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ABSTRACT: Changes in sea-ice dynamics are affecting polar bears Ursus maritimus across their
circumpolar range, which highlights the importance of periodic demographic assessments to
inform management and conservation. We used genetic mark-recapture-recovery to derive
estimates of abundance and survival for the Baffin Bay (BB) polar bear subpopulation — the first
time this method has been used successfully for this species. Genetic data from tissue samples
we collected via biopsy darting were combined with historical physical capture and harvest
recovery data. The combined data set consisted of 1410 genetic samples (2011-2013), 914 phys-
ical captures (1993-1995, 1997), and 234 harvest returns of marked bears (1993-2013). The esti-
mate of mean subpopulation abundance was 2826 (95% CI = 2284-3367) in 2012-2013. Esti-
mates of annual survival (mean + SE) were 0.90 + 0.05 and 0.78 + 0.06 for females and males
age >2 yr, respectively. The proportion of total mortality of adult females and males that was
attributed to legal harvest was 0.16 + 0.05 and 0.26 + 0.06, respectively. Remote sensing sea-ice
data, telemetry data, and spatial distribution of onshore sampling indicated that polar bears
were more likely to use offshore sea-ice habitat during the 1990s sampling period compared
to the 2010s. Furthermore, in the 1990s, sampling of deep fjords and inland areas was limited,
and no offshore sampling occurred in either time period, which precluded comparisons of abun-
dance between the 1993-1997 and 2011-2013 study periods. Our findings demonstrate that
genetic sampling can be a practical method for demographic assessment of polar bears over
large spatial and temporal scales.
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1. INTRODUCTION

Sea-ice dynamics are rapidly changing across the
circumpolar Arctic as a result of climate warming
(Meredith et al. 2019), with a trend toward reduced
spatial extent and temporal availability of ice. These

*Corresponding author: stephen.atkinson@xplornet.com
"Deceased

changes are expected to have negative impacts on
sea-ice-dependent polar bears Ursus maritimus in
the long term (Atwood et al. 2015, Molnar et al.
2020). In the near term, the effects of sea-ice loss
have been negative in many areas but show variation
among subpopulations (e.g. Durner et al. 2018).
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Some of the earliest impacts on polar bears have
been detected in areas where ice melts completely
and subsequently reforms each year (Rode et al.
2012, 2014, Stirling & Derocher 2012, Bromaghin et
al. 2015, Lunn et al. 2016, Obbard et al. 2018).

The Baffin Bay (BB) polar bear subpopulation is
located between Canada and Greenland (see Fig. 1).
Each summer and autumn, when the region is mostly
or completely ice-free, the BB subpopulation comes
onto land for up to 90 d (Taylor et al. 2001, Laidre et
al. 2020). In BB, the interval between spring sea-ice
retreat and fall sea-ice advance has increased by
~12 d decade! since 1979 (Stern & Laidre 2016). This
decline in sea-ice habitat has been linked to behav-
ioral and physiological effects on BB polar bears,
including longer seasonal periods on land (Laidre et
al. 2020), changes in denning phenology (Escajeda et
al. 2018), shifting and contracting areas of seasonal
use (Laidre et al. 2018a), changes in sea-ice habitat
selection (Laidre et al. 2018b), and declines in body
condition and reproduction (Laidre et al. 2020). It is
unknown whether demographic responses to the
changing ice conditions have occurred, similar to
those reported for several other polar bear subpopu-
lations (Regehr et al. 2007, Peacock et al. 2012, Bro-
maghin et al. 2015, Lunn et al. 2016, Aars et al. 2017,
Dyck et al. 2017, Obbard et al. 2018)

The abundance of the BB subpopulation was esti-
mated to be 2074 (95 % CI = 1544-2604) bears, based
on a physical mark-recapture-recovery study con-
ducted during 1993-1995 and 1997 (Taylor et al.
2005). Taylor et al. (2005) reported relatively high
total (i.e. including harvest mortality) survival rates
for subadult and adult females and estimated an
unharvested population growth rate (\) of 5.5% yr?,
suggesting relatively strong potential for population
growth (Regehr et al. 2017). In the absence of an
updated demographic assessment since 1997 (PBSG
1998), and given observed sea-ice declines, popula-
tion viability analysis (PVA) simulations were used
to inform the conservation status of the BB subpop-
ulation, suggesting that the subpopulation was de-
clining in part due to increases in the reported
subsistence harvest during the early 2000s (PBSG
2010). Furthermore, Traditional Ecological Knowl-
edge (TEK) studies in Nunavut and Greenland indi-
cated more polar bears being seen near local com-
munities and bears being in poorer body condition
(Born et al. 2011a, York et al. 2016), and TEK indi-
cated that the BB subpopulation was concurrently
abundant and stable or increasing (Dowsley 2005,
2007). Given large-scale environmental changes,
evidence for ecological effects on BB polar bears,

concern about harvest levels, and uncertainty associ-
ated with PVAs using older data, there was a need to
collect new information on subpopulation status.

Under the direction of the Canada—-Greenland
Joint Commission on Polar Bear, we conducted a 3 yr
genetic mark-recapture-recovery study of the BB
subpopulation during 2011-2013. A survey plan for
the study was developed by Atkinson et al. (2011).
This project was part of an inter-jurisdictional initia-
tive to develop less invasive methods to monitor
polar bears when logistical, financial, or societal con-
straints preclude physical handling. Although dis-
tance-sampling aerial surveys have emerged as an
alternative to physical capture for polar bears, these
surveys primarily estimate abundance and do not
provide data on subpopulation composition or vital
rates, which are needed to evaluate harvest and
understand the effects of habitat change (e.g. Aars et
al. 2009, Stapleton et al. 2014, 2016, Obbard et al. 2015,
2018, Aars et al. 2017, Dyck et al. 2017). Although
genetic mark-recapture is an established method to
estimate demographic parameters for wildlife (e.g.
Palsboll et al. 1997, Boersen et al. 2003, Boulanger et
al. 2004), it has not been applied to polar bears ex-
cept in pilot studies (Pagano et al. 2014) and localized
investigations (Herreman & Peacock 2013). Here, we
present the first large-scale application of genetic
mark-recapture-recovery methods to estimate repro-
duction, survival, and abundance for a polar bear
subpopulation.

2. MATERIALS AND METHODS
2.1. Study area

Movement data of satellite-collared bears (Taylor
et al. 2001), genetic analyses (e.g. Paetkau et al.
1999, Peacock et al. 2015), recaptures, and harvest
recoveries of research-marked bears (Taylor & Lee
1995) have been used to delineate the boundaries of
the BB subpopulation. Although some interchange
occurs among BB and adjacent subpopulations,
including Davis Strait to the south, Lancaster Sound
to the northwest, and Kane Basin to the north, the BB
subpopulation is considered a distinct demographic
unit for management purposes (Taylor et al. 2001,
Durner et al. 2018, Laidre et al. 2018a).

The boundaries of the BB polar bear subpopulation
encompass an area of ~1 million km?, including por-
tions of Baffin Island and all of Bylot Island (66.2-
73.8°N) in Nunavut (Canada) and parts of West and
Northwest Greenland (66.0-77.0°N; Taylor et al.
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2005) (Fig. 1). BB is ice-covered in winter but typi-
cally ice-free in summer (Ferguson et al. 1997). Dur-
ing late spring and summer break-up, sea ice
recedes westward from Greenland. The last rem-
nants of ice typically occur off the east coast of Baffin
Island. Most polar bears remain on the sea ice as it
recedes and then come ashore to spend the ice-
retreat period on Baffin and Bylot islands (Taylor et
al. 2005), although an unquantified but probably
small number use coastal northwestern Greenland
(Laidre et al. 2018a,b). The east coasts of Baffin and
Bylot islands are characterized by high topographic
relief and deep, steep-sided fjords, creating difficult
conditions to capture or count bears.

2.2. Study design

We used information from previous studies of polar
bears in BB (e.g. Ferguson et al. 2000, Taylor et al.
2005) and new information obtained via satellite
telemetry on the movements and spatial distribution
of bears in BB and Kane Basin, collected during the
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1990s and 2009-2010, to improve study design and
thereby reduce heterogeneity in recapture probabili-
ties that can bias estimates of subpopulation size and
demographic parameters (e.g. Nichols et al. 1984, Pol-
lock et al. 1990, Pledger & Efford 1998, Williams et al.
2002, Fletcher et al. 2012). Due to logistic constraints,
sampling during the 1990s was spatially restricted to a
portion of the subpopulation's fall range, thus poten-
tially increasing heterogeneity in recapture probabili-
ties (Fig. 2B) (SWG 2016). This pattern was most no-
ticeable in central and northern Baffin Island, where
no captures were recorded inland from the mouths of
fjords during the entire study period. Although bears
are concentrated along the Baffin Island coast during
the ice-free season, some individuals travel significant
distances inland, move to higher elevations, or remain
on offshore ice where access for sampling is difficult
(Ferguson et al. 1997, 2000, Taylor et al. 2001, Esca-
jeda et al. 2018, Laidre et al. 2018b).

In contrast to the 1990s when only one helicopter
was involved in sampling, 2 helicopters were used
simultaneously in the 2011-2013 operations to improve
sampling efficiency. Furthermore, to mitigate recap-

ture heterogeneity in genetic sampling
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Fig. 1. Boundaries of the Baffin Bay (BB) polar bear subpopulation (red) and
surrounding subpopulations (black). The landward boundaries of the BB sub-
population include portions of Baffin Island, Nunavut, Canada, and West

Greenland

ple the study area. We set a priori
guidelines to systematically distribute
inland search effort over the entirety
of the islands.
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Fig. 2. Boundaries of the Baffin Bay polar bear subpopulation showing (A)
sampling strata delineated on Baffin Island, Canada, for genetic mark-recap-
ture-recovery study completed during 2011-2013 and fall sampling in the
nearshore regions around Melville Bay, Greenland, (yellow star); (B) locations
of polar bears sampled in Baffin Bay during August—October, 1993-1995, 1997
(yellow) and 2011-2013 (red). The region bounded by the black square is en-
larged in the inset. Sampling in Greenland in 2011-2013 occurred near
Melville Bay. Note the absence of captures in fjords on Baffin Island and in
northwestern Greenland during the 1990s

Prior analysis of telemetry data
showed that more than half of adult fe-
males outfitted with satellite collars
were located offshore on remnant sea
ice during the fall onshore sampling
period in the 1990s (Born & Dietz 2009,
SWG 2016, Laidre et al. 2018b). Polar
bears that used offshore sea ice were
unavailable for capture due to logisti-
cal constraints and, to the extent that
individual bears consistently used off-
shore sea ice throughout the 1990s
sampling period, these bears would
not have been enumerated. Although
it was not feasible to sample bears that
may have remained on offshore ice in
either decade, sea-ice declines in BB
resulted in substantively less offshore
ice during the fall in the 2010s relative
to the 1990s (Stern & Laidre 2016).
Thus, the presence of bears on offshore
ice during the 2011-2013 genetic mark—
recapture-recovery sampling session
was considerably reduced (Laidre et al.
2018b). Additionally, we timed field-
work to coincide with minimum sea-
ice cover in BB based on Moderate
Resolution Imaging Spectroradiometer
(MODIS) satellite imagery (https://world
view.earthdata.nasa.gov) and Cana-
dian Ice Service maps (August-
October in all years). Prior to field work
in 2011-2013, we reviewed the loca-
tions of collared bears to confirm they
had come ashore, and thereby as-
sumed that most bears in the subpopu-
lation were likely concentrated on land
and available for sampling.

An unquantified but presumably
small number of bears in the BB sub-
population spend the summer and fall
in the Melville Bay (Qimmusseriar-
suaq) area of Northwest Greenland
rather than following the retreating
sea ice to Baffin and Bylot islands
(Born 1995, Born et al. 2011b, Laidre et
al. 2018a,b). To account for this seg-
ment of the subpopulation, we ex-
tended biopsy sampling to include the
Melville Bay area in fall (Fig. 2B). This
area was not sampled during the 1990
study (Taylor et al. 2005) because sys-
tematic helicopter-based search for
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polar bears during the 1992 and 1993 spring seasons
and satellite telemetry indicated that polar bears were
not present in the region (Taylor et al. 2001).

We used data collected from 3 separate sources: (1)
physical mark-recapture studies in 1993-1995 and
1997 (Taylor et al. 2005), (2) genetic mark-recapture
in 2011-2013 (this study), and (3) harvest recoveries
of marked bears in 1993-2013. There were no live re-
captures of polar bears during the period 1998-2010.

2.3. Field methods

Capture, sampling, aging, and data collection pro-
tocols for bears marked during 1993-1995 and 1997
are described in Taylor et al. (2005). Genetic mark—
recapture sampling in 2011-2013 was conducted
during the fall (August—October) via remote biopsy
darting (Pagano et al. 2014) from helicopters (Bell
206 Long Rangers). In the 2010s, approximately 300 h
of flying time was allocated in Nunavut each year, and
2 helicopters were used (in contrast to operations in
the 1990s where one helicopter was used; Taylor et
al. 2005). Search effort was distributed according to
the a priori stratification (Fig. 2), although we modi-
fied sampling on some occasions when terrain or
weather conditions limited access. We also biopsied
bears in the Melville Bay area of Greenland in Sep-
tember 2012 and 2013 from a helicopter (AS350
Ecureuil B3), allocating ~33 h of search effort in 2012
and 26 h in 2013. Coastlines, mountain sides, inland
nunataks, glacier fronts, and most offshore islands
up to 40 km from the coast were searched. During
field sampling, we did not use telemetry data to
locate collared bears.

We collected biopsies of skin and superficial adi-
pose tissue using the Pneu-Dart type C DNA dart
(Pneudart). As bears were not chemically immobi-
lized, samples could be safely collected under most
situations, including terrain that was steep or near
water. Not all cubs-of-the-year (COY) were sampled
because of concern of their being injured or sepa-
rated from their mothers during pursuit. Conse-
quently, we recorded all sightings of COYs during
2011-2013 but only biopsy-darted approximately
half of the COYs encountered.

For each bear encountered, we recorded the coor-
dinates using a GPS and noted group size. In the
1990s, sex was determined by physical examination,
and age was estimated by counting annular rings in
an extracted premolar (Calvert & Ramsay 1998). In
the 2010s, we estimated sex and age-class (i.e. COY,
yearling [YRL], subadult [2-4 yr], and adult [>5 yr])

from the helicopter at a range of 3-7 m above
ground. Field notes assisted in post hoc reassessment
of age-class once sex was confirmed via genetic
analysis. When done by experienced observers, this
system for estimating sex and age-class appears to be
accurate. Amongst a sample of bears of known age
and sex, observers without prior knowledge of age or
sex were able to correctly classify 97, 89, and 100 %
of adult males, solitary adult females, and adult fe-
males with dependent offspring, respectively (SWG
2016). Furthermore, the age-class of approximately
one-third of biopsy-darted bears was verified based
on other encounters during which the individual was
captured, or by using genetic identification to assign
membership to a known family group.

2.4. Harvest recoveries

We used records from subsistence harvest, bears
killed in defense of life and property, and other hu-
man-caused mortalities in 1993-2010. Dead re-
coveries of research-marked bears were detected by
the return of ear tags or lip tattoos from hunters in
Canada and Greenland. Between 2011 and 2013, re-
coveries were detected by a combination of physical
tag returns and genotyping of tissue samples from
harvested bears. Although we expected most bears
marked in BB to remain within the subpopulation's
boundaries, previous studies of tag recoveries in the
harvest and satellite telemetry suggest that some
bears emigrate (Taylor & Lee 1995, Taylor et al. 2001,
2005, Laidre et al. 2018a). To account for potential
movement to outside of BB (Burnham 1993), tissue
samples were genotyped for bears harvested in sur-
rounding subpopulations (e.g. Davis Strait, Lancaster
Sound, Foxe Basin, Gulf of Boothia, and Kane Basin).
Canada's mandatory harvest reporting system was in
place throughout the 1993-2013 study period. Green-
land implemented a quota system and made improve-
ments to the reporting system in the mid-2000s and
instituted a mandatory harvest reporting system in
2012 for collection of a tissue sample and premolar
tooth for age determination (Anon 2018).

2.5. Recaptures of marks from earlier sampling
sessions

To identify bears physically captured during the
1990s that were subsequently encountered during
the genetic mark-recapture sampling from 2011-
2013, we genotyped tissue samples from all bears
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sampled in the 1990s except for bears that were har-
vested between 1993 and 2011, bears whose known
or estimated age would have been >35 yrin 2011 and
thus almost certainly would be dead, and 33 bears
that lacked tissue samples. In total, the data included
650 individuals marked in the 1990s that would have
been <35 yr old and had not been harvested by the
time genetic sampling began in 2011. During
mark-recapture-recovery modeling, the 33 bears
lacking tissue samples were assigned a recapture
probability of 0 in 2011-2013 (see below).

2.6. Genetic analysis

Samples were stored dried, frozen, in ethanol or
dimethyl sulfoxide and subsequently sent to Wild-
life Genetics International for analysis. DNA was
extracted from tissue with QIAGEN DNeasy Blood
and Tissue Kits (www.qiagen.com) (see also Text S1
in the Supplement at www.int-res.com/articles/suppl/
n046p105_supp.pdf). Analysis of individual identity
followed a 3 phase protocol previously validated for
bears and described in Paetkau (2003) and Kendall et
al. (2009). To select markers for the analysis of indi-
vidual identity, we used allele frequency data from
1771 polar bears for which complete 20 locus geno-
types existed before the genetic mark-recapture
study began (Government of Nunavut unpubl. data).
We ranked the 20 microsatellite markers in the data
set by expected heterozygosity. The 8 most variable
markers that could be analyzed together in a single
sequencer lane were selected for use (see Text S1).
These surpassed the required standard for marker
variability (Paetkau 2003). In addition to the 8 micro-
satellite markers, we analyzed sex on every sample
using a ZFX/ZFY marker. We searched the data set
for genotype matches that seemed unlikely based on
our field observations and records. In each case, 3
extra markers were added to the genotypes to lower
the probability of chance matches between individu-
als (G1D, G10J, G10L). The extra loci confirmed all of
these matches. Once the genotyping and error-
checking were complete, we assigned an individual
identity for each unique 9 locus genotype (see Text
S1, Fig. S1).

2.7. Statistical analysis
We used the Burnham (1993) model in Program

MARK (White & Burnham 1999) to analyze joint live-
recapture and dead-recovery data from the 21 yr

(1993-2013) study period in BB. We estimated sur-
vival probability (S; the probability of surviving inter-
val t to t + 1), recapture probability (p; the probabil-
ity of live-recapturing a marked animal), dead
reporting probability (r; the probability that a bear
that died during interval ¢ to t + 1 was killed by
humans and reported to authorities), and fidelity (F;
the annual probability that a bear does not perma-
nently emigrate from the sampling area and is there-
fore available for recapture in future years). The
inclusion of dead recoveries allowed for estimation of
true survival (i.e. a biological survival rate that does
not include permanent emigration). Furthermore,
harvest recovery data increased information on the
fate of individual bears, decreased susceptibility to
bias because the sampling mechanism for dead
recoveries was different from live recaptures, and
allowed estimation of survival between the 2 live-
recapture periods (Peacock et al. 2012).

We identified an a priori set of model structures
(i.e. sub-models) for each parameter (S, p, r, and F)in
the Burnham model. For S, all sub-models included 2
age classes because we expected that dependent off-
spring (COY and YRL) would have lower survival
than age 2+ bears (Table S1). Previous studies have
estimated survival separately for COY versus YRL
(e.g. Regehr et al. 2007), but we set COY and YRL
survival equal because small sample sizes led to non-
identifiable survival estimates for COY (i.e. S = 1).
We also combined subadult and adult bears into a
single age class (age 2+) because we could not reli-
ably distinguish subadults from adults during aerial
tissue sampling. We hypothesized that S would differ
by sex for age 2+ bears because harvest in BB is
selective for males, so we included a sex effect on
age 2+ survival in all models. We evaluated 3 sub-
models that considered different temporal variation
in survival for age 2+ male and female bears: (1) con-
stant survival across years, (2) unique survival esti-
mates within each sampling period (i.e. 1993-1997%,
1998-2010, and 2011-2013) with an additive sex
effect such that males and females had parallel tem-
poral patterns, or (3) survival varying among sam-
pling periods independently for age 2+ males versus
females. Although we originally intended to include
covariates related to annual ice conditions on both
survival and recapture probabilities (e.g. Lunn et al.
2016), the limited number of sampling occasions pre-
cluded estimation of annual relationships between
model parameters and environmental conditions.

We considered 9 candidate structures for p
(Table S2). Recapture probabilities for COY and YRL
were the same as for age 2+ females because they
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could only be observed with their mothers. We hy-
pothesized that p of age 2+ males would differ due to
spatial segregation of bears onshore by sex and age
classes (Taylor et al. 2005) and used this 2 group
structure (i.e. family including age 2+ females and
dependent young vs. age 2+ males) in all sub-models
for p. We evaluated 2 structures for temporal vari-
ability in p: (1) given differences in sampling proto-
cols, search effort, and survey teams between the
1990s and 2000s, p was allowed to differ between the
2 intensive sampling periods, considering both addi-
tive and interactive effects with family; and (2) a
time-dependent structure for p (i.e. allowing for year-
to-year variability) with an additive effect for family,
given that both sampling effort and environmental
conditions (e.g. sea-ice extent, which could affect
presence in the sampling area) varied substantially
among years. In all sub-models, p was fixed to 0 in
1996 and 1998-2010 when no live-encounter sam-
pling occurred.

Exploratory analyses suggested that proximity to
the coastline at first capture also may explain vari-
ability in p. Specifically, contingency tables sug-
gested that bears initially captured inland were more
likely to be recaptured inland; and conversely, that
bears initially captured near the coast were more
likely to be recaptured in coastal regions. We created
a binary geographic covariate based on an individ-
ual's first capture location (coastline), using a thresh-
old of 2 km from a smoothed coastline excluding
deep fjords. We considered sub-models in which
coastline effects differed between the 2 intensive
sampling periods and in which coastline was used for
2010s sampling only, given that exploratory analyses
suggested this effect was stronger in the 2010s.

Some adult female bears were fitted with satellite
collars during 1992-1997 (Ferguson et al. 1997, Tay-
lor et al. 2001). As Taylor et al. (2005) stated that the
locations of collared bears were known and this
information was used to relocate animals in 1994,
1995, and 1997, we constructed 3 binary radio covari-
ates (rad94, rad95, rad97) to identify when radioed
females were wearing functional collars and there-
fore more susceptible to recapture, and we included
this covariate in all models. Dependent offspring
were assigned the same covariate value as their
mother.

As dead recoveries were more limited than live
encounters, we considered a single model structure
for r in which reporting probability differed among
COY, YRL, age 2+ females, and age 2+ males due to
regulatory prohibitions on the harvest of females
with dependent offspring and sex-selective harvest

quotas. However, we did not fix r = 0 for COY be-
cause at least one was harvested during the study
period. We also hypothesized that improvements in
the Greenlandic reporting system during the mid-
2000s might affect reporting rates (e.g. Born et al.
2011a) by allowing r to differ between 1993-2005
and 2006-2013. Since few COY or YRL were har-
vested, this temporal structure was included as an
additive effect for age 2+ bears only.

We considered 3 candidate structures for F. Previ-
ous studies (Taylor et al. 2005) assumed perfect over-
lap between the areas in which live encounters and
dead recoveries occurred. To reflect this assumption,
we considered a sub-model with F fixed to 1 for all
sex- and age-classes, without assessing a parameter
penalty for Akaike's information criterion adjusted
for overdispersion and small sample size (QAIC,).
Under this approach, any permanent emigration
from the BB subpopulation would be reflected in
lower estimates of S. Given that the subpopulation
boundaries are only partially discrete, interchange is
known to occur among subpopulations, and some
harvest recoveries occurred outside the BB pop-
ulation boundaries (Laidre et al. 2018a), we also fit
models that allowed for permanent emigration. We
considered 2 additional structures, one with a time-
constant F across all 4 sex- and age-classes and
another where F differed between age 2+ males and
other bears.

To estimate overdispersion (i.e. extra-binomial
variation), we used the median ¢ approach in Pro-
gram MARK with the most parameterized model
(Cooch & White 2015). Results suggested modestly
over-dispersed data (i.e. ¢ = 1.1), as would be
expected given the dependency between females
and their cubs (Taylor et al. 2005), so we based model
selection and inference on QAIC. using this value of
¢ (White & Burnham 1999).

The 3 sub-models for S, 9 for p, 1 for r, and 3 for F
resulted in 81 potential model structures under an
all-combinations approach. We used a modified ver-
sion of the plausible combinations approach (Bro-
maghin et al. 2013) to limit the size of the candidate
model set for model averaging. This process entailed
holding constant the most generalized structure (i.e.
most complex) for 3 of the 4 sub-models while evalu-
ating alternate structures for the fourth. During this
process, we considered sub-model structures with
AQAIC, < 4 as representing plausible alternatives
and subsequently constructed all possible model
combinations from these sub-models.

We computed model-averaged parameter esti-
mates using all models with AQAIC, < 4 (Burnham &
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Anderson 2002). Assuming that marks of all har-
vested bears were identified and reported, we esti-
mated harvest probability (h) as the product of
reporting and interval mortality probabilities: h =
r(1- S‘), with variance estimated using the delta
method:

Var(};):‘iar(f)(lré)2+fzvar(§) 1)

+2c0V(f,S)f‘(1—S)
for each unique combination of  and S. Assuming
temporal separation of harvest and natural mortality,
natural survival can then be estimated as: .§n = S‘—ﬁ,
with variance approximated by

Var(.én) =var (.é)(l —Py+var(F)(1-S)?
+2cov(S,7)(1-S)(1-1)

(Taylor et al. 2005, Peacock et al. 2013). We esti-
mated abundance for YRL and age 2+ bears using a

generalized Horvitz-Thompson estimator,
N = 2L, (3)

Dit

where n;, is the number of bears encountered in
group i during year t and p;, is the estimated recap-
ture probability for group i during year t. Counts of n
did not accurately represent COY because we did
not biopsy all COY during the 2011-2013 sampling
period. Thus, we estimated COY abundance as the
product of abundance of age 2+ females with COY
litters, estimated via a Horvitz-Thompson estimator,
and mean observed COY litter size. We summed esti-
mates of abundance across groups to estimate total
bears by year. Similar to earlier studies (e.g. Taylor et
al. 2005, Peacock et al. 2013), we employed the delta
method (Seber 1982, Powell 2007) to estimate vari-
ances for annual abundance estimates using the
‘emdbook’ package (Bolker 2016) in R version 4.1.0
(R Development Core Team 2021). Variance esti-
mates incorporated parameter variances and covari-
ances, as computed in Program MARK, as well as
variances of mean COY litter sizes. We used model
weights to model average estimates of total abun-
dance and their associated variances by year. We
also estimated mean total abundance for each inten-
sive sampling period. Given the 13 yr interval with-
out live captures preceding 2011, estimates of abun-
dance for 2011 were based on estimates of p
reflecting the small number of bears that were
marked during the 1990s and survived until 2011.
These estimates of p were characterized by high
uncertainty, which resulted in low precision of the
Horvitz-Thompson estimator in 2011 (CV = 0.42)
compared to the other 5 years (mean CV = 0.18).
Therefore, we excluded the less-reliable estimate of

(2)

abundance from 2011 when calculating mean total
abundance for the 2010s. We estimated the standard
error of mean total abundance as

SE=\/{2;‘0'12 /nz] 4)

where 6? is the variance of abundance in year i and
n is the number of years (3 for 1990s, 2 for 2010s).

2.8. Geographic sub-setting to evaluate efiects of
differing sampling schemes

Sampling during the 1990s was spatially restricted
to a portion of the BB subpopulation's fall range and
did not include bears located farther inland, particu-
larly within deep fjords or on the sea ice (Taylor et al.
20095). In contrast, onshore sampling from 2011-2013
was more comprehensive and systematic, and there
was little or no offshore sea ice for bears to use in the
fall. Although we had capture locations from the
1990s, flight paths of the helicopter used to capture
bears in the 1990s were unavailable. Therefore, we
approximated the extent of the sampling area in the
1990s based on capture locations. We then created a
subset of the 2010s live-capture data that only
included captures occurring within the estimated
1990s sampling area, recompiled individual capture
histories, and repeated mark-recapture analyses
using the same procedures as outlined above. We
expected that a comparison of abundance estimates
between sampling periods for the geographically
restricted sampling area would approximate the tem-
poral changes in abundance for the entire sampling
area. Conceptually, this assumed that a similar pro-
portion of bears inhabited the excluded survey areas
during each sampling period. This assumption
seemed plausible and was supported by analyses of
satellite telemetry data indicating the onshore distri-
bution (relative to the coastline) of polar bears did not
vary between the 1990s and 2010s (SWG 2016).
Although this investigation provides insight into the
potential effects of differences in onshore sampling
between the 2 intensive study periods, it did not
provide any information on potential bias in the
1990s abundance estimate due to bears using off-
shore sea ice.

3. RESULTS

Genetic sampling in BB during 2011-2013 yielded
genotypes for 1190 bears, of which 220 were recap-
tured (including 42 bears marked in BB in the 1990s).
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Eleven biopsy samples (~1%) failed to yield suffi-
cient DNA for genotyping due to limited tissue avail-
ability. The combined BB mark-recapture-recovery
data set for the period 1993-2013 consisted of 2324
encounters of 1992 individuals, and 234 dead recov-
eries (Table S3). During September 2012 and 2013,
we sampled 30 polar bears (of which 21 were inde-
pendent bears) in Melville Bay, NW Greenland (cf.
1043 total captures in the BB subpopulation during
2012 and 2013; Table S3), consistent with previous
information that a relatively low number of bears
reside in Greenland during the summer.

We identified 1, 2, 3, and 1 plausible sub-models
for S, p, F, and r, respectively (Tables S4-S6), result-
ingin 1 x 2 x 3 x 1 = 6 candidate models. In the most-
supported model, young bears (COY + YRL) had con-
stant survival whereas survival of older (age 2+)
bears varied independently by sex among the 3 sam-
pling periods; p varied by year with age 2+ males and
age 2+ females (and dependent offspring) exhibiting
parallel patterns through time; r varied across 3 age
classes, with age 2+ bears exhibiting variation by sex

and time period; and F was constant across all sex
and age classes. Two additional model structures
were within AQAIC, = 4 of the most-supported
model, including a model with F estimated sepa-
rately for independent males and a model with F
fixed to 1 (Table 1).

Survival of age 2+ females was lowest in the first
sampling period and increased thereafter, whereas
survival for age 2+ males was highest in the first sam-
pling period and declined thereafter, especially in
the final sampling period (Table 2). Harvest mortality
and reporting rates were nearly 2-fold higher for age
2+ males than age 2+ females but were similar before
and after 2005 (Table 2). The point estimate of natu-
ral survival for age 2+ males (mean + SE: 0.83 + 0.06)
was less than age 2+ females (0.91 = 0.05) during
2011-2013. Model-averaged estimates of site fidelity
estimated that approximately 3—-4 % of the study pop-
ulation permanently emigrated from the sampling
area each year. The estimates of F were 0.96 + 0.03
for COYs, YRLs, and age 2+ females and 0.97 + 0.02
for age 2+ males.

Table 1. Results for models with Akaike's information criterion adjusted for overdispersion and small sample size (AQAIC, < 4)
from analysis of mark-recapture-recovery data from the Baffin Bay polar bear subpopulation, 1993-2013. Young = cubs-of-
the-year (COY) and yearlings (YRL); 2+ = bears aged 2 yr and older; sex = male vs. female (age 2+ bears only). For S, epoch =
periods defined by sampling method (1993-1997, 1998-2010, and 2011-2013). For p, family = age 2+ females and any associ-
ated young versus age 2+ males; and t = full time variation. For r, time = 1992-2005 vs. 2006-2013. All p structures incorpo-
rated the radio collar covariate representing bears that were outfitted with collars that may have been used to locate them

Model structures Parameters AQAIC. QAIC. QDeviance
S p r F weights
Young, 2+ (sex x epoch) Family +t COY, YRL, 2+ (sex + time) Constant 21 0 0.57 3878.4
Young, 2+ (sex x epoch) Family +t COY, YRL, 2+ (sex + time)  Family 22 1.62 0.25 3878.0
Young, 2+ (sex x epoch) Family +t COY, YRL, 2+ (sex + time) Fixed=1 20 2.28 0.18 3882.7

Table 2. Model-averaged estimates and standard errors (SE) of Seber reporting (r), harvest (h), total survival (S), and natural

survival (S,) probabilities from polar bears in the Baffin Bay subpopulation, 1993-2013, based on candidate models in Table 1.

Although cubs-of-the-year (COY) and yearlings (YRL) reporting and survival probabilities were estimated as constant over all

years of the study (labeled 'All'), we could only estimate these parameters in years when COY and YRL were actually marked
(e.g. 1993-1997, 2011-2013)

Age Years r SE h SE S SE S SE
Coy All 0.061 0.052 0.008 0.009 0.871 0.059 0.879 0.061
YRL All 0.130 0.074 0.017 0.016 0.871 0.059 0.888 0.062
2+F 1993-1997 0.186 0.045 0.029 0.012 0.841 0.040 0.870 0.040
1998-2005 0.186 0.045 0.010 0.005 0.945 0.022 0.955 0.021
2006-2010 0.154 0.052 0.008 0.005 0.945 0.022 0.953 0.021
2011-2013 0.154 0.052 0.016 0.013 0.894 0.053 0.910 0.053
2+ M 1993-1997 0.298 0.032 0.033 0.007 0.891 0.020 0.923 0.018
1998-2005 0.298 0.032 0.038 0.008 0.872 0.019 0.910 0.017
2006-2010 0.253 0.055 0.032 0.008 0.872 0.019 0.905 0.016
2011-2013 0.253 0.055 0.057 0.027 0.774 0.061 0.831 0.062
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Mean estimates of total abundance for the BB sub-
population were 2173 (95% CI = 1641-2704) during
1994-1997 and 2826 (95% CI = 2284-3367) during
2012-2013 (Table 3). The geographic subset of data
that included similar sampling areas in the 1990s and
2010s included live observations of 1679 individuals,
as 313 bears from the 2010s were censored from the
analyses based on capture locations outside the esti-
mated sampling frame of the 1990s. Model selection
results and parameter estimates for the geographic
subset were generally similar to the comprehensive
data set (Tables S7 & S8). There was no statistically
significant difference in mean estimates of abun-
dance using the geographic subset data: 2326 (95 %
CI = 1788-2864) during 1994-1997 versus 2553 (95 %
CI = 1953-3153) during 2011-2013.

4. DISCUSSION

This is the first large-scale genetic mark-recap-
ture-recovery study of polar bears and demonstrates
the utility of this method for this species.

The 2012-2013 point estimate of abundance from
the full data set was ~30% higher than the 1990s
point estimate, but this difference decreased to
~10% when we used a spatial subset of our recent
data that more closely matched the sampling frame
from the 1990s. This finding suggests that the appar-
ent increase in abundance between time periods
based on the entire data set was to a large extent due
to the increased geographic distribution of sampling
effort in the 2010s (Table 3). Differences in sampling
protocols and changes in environmental conditions
between epochs make interpretation about true
changes in population size difficult. Most notably, the

distribution of capture locations was different
between sampling periods, with a higher proportion
of captures in inland areas and deep within fjords
during the 2010s (Fig. 2). When we examined satel-
lite telemetry data from companion studies to com-
pare on-land distribution and summer habitat use
between the 2 sampling periods, we found no evi-
dence for changes in on-land distribution between
the 2 sampling periods, suggesting that differences
in the spatial distribution of captures resulted from a
more restricted sampling frame in the 1990s (SWG
2016). If some individual bears were consistent in
their use of fjords between years, then these individ-
uals would have had capture probabilities near 0 in
the 1990s, leading to underestimates of total popula-
tion size (White & Cooch 2017).

The presence of offshore sea ice during the 1990s
was another potential source of negative bias in
abundance estimates because bears using offshore
sea ice were either temporarily or permanently ab-
sent from the mark-recapture sampling area during
the 1990s. In contrast, during the 2010s, sea ice was
largely absent from BB in late summer and bears
were more concentrated in the onshore sampling
areas (i.e. on Baffin or Bylot islands or West Green-
land) (Laidre et al. 2018b). Although sample sizes
were small, telemetry data provide some insight into
the potential magnitude of this sampling problem. In
the 1990s, only ~22 % of collared bears were inside of
the sampled area (SWG 2016); the remainder were
on remnant sea ice offshore or on land outside the
sampled area and therefore unavailable for capture.

By comparison, during 2011-2013, ~73% of col-
lared bears were inside the sampling area (SWG
2016). If the probability of being a temporary emi-
grant in the 1990s was sufficiently high, relative to

Table 3. Model-averaged (difference in Akaike's information criterion adjusted for overdispersion and small sample size

[AQAIC,] < 4) estimates of abundance (mean, SE, CV, and 95 % lower and upper confidence intervals [LCI and UCI]) obtained

from mark-recapture-recovery study of polar bears in the Baffin Bay subpopulation using the full data set and geographic

subset, 1994-1997, 2011-2013. The 2011 estimate is believed to be biased based on a limited sample of surviving bears from
the 1990s that were recaptured in 2011

Full data — Geographic subset
Years Mean SE Ccv LCI UCI Mean SE Ccv LCI UCI
1994 2280 615 0.27 1073 3486 2545 597 0.23 1375 3715
1995 1999 359 0.18 1295 2703 2208 382 0.17 1459 2957
1997 2239 393 0.18 1469 3009 2225 418 0.19 1406 3044
1994-1997 2173 271 0.12 1641 2704 2326 274 0.12 1788 2864
2011 4202 1762 0.42 749 7656 2516 1473 0.59 -371 5403
2012 2595 352 0.14 1905 3286 2447 423 0.17 1618 3276
2013 3056 426 0.14 2221 3893 2659 442 0.17 1793 3525
2012-2013 2826 276 0.10 2284 3367 2553 306 0.12 1953 3153
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the short duration of the study and small sample
sizes, or if there was Markovian dependence in the
probability of being a temporary emigrant (e.g. if a
bear that was on remnant sea ice in year t tended to
return to the ice in year t + 1), then abundance esti-
mates from the 1990s may be subject to additional
bias. Given the multiple potential sources of negative
bias in the 1990s abundance estimate and statistical
uncertainty in estimated parameters, we cannot
accurately assess trends in the size of the BB subpop-
ulation between the 1990s and 2010s.

Temporary emigration also has the potential to
affect estimates of survival probability, especially
during the terminal years of our study (Penaloza et al.
2014), although these issues are mitigated to some
extent by the inclusion of dead recovery data (Pea-
cock et al. 2012). Our point estimates of survival for
age 2+ females in 1993-1997 were lower than esti-
mates of similar age classes obtained by Taylor et al.
(2005) and Peacock et al. (2012), but our estimates of
COY and yearling survival were higher. Factors that
may contribute to these differences include (1) differ-
ent treatment of age classes, necessitated by our
inability to age tissue-sampled bears using cemen-
tum annuli; (2) Taylor et al. (2005) modeled initial
captures (but not recaptures) resulting from oppor-
tunistic live-capture studies in the 1970s and 1980s,
which we excluded because these data were not
from a designed study to estimate demographic pa-
rameters; and (3) the inclusion of additional informa-
tion (e.g. harvest recoveries during the 2000s and
live captures during the 2010s), given that some
parameters were estimated using information that
was shared across sampling epochs.

The mean estimate of total annual survival of age
2+ males was particularly low (0.78 = 0.06) during
2011-2013 compared to values from earlier periods
in this study and values reported for most other polar
bear subpopulations (PBSG 2010). Although rfor age
2+ males was higher than age 2+ females due to
male-biased harvest, estimates of unharvested male
survival 2011-2013 (S* = 0.83) were also signifi-
cantly lower than estimates of S* for females during
this period (S* = 0.91). Low survival of adult males in
the 2010s may be a biological signal that reflects a
disproportionate impact of environmental change on
males, either through lower true survival or in-
creased emigration of young males to adjacent sub-
populations. However, interpretation of point esti-
mates and potential trends in Sis difficult due to the
short time-frame (i.e. only 3 yr) of live recaptures in
the 2010s, confounding of parameters, and potential
bias in estimates of survival during terminal years

(e.g. Penaloza et al. 2014). We suggest that, when
viewed together with information on habitat loss
(Stern & Laidre 2016, Laidre et al. 2018b) and declin-
ing body condition (Rode et al. 2012), low estimates
of Sfor age 2+ males in 2011-2013 may signal nega-
tive density-dependent population effects. However,
we emphasize that additional years of encounter
data would be necessary to determine the degree
to which low estimates of survival were influenced
by temporary emigration or other factors. Regehr et
al. (2018) modeled movement with respect to the
sampling area for the Chukchi Sea polar bear sub-
population using an integrated population model
that combined mark-recapture and telemetry data.
Application of similar methods in future demo-
graphic analyses for the BB subpopulation may help
evaluate the effects of temporary emigration on
parameter estimates.

Adjusting total survival with r to derive unhar-
vested survival yielded estimates of female survival
in the 2010s (S* = 0.91) that appear too low to sup-
port stable or positive population growth in the
absence of harvest. Regehr et al. (2015) suggested
that a minimum unharvested adult female survival
rate of ~0.93, referenced to a population density at
maximum net productivity level, is necessary for
long-term persistence. Due to the lack of precise
numeric age information available from non-invasive
genetic sampling in the 2010s, we estimated survival
for a single age class of polar bears age >2 yr. Under
this approach, subadult and senescent bears, which
likely have lower survival rates (e.g. Regehr et al.
2007), were included with prime age adults. This
likely had the effect of reducing the overall estimate
of female survival. These considerations, in conjunc-
tion with effects of temporary emigration, could have
led to negative bias in estimates of female survival
(Penaloza et al. 2014).

Although there are uncertainties in the BB subpop-
ulation related to the demographic analyses, addi-
tional sources of information are useful for informing
current subpopulation status. The BB subpopulation
has responded to an ongoing loss of sea-ice habitat
through changes in range, movements, habitat selec-
tion, body condition, and reproductive performance
(e.g. Peacock et al. 2012, Rode et al. 2012, SWG 2016,
Escajeda et al. 2018, Laidre et al. 2018a,b). These
signs point to a subpopulation that could be exhibit-
ing density-dependent effects associated with de-
clining environmental carrying capacity, or negative
density-independent demographic effects associated
with shorter on-ice periods during which polar bears
can access their seal prey. The relatively low esti-
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mates of unharvested survival for the 2010s, espe-
cially for adult males, are consistent with this expla-
nation, although as stated previously we cannot rule
out the presence of terminal bias in our survival esti-
mates. A reanalysis after additional harvest data
have accumulated would be useful in this regard.
Reduced survival amongst subadult polar bears
has been predicted and observed to be one of the
first demographic responses to sea-ice habitat loss
(Regehr et al. 2007, Stirling & Derocher 2012). We did
not estimate survival separately for subadults and
adults due to inability to accurately distinguish be-
tween these age classes during biopsy darting. How-
ever, evidence suggests that experienced observers
can reliably distinguish between subadult and adult
polar bears using a combination of field assessments
and genetic information (i.e. sex) obtained from
biopsy darting (SWG 2016). Future modeling of data
from genetic mark-recapture studies could therefore
consider a more detailed age structure than was used
in our study. Alternatively, analytical methods such
as mark-recapture models with state uncertainty
(Pradel 2009) could also be used to model the rela-
tively low occurrence of errors in the estimation of
age class. Employing a more detailed age structure
could help to assess whether survival rates for adults
and subadults exhibited different temporal trends.

5. MANAGEMENT IMPLICATIONS

This is the first abundance estimate for a polar
bear subpopulation to be derived using genetic
mark-recapture. Using biopsy darting, we were
able to sample a large number of bears (1190 indi-
viduals) under conditions that were sometimes un-
suitable for physical capture and handling. Our
study demonstrates the utility of this method for
application at large spatial and temporal scales for
monitoring subpopulation status. Where logistical
or other constraints preclude physical capture pro-
grams, this less invasive method is a practical alter-
native. We note, however, that physical capture re-
mains the preferred method for obtaining detailed
vital rate data, including age structures that cannot
be derived from genetic sampling. Furthermore,
deployment of satellite collars on adult females,
which required physical capture in Greenland dur-
ing the study period, provided critical information
for interpreting abundance and vital rates and pro-
viding management advice (Laidre et al. 2018a,b,
2020). Additionally, physical capture allows for col-
lection of auxiliary data and samples to support a

range of studies related to bear health (e.g.
Bechsheoft et al. 2011, Patyk et al. 2015), energetics
(e.g. Pagano et al. 2018), physiology (e.g. Whiteman
et al. 2015, Rode et al. 2018), body condition (e.g.
Obbard et al. 2016), and diet (e.g. Galicia et al.
2015), all of which are essential for understanding
this species’ adaptability to environmental change.

The potential challenges in interpreting long-term
trends in abundance and survival are evident in our
study. Challenges in deriving estimates of vital rates
were largely the result of sampling design rather
than sampling method. With appropriate sampling
design, genetic mark-recapture-recovery should be
capable of yielding reliable estimates. Although Tay-
lor et al. (2005) and York et al. (2016) reported that
the BB subpopulation was uniformly and compre-
hensively sampled during the 1990s, we quantified
differences in the sampled area between epochs.
These differences precluded an assessment of trends
in abundance, and the 13 yr interval between live-
capture sessions limited our ability to assess temporal
trends in survival and likely resulted in increased
individual heterogeneity in survival (which we could
not explicitly model), as newly marked bears in the
2010s were pooled with older individuals first marked
in the 1990s. Recent analyses of mark-recapture—
recovery data for polar bears have identified the lim-
itations of model-based methods to account for in-
consistent sampling or violated modeling assump-
tions (e.g. Bromaghin et al. 2015).

We recommend that complete and consistent sam-
pling of the study area is necessary for accurate
assessment of subpopulation status and suggest
considering a robust design (i.e. multiple secondary
sampling sessions per autumn) if unbiased estimates
of abundance are a primary objective (e.g. Converse
et al. 2009). A priori analyses could evaluate the ef-
fects of design modifications such as increasing (or
decreasing) sample sizes, additional consecutive
years of live-capture sampling, shorter intervals
between live-capture sampling, or incorporating
additional dead recoveries after 2013 (Peacock et al.
2012). From an analytical perspective, capture—
recapture models that allow for temporary emigra-
tion could mitigate potential bias associated with
movements in and out of the sampling area (Schaub
et al. 2004), and integrated population models that
include mechanistic links between vital rates and
abundance (Regehr et al. 2018) could provide a
more complete assessment of population dynamics
and increase power to evaluate the demographic
effects of environmental variation (e.g. habitat
change).
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