Laidre et al. 2018; Lone et al. 2018b). DistLand was
the strongest predictor in all models, which is consistent
with polar bear selection for shallow nearshore habitats
that are more productive than deeper waters (Pongracz and
Derocher 2017; Laidre et al. 2018). Fastlce was significant
in winter and spring (especially for adult females with
COY), which is consistent with observations that the fast
ice is important habitat for predation on ringed seal pups
(Stirling et al. 1993; Freitas et al. 2012). IceEdge was
important for adult females in spring, indicating selection for
the floe edge, while the importance of SmallFloe for adults
in spring indicates new ice that has formed in an active ice

@ Springer

closer to shore in winter and spring, while ranging farther
offshore in areas near IceEdge with more OldIce in summer
and autumn. Our results agree with studies that have found
that SB bears select nearshore habitats in winter/spring and
travel farther offshore in summer/autumn to remain with
remnant multiyear pack ice (Pilfold et al. 2014; Bromaghin
et al. 2015; Pongracz and Derocher 2017). The offshore
multiyear pack ice is not optimal polar bear habitat because
it is over deeper, unproductive areas and it is energetically
expensive for bears to travel longer distances as well as risk
long-distance swims as the sea ice retreats (Pilfold et al.
2017; Pongracz and Derocher 2017). If optimal polar bear
sea ice habitat continues to decline as predicted (Stern and
Laidre 2016; Durner et al. 2019), SB polar bears may spend
increasingly longer periods in this unproductive offshore
region or more time on land (Bromaghin et al. 2015; Rogers
et al. 2015; Pongracz and Derocher 2017). In turn, the SB
polar bears have experienced nutritional stress (Amstrup
et al. 2006; Stirling et al. 2008; Cherry et al. 2009; Rode
et al. 2018) and declines in body condition, survival, and
abundance (Regehr et al. 2010; Rode et al. 2010; Bromaghin
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Fig. 3 Predicted probability of
selection from the top resource
selection model in each season
for adult and subadult polar
bears in the Beaufort Sea from
2007 to 2011

Winter
Adults

et al. 2015) and these challenges may be exacerbated in the
future.

While SB bears displayed broadly similar habitat
selection, there was variation among age, sex, and
reproductive classes, especially in winter and spring. Most
notably, adult females with COY displayed the largest
differences compared to all other classes and selected
nearshore stable landfast ice in spring. The habitat use
patterns of females with COY were consistent with the
predicted selection for nearshore areas along the edge
of the landfast ice in winter, when adults had the highest
percentage of locations in the upper 20% RSF zones. In
spring, adults had fewer locations in the upper 20% zones,
potentially due to the differing selection between females
with COY (high Fastlce) versus other adults (low Fastice).

Our results are consistent with studies in the SB that found
nearshore stable landfast ice is selected by females with
COQOY where they can hunt ringed seal pups and their mothers
while balancing protection of their cubs from adult males
(Taylor et al. 1985; Stirling et al. 1993; Derocher and Wiig
1999; Pilfold et al. 2014), reduce the risk of hypothermia
for cubs (Blix and Lentfer 1979; Lone et al. 2018a), and
because young cubs limit the mobility of adult females
(Amstrup et al. 2000; Durner et al. 2009). Unfortunately,
we are limited in our understanding of adult males because
they cannot be collared, but they are the dominant age/sex
class likely influencing the distribution of subordinates
and have been observed selecting active ice and floe edges
(Stirling 1974; Derocher and Stirling 1990; Stirling et al.
1993; Pilfold et al. 2014).
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Fig.4 Percentages of polar bear telemetry locations within 10 equal-area intervals based on RSF values for each age class in each season

Adult females with older cubs used areas farthest offshore
with less Fastlce and more VastFloe in winter/spring, and
were predicted to select for areas close to IceEdge with
more SmallFloe in spring, suggesting selection for active
ice zones at the floe edge. These active sea ice zones are
prime habitat and can provide bears with a wide variety
of large prey such as bearded seals and adult ringed seals
(Stirling et al. 1993; Pilfold et al. 2014; Reimer et al. 2019).
Our results are similar to the observations of Stirling et al.
(1993) that females with yearlings and two-year-old cubs use
the floe edge/active ice and avoid landfast ice habitat. Older
cubs are less at risk of hypothermia (Blix and Lentfer 1979)

@ Springer

and hunt more independently than COY (Stirling 1974);
therefore, females with older cubs are less restricted in their
movements than females with young offspring. There were
fewer solitary adult females tracked but they had similar
habitat selection for active ice zones. A limitation of our
study is our assumption of a three-year reproductive cycle
after releasing an adult female and because cub survival is
low (Derocher and Stirling 1996), this may have resulted in
misclassifying adult females that lost cubs.

In addition to the variation in habitat use among adult
females, there were differences between subadults as
well. Subadult females used more active sea ice zones
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Table 5 The proportion of polar bear locations in the upper 20% and
upper 50% of RSF-valued habitat for subadult and adult polar bear
resource selection function models in the Southern Beaufort Sea from
each season of 2007-2011

Season Subadults Adults I p
Proportion Proportion

Upper 20%
Winter 0.14 0.61 45.14 <0.001
Spring 0.38 0.24 3.95 0.05
Summer 0.33 0.31 0.02 0.88
Autumn 0.12 0.15 0.17 0.68

Upper 50%
Winter 0.70 0.95 19.95 <0.001
Spring 0.92 0.96 0.80 0.37
Summer 0.92 0.86 1.28 0.26
Autumn 0.73 0.87 5.28 0.02

Proportions of locations for subadults in each zone were compared
with a Chi-square test of proportions to adult locations in each zone

than subadult males (farther from shore, more VastFloe),
similar to females with older cubs/solitary adult females,
while still using some landfast zones. The use of both
habitat types potentially facilitates hunting or scavenging
in high-quality active zones at the edge of the landfast ice
near biologically productive open-water leads (Pilfold et al.
2014), while still providing access to safety/refuge in stable
zones from threats such as ocean storms and long-distance
swimming events (Durner et al. 2009; Pilfold et al. 2017).
Furthermore, subadults are inexperienced and less efficient
hunters (Stirling 1974; Bromaghin et al. 2015), and as such,
intra-specific competition may be influencing the habitat
use of subadult females as they may sometimes avoid or be
excluded from high-quality habitat used by dominant adults
(Mattson et al. 1987; Pilfold et al. 2014). Our results support
Stirling et al. (1993) who found that subadult females
showed a slight preference for active floe edge habitat, but
they also did not avoid the landfast ice as strongly as other
classes.

In contrast, subadult males displayed more similar habitat
use patterns to adult females with COY by using nearshore
stable landfast ice zones in spring. Subadult males may
have been using habitat at the edge of the landfast ice as
well as hunting/scavenging in adjacent high-quality active
ice habitat (resulting in their use of lower Ice in spring),
which is consistent with Pilfold et al. (2014) who found
that subadult males were found in high-quality habitat. Of
the demographic groups in our study, subadult males likely
compete most directly with adult males, the dominant age/
sex class. While older adult males are more successful at
mating, subadult males have some mating success (Cronin
et al. 2009; Zeyl et al. 2009; Stirling et al. 2016) and may
therefore compete with adult males for mating opportunities

as well as prey. Adult males may also kleptoparasitize kills
made by subadult males (Stirling 1974; Stirling et al. 1993),
and subadults can be killed by adult males (Amstrup et al.
2006). The use of lower-quality landfast ice habitat by
subadult males may therefore be a mechanism to reduce
intra-specific resource competition in the primary hunting/
mating season, similar to the avoidance of adult male
habitats by subadult grizzly bears (Mattson et al. 1987).
These spring habitat use patterns of subadult males differ
from observations of SB subadult males that used high-
quality active ice zones and avoided stable landfast ice in the
1970s (Stirling et al. 1993). This may be due to differences in
study design or a shift in subadult male distribution toward
lower-quality habitat as the sea ice has declined.

The Arctic is projected to undergo continued warming
and the SB is expected to experience further declines in sea
ice habitat (Wang and Overland 2009, 2012; IPCC 2014;
Stroeve and Notz 2018). Although an increasing proportion
of SB polar bears have been noted to remain on land in the
ice-free season (Rogers et al. 2015; Atwood et al. 2016),
we found that many traveled north to the less productive
multiyear sea ice in summer/autumn, which increases
energetic expenditure and the risk of long-distance swims as
sea ice declines (Bromaghin et al. 2015; Pilfold et al. 2017;
Pongracz and Derocher 2017). In addition, sea ice drift rates
have increased, which influences polar bear movements and
may have detrimental effects on energy balances (Mauritzen
et al. 2003; Durner et al. 2017). Landfast ice and active
pack ice areas experience different drift patterns and have
different associated energetic costs (Mauritzen et al. 2003;
Durner et al. 2017; Blanchet et al. 2020), and the observed
differential habitat use among SB demographic groups
may therefore result in different energetic impacts in the
population. Furthermore, we found that adult females with
COY and subadult males used the lowest-quality habitat in
the primary foraging season and they may therefore be most
at risk to further declines in habitat. SB subadults have low
survival rates (Bromaghin et al. 2015), high fasting rates
(Rode et al. 2014), their condition is related to sea ice habitat
availability (Rode et al. 2010), and they are more susceptible
to unfavorable conditions (Molnar et al. 2010; Pongracz
and Derocher 2017), which suggests that subadult males
in lower-quality habitat will likely be especially vulnerable
to future stressors. As Reimer et al. (2019) noted, bears in
sub-optimal habitat may alter their habitat use and make
riskier decisions as sea ice continues to decline, and these
demographic groups are therefore important to monitor.
There is a time lag between the loss of habitat and the
ability to detect effects within a population, and the use of
lower-quality habitat that has been observed in the SB and
other polar bear populations can be an indicator of future
demographic change (Laidre et al. 2018; Durner et al. 2019).
Long-term research on habitat use of sea ice-dependent
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species and changes over time can therefore be a useful
monitoring tool for vulnerable species experiencing habitat
loss. Future studies would benefit from better information
on habitat quality as well as larger sample sizes of all
demographic classes to improve our understanding of
observed patterns.
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