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Abstract

Significant information gaps exist regarding the status of polar bears, especially
with respect to the impacts of climate change, across large portions of the Arctic. To
obtain an updated abundance estimate for the Foxe Basin population, we conducted
comprehensive aerial surveys during the 2009 and 2010 ice-free seasons, when bears
are confined to land. We sampled with mark-recapture distance sampling protocols
on inland and coastal transects and surveyed small islands and remnant ice floes. We
observed 816 and 1,003 bears in 2009 and 2010, respectively. Although detection
functions differed substantially between years, estimates were consistent between
analytical methods and years. Averaging four estimates (two from each year) yielded
2,585 (2,096–3,189) bears, which is similar to an estimate from the 1990s. This
result, along with robust cub production, suggests a stable and healthy population
despite deteriorating sea ice conditions. Collectively, this and other recent on-land
surveys provide a framework for implementing aerial surveys elsewhere. Although
aerial surveys do not yield estimates of vital rates or population growth, they enable
more rapid and frequent monitoring than mark-recapture. Integrating them in
long-term monitoring programs will require consideration of ancillary data to infer
status and facilitate setting harvest levels.

Key words: abundance estimation, aerial survey, Arctic, distance sampling, double-
observer, line transect, marine mammals.

Polar bears (Ursus maritimus) are sea ice obligates and considered among the most
highly sensitive marine mammals to the projected consequences of climate change
(Laidre et al. 2008). With sea ice loss outpacing forecasts and declines accelerating in
recent years (Stroeve et al. 2007, 2012; Comiso et al. 2008), the timeline for climate-
induced impacts on polar bears has hastened. By mid-century, significant decreases in
optimal sea ice habitat in the polar basin are projected (Durner et al. 2009), and polar
bears may be extirpated from or substantially reduced across most of the circumpolar
Arctic (Amstrup et al. 2008). In the near term, however, the impacts of climate
change on polar bear demography will exhibit temporal and spatial variability
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(Stirling and Derocher 2012). Whereas declines in body condition and demographic
parameters have been reported and linked to sea ice losses in some regions (e.g., Stir-
ling et al. 1999; Regehr et al. 2007, 2010; Rode et al. 2010, 2012), elsewhere, effects
have not been realized or are more ambiguous (e.g., Obbard et al. 2013, Peacock et al.
2013, Rode et al. 2014a).
Understanding the impacts of climate change on polar bears requires regular infor-

mation from across their range, and the rapidly changing environment has increased
the data needs of jurisdictions charged with their management. However, significant
gaps in basic information remain for large expanses of the Arctic (Vongraven et al.
2012). Whereas broad and extensive data sets stretch back 30–40 yr in two regions
(i.e., the Southern Beaufort Sea, Amstrup et al. 2001, andWestern Hudson Bay, Reg-
ehr et al. 2007), 11 of the 19 recognized populations were categorized as data
deficient by the IUCN’s Polar Bear Specialist Group in 2009 (Obbard et al. 2010).
The Foxe Basin population is illustrative of the current information gaps. Foxe

Basin, located in the eastern and central Canadian Arctic, is part of the seasonal ice
ecoregion (Amstrup et al. 2008). Although adjacent Western Hudson Bay (e.g., Reg-
ehr et al. 2007) and Southern Hudson Bay (e.g., Obbard et al. 2013) are both well-
studied, Foxe Basin was last inventoried in the early 1990s (~2,200 bears; Taylor
et al. 2006) and is classified as data deficient by the IUCN Polar Bear Specialist
Group (Obbard et al. 2010). Long-term declines in the quality of sea ice habitat and
increases in the duration of the annual sea ice break-up and freeze-up cycle in Foxe
Basin (Sahanatien and Derocher 2012) may have resulted in declines in reproductive
output and abundance over the past two decades. Updated information is needed
to understand the realized and potential impacts of sea ice habitat changes on
demography.
Historically, physical capture has been the primary tool used to study polar bear

demography in the North American Arctic. Intensive mark-recapture studies are con-
ducted periodically to generate estimates of abundance, survival, and recruitment
metrics, thereby informing harvest management (e.g., Stirling and Kiliaan 1980, Tay-
lor et al. 2002, Peacock et al. 2013). Capture programs also have helped address other
research questions related to distribution, movements and habitat use (Durner et al.
2009, Towns et al. 2010, Cherry et al. 2013), diet (Thiemann et al. 2008), genetic
structure (Paetkau et al. 1999, Peacock et al. 2015), and body condition (Rode et al.
2012). The information obtained from this diversity of initiatives has formed the
basis for our current understanding of polar bear ecology and population status.
However, capture programs also face challenges. Capture-based inventories are

time-, labor-, and resource-intensive, and they require handling large numbers of
bears to obtain demographic estimates with desired levels of precision (e.g., Regehr
et al. 2007, Peacock et al. 2013). In Nunavut, Canada, the inventory program is
designed to rotate on a cycle, such that populations are intensively studied for 3 yr
and typically are not revisited for 15 yr. This rotation lags behind the speed at which
the environment is changing and may not meet the information needs of managers,
particularly given the public scrutiny that management programs face. Moreover,
some Inuit organizations state that immobilizing and handling bears to attach ear
tags and collect biometric data and tissue samples is inconsistent with their tradi-
tional values. Whereas scientific evidence suggests that capture-based methods do
not have long-term impacts on polar bears (Rode et al. 2014b), segments of the
northern public are opposed to wildlife capture and marking (Nunavut Wildlife
Management Board 2007, Peacock et al. 2011), and the Government of Nunavut
denied a research permit to conduct physical mark-recapture in Foxe Basin during
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2008 and 2009. Consequently, alternative techniques such as line transect aerial sur-
veys that enable more regular and geographically comprehensive monitoring while
better reflecting Inuit values are becoming more widely implemented (e.g., Aars et al.
2009 Stapleton et al. 2014).
Our objective was to implement aerial surveys to obtain an updated estimate of

abundance for the Foxe Basin polar bear population. We conducted this work while
polar bears were on land during late summer because the terrestrial landscape pro-
vided greater contrast than sea ice for sighting bears. Sampling was also more efficient
since bears were distributed over a smaller geographic area at higher densities. We
completed comprehensive aerial surveys of the population in two consecutive years,
which provided the opportunity to assess the repeatability of the technique and our
study design.

Methods

Study Area

The Foxe Basin population spans ~1.1 million km2 across the Nunavut territory
and northern Quebec, Canada (Fig. 1). The population’s boundaries extend from
Hudson Bay and Hudson Strait, northward to central and northern Baffin Island, and
westward to the Melville Peninsula and the Fury and Hecla Strait. Topographic relief
is highly variable, ranging from the flat tundra and sandy beaches of islands in north-
ern Foxe Basin to rocky hills of Baffin Island and mainland Canada, to the mountain-
ous east coast of Southampton Island. The region is sparsely vegetated. Foxe Basin is
seasonally ice-free from July–August to November–December (Sahanatien and
Derocher 2012), during which time bears come ashore. In Nunavut, harvest is regu-
lated by a quota system. Four communities in northern Quebec also harvest from the
population.

Survey Design and Sampling Protocols

We used a stratified line transect sampling design to comprehensively survey Foxe
Basin during the 2009 and 2010 ice-free seasons (August–September 2009 and
August–October 2010; Stapleton et al. 2014). We divided the study area into multi-
ple strata based on proximity to the coastline and related to a gradient of decreasing
bear density with increasing distance from the coastline (Stapleton et al. 2014). We
delineated a very high density coastal zone; a high density stratum, including land
within 5 km of the coast; a moderate density stratum, including land 5–15 km from
the nearest coastline; and a low density stratum, including land 15–50 km from the
nearest coastline (Fig. 1). We defined strata and delineated the inland extent of the
study area based on satellite telemetry data gathered in 2008–20102 and local knowl-
edge (Stapleton et al., unpublished data). During 2008–2010, there were four
instances in which satellite collared bears (n = 50 collar-years) traveled beyond the
inland extent of the defined study area during the period in which that particular
region was surveyed; all bears moved westward into the Gulf of Boothia during late
August to mid-September.2 We created an additional stratum for large islands. Coats

2Personal communication from V. Sahanatien, Department of Biological Sciences, University of
Alberta, Edmonton, Canada, 9 April 2015.
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and Mansel islands in northern Hudson Bay were stratified based on coastal proxim-
ity in 2009, but we recategorized them as “large islands” in 2010. Stratification
otherwise remained consistent between years.
We sampled the mainland and large islands using two types of transects (Stapleton

et al. 2014). We surveyed the very high density coastal zone with contour transects
flown along the shoreline. Secondly, we surveyed along overland transects oriented
perpendicular to the coast (i.e., the polar bear density gradient; Stapleton et al. 2014).
Perpendicular transects extended to the shoreline, creating a region of overlap with
contour transects, so some bears could be sighted from both types of transects. In con-
trast to aerial surveys in adjacent Western Hudson Bay (Stapleton et al. 2014) and
Southern Hudson Bay (Obbard et al. 2013), perpendicular and contour transects were
sampled consecutively (i.e., surveying from a perpendicular transect led to the adjoin-
ing contour transect, such that sightings in the region of overlap were not fully inde-
pendent). However, field crews were instructed not to keep track of bears when we
reset our course so that previous knowledge did not impact search patterns. We did
not announce or investigate sightings until observers were provided a full opportu-
nity to sight bears from both contour and perpendicular transects within the region
of overlap.
Perpendicular transects were systematically spaced at 10 km intervals across Foxe

Basin in both years. We maintained a ratio of 4:2:1 for transects extending 5, 15, and
50 km inland, respectively, in 2009. To increase sampling in the far inland stratum
in 2010, we altered these ratios to 3:2:1. For large islands, we positioned transects

Figure 1. Strata delineated for aerial surveys of the Foxe Basin polar bear population, con-
ducted during the late summer, ice-free seasons in 2009 and 2010. The Quebec coastline was
surveyed in 2009 but not in 2010.
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across the island width, spaced at 10 km intervals. In a few areas, such as northern
Hudson Strait, we were unable to fly contour transects due to the highly irregular
coastline, so we sampled these areas only with perpendicular transects.
We completed ad hoc sampling of small islands to maximize coverage. Remnant

ice floes were completely surveyed, and we recorded all bears sighted in the open
water. In 2009, there were large offshore ice floes that could not be comprehensively
surveyed. We flew randomized transects over ice in these regions and used weekly
Canadian Ice Service maps (regional sea ice charts; available at http://ice-glaces.
ec.gc.ca) to delineate sea ice extent. These line transect data were incorporated with
perpendicular transect data for analysis. If possible, ice floes and adjacent land were
surveyed on the same day to minimize issues stemming from bears moving between
the land and ice.
We surveyed the Quebec coastline and completed multiple inland transects in

2009 but sighted only one bear during sampling, a straight-line distance of coastline
>550 km. We attributed this very low density to the early recession of ice from this
region. Similar sea ice dynamics occurred in 2010, so we did not resample this
region.
We surveyed from a helicopter (Bell 206 LongRanger) at a groundspeed of

~150 km/h and an above-ground altitude of ~120 m (Stapleton et al. 2014). We col-
lected mark-recapture distance sampling (MRDS) data (Laake and Borchers 2004; see
also Stapleton et al. 2014). Front (including the pilot) and rear observers comprised
our first and second sampling periods, respectively. We constructed a partition to
ensure that front observers did not cue rear observers, and we did not communicate
sightings until all observers had a full opportunity to sight a bear (i.e., each bear had
been fully passed).
We recorded flight paths and flew off-transect to record each bear location (where

it was first sighted) via GPS and measured perpendicular distances from sightings to
the transect line in a GIS (Marques et al. 2006). We documented group (hereafter
cluster) size, recorded activity at first sighting, remotely assessed age class (cub of the
year [COY], yearling, subadult, and adult), and approximated body condition using
a subjective condition index (1–5 scale; Stirling et al. 2008). We defined clusters of
bears as individuals whose detections were not independent (e.g., a family group com-
prised of an adult female and her offspring). For each sighting, we assessed environ-
mental variables that may have influenced detection (all with a qualitative 1–3 scale).
Covariates included visibility (VIS; excellent [e.g., sunny, partly cloudy], fair [e.g.,
glare, light fog or rain], or poor [e.g., heavy fog or rain]), general habitat (2009:
HAB; flat/minimal structure impeding detection; hilly/moderate structure; moun-
tainous/high structure), landscape-level topography (2010: TOPO; low, moderate, or
high) and structure such as large rocks within a 30 m radius of the sighting (2010:
STRUC; minimal, moderate, or extensive).

Data Analyses

Distance sampling with perpendicular inland transects—We used distance sampling
(Program DISTANCE 6.0; Thomas et al. 2010) to estimate density and abundance with
perpendicular transects. With distance sampling, a detection function is fit to sight-
ing distances from the transect line to estimate the probability of detecting a bear
cluster located in the surveyed region (Buckland et al. 2001). Density is obtained by
multiplying cluster density by an estimate of mean cluster size, and abundance is
obtained by multiplying the density estimate by the size of the survey area.
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A fundamental assumption of distance sampling is that all bears located on the
transect line are detected (Buckland et al. 2001). We examined initial histograms of
sightings distances and used double-observer data in a mark-recapture modeling
framework (i.e., the Huggins model; Huggins 1989, 1991) to assess detection at dis-
tance 0. We subtracted 75 m from sightings to accommodate the rear observers’
blind spot beneath the helicopter (Borchers et al. 2006, Stapleton et al. 2014) and
conducted analyses in Program MARK (White and Burnham 1999) with methods out-
lined in Stapleton et al. (2014). We used Akaike’s Information Criteria, adjusted for
small sample sizes (AICc) for model selection (Burnham and Anderson 2002).
The study design enabled two independent estimates of abundance in the coastal

zone: (1) with data from perpendicular transects (via distance sampling) and (2) with
data from contour transects (described below; Stapleton et al. 2014). Therefore, we
created data sets including and excluding the perpendicular transect data from the
coastal strip for both 2009 and 2010. Whereas bear density declined substantially
within a few km of the coast, we assumed that this density gradient was negligible
within our moderate and low-density strata farther inland. Hence, we included sight-
ing data from the legs connecting consecutive perpendicular transects when they were
located >1 km from inland boundaries in the moderate and low-density strata.
We right-truncated (excluded) the most distant 5% of observations to improve

model fit and smooth the tail of the detection function (Buckland et al. 2001). We
estimated a global detection function and used stratum-specific encounter rates and
cluster sizes to generate density and abundance estimates by stratum. These figures
were summed in DISTANCE to obtain abundance estimates for the regions surveyed
with perpendicular transects.
We fit conventional distance sampling models using uniform, half-normal and

hazard rate key functions and cosine, simple polynomial and hermite polynomial ser-
ies expansion terms. We also fit distance sampling models including covariates to
explain variability in detection (Marques and Buckland 2003) in place of series
expansion terms (half-normal and hazard rate key functions). We used forward step-
wise selection based on AIC to evaluate potential covariates. Model fit was examined
with q-q plots and Chi-squared, Kolmogorov-Smirnov, and Cram�er-von Mises tests.
Model selection was based on AIC.
We considered individual transects, partitioned by stratum, as sampling units for

variance estimation (Stapleton et al. 2014). Transects that spanned a single stratum
multiple times (e.g., due to crossing an inlet or other body of water) were pooled by
stratum and categorized as a single unit (Aars et al. 2009). To estimate variance, we
used a bootstrapping procedure (1,000 iterations, implemented in DISTANCE) in
which transects were resampled by stratum, a detection function was fit to the data
set, and an abundance estimate was generated during each iteration (Buckland et al.
2001).
Double-observer analyses with coastal contour transects and small islands—We flew

coastal contour strip transects ~200 m inland of the high water mark in 2009 and
also searched over exposed tidal flats during low tides. To simplify interpretation in
GIS and reduce searching over tidal flats, we flew coastal transects at or slightly below
the high water mark in 2010. In both years, we sampled ~500 m inland on one side
of the helicopter and seaward on the other side, meaning that we surveyed regions
700 m and 500 m inland of the high water mark in 2009 and 2010, respectively.
For most parts of Foxe Basin we could see farther inland, but we chose these conserva-
tive widths to accommodate the most rugged portions of the population.
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For small island sampling, we used strip widths of 500 m and 750 m in 2009 and
2010, respectively, based on sightings distance histograms constructed from perpen-
dicular transect data. We sampled proportionately fewer islands in those areas with
high numbers of islands (e.g., northern Hudson Strait), so we delineated regions based
on sampling intensity (high, moderate and low intensities), and calculated and
extrapolated densities by sampling region.
We used double-observer sighting data with the Huggins model (implemented in

Program MARK) to estimate detection probabilities and derive abundance (Stapleton
et al. 2014). Discrete clusters were treated as the sampling unit, and bears that were
completely unavailable to the rear observers (i.e., in the blind spot) were coded as
removals in capture histories. Covariates considered in these analyses included cluster
size, VIS, HAB, TOPO, and STRUC. We allowed detection and VIS to vary between
front and rear observers, and we modeled the effects of other covariates as constant
across observer teams. We fit global models and selected covariates through back-
wards stepwise selection, based on AICc. A generalized Horvitz-Thompson estimator
was implemented with detection probabilities to estimate the number of clusters
present in the sampled areas. For both the coastal zone and the small island sampling,
we extrapolated density estimates across the study area and inflated variance via the
delta method (Powell 2007). Estimates were multiplied by mean cluster size, and we
conducted bootstrapping simulations (1,000 iterations) with estimated numbers of
clusters and observed cluster sizes to estimate variance.

Total Abundance

We generated two abundance estimates in both 2009 and 2010 (Stapleton et al.
2010). First, we estimated total abundance by summing estimates from perpendicu-
lar transect data sets (extending to the coast), small island sampling, and counts of
bears sighted on small ice floes or in the open water. The second estimate excluded
the portions of the perpendicular transects that intersected the high density coastal
zone and instead used the abundance estimate from the coastal contour transects.
Individual point estimates and their variances were added to obtain four separate
abundance estimates. We assigned equal weights (i.e., w = 0.25) and used a model-
averaging framework (Anderson et al. 2000) to generate an overall estimate (and its
associated variance) that incorporated process and model uncertainty (Stapleton et al.
2014).

Results

We began sampling in Quebec during 2009 and in northern Hudson Strait during
2010, and proceeded counter-clockwise around Foxe Basin. We flew >300 h in each
year and successfully surveyed nearly all planned transects (Fig. 2). In both years,
however, we were unable to complete sampling in far southwestern Foxe Basin (por-
tions of Chesterfield Inlet; Fig. 2) due to logistical and resource constraints.
We observed 816 and 1,003 polar bears (616 and 790 nondependent bears) in

2009 and 2010, respectively. Observed litter sizes for cubs of the year (COY) and 1-
and 2-yr-olds (termed yearlings here) were similar in 2009 (COY = 1.57, SD = 0.55,
n = 75; yearlings = 1.55, SD = 0.54, n = 53) and 2010 (COY = 1.53, SD = 0.57, n =
80; yearlings = 1.4, SD = 0.50, n = 65).
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The distribution of polar bears was consistent between years (Fig. 3). High concen-
trations of bears were observed in west-central Foxe Basin near Southampton Island
as well as the northern Foxe Basin islands. Conversely, relatively few bears were spot-
ted along Hudson Strait and across much of western Baffin Island, and sightings were
rare near communities. Bears were observed most frequently in the coastal strip, the
nearshore inland stratum and on large and small islands, but sightings occurred in all
strata.

Perpendicular Transects

We surveyed ~12,400 km and >12,800 km along perpendicular transects during
2009 and 2010, respectively. Histograms of sighting distances provided strong sup-
port for a distance-based detection function (Fig. 4). Double-observer analyses indi-
cated that the probability of a bear located 75 m from the aircraft being sighted by at
least one observer was 97%-98% in both years. This finding suggests that the
assumption of complete detection at distance 0 was approximately valid, consistent
with our perception in the field. We proceeded with conventional and multiple co-
variate distance sampling analyses (i.e., also including sightings within 75 m of the
aircraft).
Because density varied greatly across Foxe Basin, we poststratified the study site

into high and low-density strata, using geographically discrete units (islands). This
process yielded a total of eight inland strata (four strata at two density levels), plus an
ice stratum in 2009.

Figure 2. Transects flown during a helicopter-based aerial survey of the Foxe Basin polar
bear population, August–October, 2010.
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(a)

(b)

Figure 3. Locations of polar bears sighted from perpendicular transects during aerial surveys
of the Foxe Basin population in late summer (a) 2009 and (b) 2010.
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We found no relationship between cluster size and distance from transect.
Hence, we used stratum mean cluster sizes in all models. In 2009, we observed a
cluster of 11 bears congregating around a bowhead whale (Balaena mysticetus)

(a)

(b)

Figure 4. Distance sampling histograms and detection functions estimated with data col-
lected from perpendicular transects during aerial surveys of the Foxe Basin polar bear popula-
tion, late summer, (a) 2009 and (b) 2010. Detection functions are from the most highly
supported models and are averaged over covariate values. The perpendicular transect data sets
included coastal zone sightings.
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carcass. We considered this an outlier and replaced this with the stratum mean
cluster size.
After right truncation, distance sampling analyses including and excluding

data from the coastal zone incorporated 183 and 114 clusters, respectively, in
2009 and 301 and 203 clusters in 2010. We condensed most covariates, initially
scaled 1–3, into binary categories because of underrepresentation of some catego-
ries. Model selection was consistent between data sets within year but differed
substantially between years (Table 1; Fig. 4). Habitat-related covariates were
included in top models in both years; a half-normal key function was best sup-
ported in 2009, whereas a hazard rate key function was most supported in 2010.
Right-truncation distances differed by >300 m between years. These differences
resulted in a wider effective strip width in 2010 vs. 2009 (Table 1). However,
density estimates were highly consistent within data sets and between similar
data sets (i.e., including or excluding coastal zone data). No significant lack of
fit was present among highly supported models (DAIC < 2) as judged by
Chi-squared, Kolmogorov-Smirnov and Cram�er–von Mises goodness-of-fit tests
(P > 0.15).
Densities estimated by stratum exhibited the expected coastal density gradient,

supporting our stratification (Fig. 5). Although densities in the far inland strata were
very low, these sites contributed considerably to overall population size because the
strata covered large geographic areas (Fig. 5).
Global density estimates were consistent among highly supported models

(Table 1), so we selected the top model in each data set. Abundance estimates were
consistent between years for the data sets including and excluding coastal zone sight-
ings (Table 2).

Coastal Transects and Small Islands

We sampled 45% and 40% of the coastal zone and included 227 and 257 clus-
ters in coastal analyses for 2009 and 2010, respectively. In 2009, the most sup-
ported model included HAB as a covariate and estimated equal detection for front
and rear observers (�p = 0.83, SE = 0.022), producing N̂ = 241 (SE = 5.5) clusters.
In 2010, the best model included STRUC and estimated separate detection proba-
bilities for front (�p = 0.79, SE = 0.028) and rear (�p = 0.86, SE = 0.025) observers,
yielding �N = 271 (SE = 5.2) clusters. We extrapolated cluster densities across un-
sampled regions and multiplied by mean annual cluster sizes to obtain estimates of
N̂ = 727 (SE = 22.6) and N̂ = 873 (SE = 23.2) bears in coastal zones during 2009
and 2010.
We sampled 33% of small islands in 2009 and 42% in 2010, and we included

82 and 109 groups in analyses for the two years. The most supported model in
2009 included no covariates but different detection probabilities for front (�p =
0.73, SE = 0.053) and rear (�p = 0.85, SE = 0.045) observer teams. In 2010, the
top model included VIS and constant detection between teams (�p = 0.88, SE =
0.026). Multiplying the total number of clusters by mean cluster size yielded esti-
mates of N̂ = 281 (SE = 16.6) bears in 2009 and N̂ = 238 (SE = 9.1) in 2010
(Table 2).
In addition to the bear sighted in Quebec in 2009, we sighted two and eight bears

in 2009 and 2010, respectively, that were not in any strata (e.g., on small ice floes, in
open water, or >50 km inland; Table 2).
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(a)

(b)

Figure 5. Polar bear (a) densities (� 95% confidence intervals) and (b) abundances (� 95%
confidence intervals) estimated during aerial surveys of the Foxe Basin population, late sum-
mers, 2009 and 2010. Densities are from the most highly supported distance sampling models
and are categorized by stratum. Analyses included the entire perpendicular transect data sets
for each year. HD: High density. LD: Low density. Strata measurements refer to the distance
from the coast. For example, HD: 0–5 km refers to the high density stratum extending from
the coastline to 5 km inland. Ice was not as prevalent in 2010 and thus was not categorized as
a stratum with distance sampling analyses.
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Total Abundance

The abundance estimates generated in 2009 and 2010 were remarkably consistent
(Table 2); in both years, estimates including coastal contour transects had higher pre-
cision. Averaging yielded an overall abundance estimate of N̂ = 2,585 bears (95%
log-normal CI = 2,096–3,189; CV = 10.7%) for 2009–2010. This estimate includes
COYs and yearlings.

Discussion

Aerial Survey Abundance Estimation

Although line transect aerial surveys are widely implemented to monitor a variety
of wildlife species, including ice-associated marine mammals (e.g., Borchers et al.
2006), their application to polar bears at large spatial scales has been limited until
recently. Our production of a reliable and relatively precise population estimate for
Foxe Basin (cf., Taylor et al. 2002, 2005, 2006, 2008, 2009; Regehr et al. 2007; Pea-
cock et al. 2013; Stapleton et al. 2014), adding to similar successful surveys in the
Barents Sea (Aars et al. 2009), Western Hudson Bay (Stapleton et al. 2014) and
Southern Hudson Bay (Obbard et al. 2013), suggests that this technique can con-
tinue to provide a useful tool to inventory polar bears.
We used double-observer and distance sampling protocols and surveyed from tran-

sects oriented perpendicular to and parallel to the coast to accommodate the coastal
density gradient. Despite analytical differences, estimates were highly consistent
between years and with different combinations of transects. Actual abundance was
unlikely to have changed significantly from 2009 to 2010, given the slow growth
rates of polar bear populations (e.g., Taylor et al. 2005, 2009) and the between-year
similarities in litter sizes and the proportion of dependent bears in the samples
(2009 = 0.25, 2010 = 0.21). Thus, although we did not independently estimate
abundance using a different method, completing the survey in consecutive years
provided a measure of the reliability of our results. The consistency of our results and
the relatively high precision of our final, averaged estimate (10.7% CV) further
demonstrate the utility of aerial surveys for longer-term monitoring.
Despite the consistency documented in our abundance estimates for the two years,

we estimated markedly different detection functions with distance sampling (Fig. 4).
We hypothesize that observer experience, some turnover among observers (including
the addition of a highly skilled observer in 2010), and interannual differences in
sighting conditions contributed to this discrepancy. Regardless of the underlying
causes, these results reinforce that detection functions are not transferrable between
years or among populations. Our results encourage caution when pooling data across
years, study sites, or observer teams.
Our findings were consistent between years and methods, and we elected to average

results to obtain a final estimate of abundance. The four estimates, representing two
data sets and two years, were equally weighted. This allowed us to incorporate process
(i.e., which data set best reflected true abundance) and model (e.g., among detection
functions) uncertainties. Averaging marginally reduced precision, but we believe that
it resulted in a more reliable estimate (Anderson et al. 2000).
This study and the surveys in Western Hudson Bay (Stapleton et al. 2014) and

Southern Hudson Bay (Obbard et al. 2013) provide a framework for aerial surveys of
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populations in seasonally ice-free regions and elsewhere. Surveys should be tailored to
the unique conditions of a particular site and study season, and factors such as very
low density or highly clumped distribution of bears may limit their utility in some
regions. Key design and methodological considerations consistent among recent on-
land aerial surveys include:

1. Stratification of the study area based on suspected density gradients (e.g., Fig. 5). Stratifi-
cation facilitates efficient allocation of sampling effort while ensuring comprehen-
sive coverage. With land-based studies, stratification should be based on the
coastline, while surveys over sea ice may rely on proximity to the floe edge (where
landfast ice meets open water and/or pack ice; Wiig and Derocher 1999). Satellite
telemetry, capture records, and local knowledge can inform this element of study
design.

2. Orientation of transects perpendicular to the density gradient to improve precision and reduce
bias (Buckland et al. 2001). For example, transects for land-based studies should
be oriented perpendicular to the coastline since polar bears tend to congregate near
the shore.

3. Integration of both double-observer and distance sampling field protocols. Collecting these
data increases analytical flexibility and enables an explicit test of methodological
assumptions, thereby enhancing estimate robustness.

4. Intensified sampling of high-density areas. In both 2009 and 2010, coastal contours
improved precision, and they may reduce potential bias due to clumped polar bear
distributions along the shoreline.

5. Collection of covariates that may affect sighting probabilities. We found that detection
of polar bears on land was affected by topographic relief, habitat structure near the
bear, and weather conditions (see also Aars et al. 2009).

Assumptions

In designing this study, we considered several fundamental assumptions underly-
ing distance sampling and double-observer methods. Stapleton et al. (2014) provide
a thorough review of associated assumptions and core study design elements imple-
mented to fulfill these assumptions. We defined the study area and delineated strata
based on available resources, logistical constraints, and information about polar bear
distribution in seasonal ice populations. We acknowledge, however, that we did not
survey all areas where bears could have occurred. For example, we did not completely
sample Quebec because densities were too low to warrant the expense. Additionally,
sea ice breakup and polar bear distribution elsewhere in Foxe Basin were generally
consistent between 2009 and 2010, suggesting that a significant distributional shift
toward Quebec was unlikely to have occurred.
We also saw some bears in unsurveyed areas (e.g., open water or far inland) while

we ferried between transects, and satellite telemetry data suggest that a small propor-
tion of adult females may have been beyond the inland extent of the study area at the
time of the survey.2 We believe, however, that the number of bears located outside
our defined study area was an insignificant proportion of the population. Potential
biases in our study, either through incomplete delineation of the study area or from
technical components (i.e., unmodeled heterogeneity with double-observer models,
detection at distance 0 < 1 with distance sampling models) would result in an under-
estimate of abundance.

16 MARINE MAMMAL SCIENCE, VOL. **, NO. **, 2015



Status of Foxe Basin

During the late 1980s and early 1990s, Taylor et al. (2006) estimated polar bear
abundance in Foxe Basin by remotely marking bears with tetracycline (via darts) and
using teeth from the harvest as the recovery sample (Taylor and Lee 1994). A
Lincoln-Peterson estimator yielded 2,200 (SE = 260) bears in 1994, although this
estimate could have been negatively biased due to heterogeneity in detection (Otis
et al. 1978, Pollock et al. 1990). Whereas Sahanatien and Derocher (2012) report
that sea ice conditions have worsened in Foxe Basin during 1979–2008, in terms of
both an extension of the break-up and freeze-up cycle and a reduction in habitat qual-
ity, our estimate (N̂ = 2,585, SE = 277) suggests that the Foxe Basin population
remained relatively stable in the 16 yr since the initial study. In other words, the
deterioration of sea ice habitat has not resulted in a decline in abundance. This find-
ing further implies that harvests have been sustainable.
Observed litter sizes were generally comparable to populations with robust annual

growth rates (e.g., Baffin Bay; Taylor et al. 2005). Regionally, litter sizes observed in
Foxe Basin were consistent with neighboring Southern Hudson Bay (Obbard et al.
2013) and greater than Western Hudson Bay (COY = 1.43, SE = 0.08, yearling =
1.22, SE = 0.10; Stapleton et al. 2014), populations which are classified as stable and
declining, respectively (Obbard et al. 2010). The litter size metrics, combined with
the observed proportions of dependent cubs in sampling (see Obbard et al. 2013 and
Stapleton et al. 2014 for comparison), suggest that recruitment in Foxe Basin
currently is consistent with a healthy population (but see Peacock et al. 2013: in
Davis Strait, a positive growth rate was estimated from low recruitment and high
adult survival rates). Anecdotally, polar bears observed during our aerial surveys
generally appeared to be in good body condition (based on a qualitative fatness index;
�x2009 = 3.1, �x2010 = 3.1; Stirling et al. 2008).
The impacts of climate change are anticipated to vary spatially, and Foxe Basin is

located in the seasonal ice ecoregion, where the effects will be first exhibited (Amst-
rup et al. 2008, Stirling and Derocher 2012). However, because Foxe Basin generally
has more persistent sea ice (i.e., a shorter ice-free season), it is likely less at-risk than
other seasonal ice populations (Peacock et al. 2010). Our findings underscore that var-
iability in the spatial and temporal responses to changing climatic conditions will be
evident among the larger ecoregions described by Amstrup et al. (2008) as well as
between individual populations within these ecoregions (Vongraven et al. 2012).

Management Implications and Conclusions

The Foxe Basin aerial surveys and subsequent surveys in Western Hudson Bay
(Stapleton et al. 2014) and Southern Hudson Bay (Obbard et al. 2013) demonstrate
the utility of this technique as an inventory tool in populations of polar bears that
come ashore during the ice-free season. Nevertheless, integrating aerial surveys in
monitoring programs will require modifying assessment and quota setting practices.
Aerial surveys yield reliable, snapshot abundance estimates, but they provide limited
or no information on other demographic parameters (recruitment and survival) that
have been used by managers for assessing status and setting harvest (via population
viability analyses with RISKMAN, Taylor et al. 2001; e.g., Taylor et al. 2002, 2005).
As such, managers should consider alternatives, such as using ancillary information
from aerial surveys (e.g., litter sizes, proportion of bears with cubs, proportion of
dependent bears), to inform status. In accordance with the precautionary principle,
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the reduced information calls for more conservative management (i.e., lower harvest;
see Peacock et al. 2011). In contrast to multiyear capture and tagging programs,
however, aerial surveys generate an estimate of abundance within a single year and
thus are relatively rapid and efficient. As such, aerial surveys may facilitate more fre-
quent monitoring, thereby safeguarding against the potential consequences of over-
harvest and avoiding reliance on model projections. Ideally, aerial survey results
should be rigorously compared with capture-based estimates to assess potential biases
in the methods, relative precision, and how these techniques can best complement
one another in monitoring programs. Since multiple techniques have been used to
inventory some populations, such comparisons will improve long-term trend assess-
ments.
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