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ABSTRACT 

Polynyas and leads are recurrent areas of open water within sea ice that are important to 

many Arctic species, including marine mammals; however, the importance to polar bears (Ursus 

maritimus) has not been examined. The western Hudson Bay flaw lead (hereafter lead) is a 

major, predictable habitat feature within the home range of the Western Hudson Bay polar bear 

population. The lead may provide hunting opportunities, but equally, could represent barriers to 

movement. We assessed use of the lead by 73 adult female polar bears tracked using satellite 

telemetry from December 2009 – May 2018 by measuring 1) distance to the lead, 2) movement 

direction relative to the lead, 3) first passage time, 4) turning angles, and 5) crossing rate of the 

lead. The use of the lead was compared 1) temporally, 2) spatially, and 3) based on reproductive 

status. The lead was mapped using synthetic aperture radar (resolution 62.3 m x 121 m) to 

differentiate between ice and water in Hudson Bay. The width of the lead varied temporally, 

from 4.5 km in March, up to 145 km in May. Polar bear use of the lead varied temporally, 

spatially, and based on reproductive status. Polar bears were closest to the lead in May during 

seal pupping season when polar bears are hyperphagic, and furthest from the lead in December. 

Polar bears had faster, more directed movements along the lead (moving on average with 16° 

turning angles at 101° and -69° relative to the feature) when closer to narrower sections of the 

feature, suggesting the feature acts as a corridor to increase prey encounter rate. Bears were 

consistently closer to narrow sections of the lead, and females with cub(s)-of-the-year were on 

the narrowest sections. Furthermore, while the bears crossed the lead 50% of the time overall, 

crossings occurred more often in January – March (80% of crossings) than in April or May 

(39%) when the feature was less prominent. These results suggest that a wider lead might deter 

crossings and restrict bear movements, particularly for mothers with cub(s)-of-the-year. When 
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females of all reproductive classes were ≤1 median step length from the lead, however, lone 

females spent more time close to the lead than mothers with cub(s)-of-the-year and yearling(s). 

Prey likely attracts polar bears to the lead, but bears might limit their time in the area because of 

the higher energetic costs of travelling in unconsolidated ice and retreat to habitat further from 

the lead between hunts to conserve energy. Furthermore, mothers with cub(s)-of-the-year might 

limit their time on the lead to reduce the risk of infanticide by males that are attracted to areas 

with lone females for mating purposes, or because of prey availability. An increase in open water 

resulting from climate warming might make the lead a more challenging environment for bears, 

yet possibly more attractive as the spring feeding period decreases and energy intake declines, or 

as harbour seal density increases in the area. 
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CHAPTER 1 

INTRODUCTION 

Arctic sea ice provides habitat for a wide range of species, from single-celled organisms 

to top predators, living under, within, and on the sea ice (Smith & Stirling 1975, Horner et al. 

1992, Poltermann 2001, David et al. 2016, Hammill 2018). The Arctic is a dynamic habitat, with 

areas covered by sea ice year-round, producing a thick multiyear buildup of ice, and areas that 

melt each year, characterized by thinner annual ice (Horner et al. 1992, Laxon et al. 2003, 

Comiso 2010). Sea ice extent varies seasonally, decreasing by over half at the minimum, with 

high spatial variation in thickness (Laxon et al. 2003, Comiso 2010, Landy et al. 2017). There 

are different types and characteristics of sea ice that make it suitable habitat for a wide range of 

species. Landfast ice is stable ice that extends from the coastline to a variable distance offshore 

that is largely dependent on ocean depth (Comiso 2010). Adjacent to the landfast ice is a more 

dynamic environment of drifting pack ice, which can be consolidated ice sheets, or comprised of 

small and/or large ice floes separated by water, and driven together or apart by winds/currents 

(Smith et al. 1990, Horner et al. 1992, Comiso 2010). Ice can open up into recurring, persistent 

features of open water called polynyas, or smaller, linear leads (Danielson 1971, Dunbar 1981, 

Barber & Massom 2007). 

Polynyas and recurring lead systems have a circumpolar distribution, occurring over both 

continental shelf and offshore waters, and ranging in size from 10 to 105 km2 (Martin 2001, 

Barber & Massom 2007, Hannah et al. 2009). There are 61 major, recurring polynyas across the 

Arctic, 23 of which are in the Canadian Arctic (Barber & Massom 2007, Hannah et al. 2009). 

Open water that forms between pack ice and fast ice, or pack ice and the shore, are flaw leads or 

shore leads, respectively, and are more dynamic than other areas in the Arctic (Stirling 1980, 
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Dunbar 1981, Smith & Rigby 1981, Barber & Massom 2007). Winds, currents, tides, and/or 

upwellings are the primary causes of polynyas and leads, and make them dynamic icescape 

features that vary in size and shape (Stirling 1980, Dunbar 1981, Stirling 1981, Barber & 

Massom 2007, Hannah et al. 2009). Pack ice can be driven towards fast ice to close polynyas, 

driven away from fast ice making polynyas completely ice free, or brash/thin ice can form within 

open polynyas as they refreeze (Hare & Montgomery 1949, Stirling 1980, Dunbar 1981, Smith 

& Rigby 1981, Barber & Massom 2007). Polynyas and leads typically reform annually in the 

same location, resulting in predictable habitat features important for organisms on the icescape 

(Stirling 1980, Smith & Rigby 1981, Stirling 1981, Heide-Jørgensen et al. 2013).  

Biodiversity is often higher in polynyas compared to other Arctic areas due to the 

availability of open water (Stirling 1980, Arrigo 2007, Heide-Jørgensen et al. 2013, 2016). While 

sympagic algae are a large contributor of carbon to higher trophic levels in the Arctic, areas with 

lower ice cover, such as polynyas, are more reliant on pelagic algae for primary production (Mei 

et al. 2003, Arrigo & van Dijken 2004, Brown et al. 2013, 2018). Open water increases sunlight 

and surface temperatures compared to the surrounding ice pack, which promotes earlier primary 

production, allowing for higher zooplankton diversity (Bursa 1963, Hirche et al. 1991, Ringuette 

et al. 2002, Tremblay et al. 2002, Arrigo 2007). Increased primary and secondary production 

supports higher trophic level organisms, such as seabirds and marine mammals (Stirling et al. 

1981, Karnovsky et al. 2007, 2008). Polynyas are important breeding and staging habitat for 

some seabirds (Brown & Nettleship 1981, Falk et al. 1997, Black et al. 2012). Similarly, Arctic 

marine mammals such as bearded seals (Erignathus barbatus), ringed seals (Pusa hispida), 

harbour seals (Phoca vitulina), walrus (Odobenus rosmarus), beluga whales (Delphinapterus 

leucas), narwhals (Monodon monoceros), and bowhead whales (Balaena mysticetus) are 
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abundant in polynyas and leads, which provide habitat for feeding, breeding, breathing, and 

migrating (Stirling et al. 1981, Gilchrist & Robertson 2000, Bajzak et al. 2013, Heide-Jørgensen 

et al. 2013, 2016). Polynyas are thought to be prime hunting habitat for upper trophic level 

predators, such as polar bears, due to the abundance and accessibility of prey (Stirling 1980, 

Heide-Jørgensen et al. 2013).  

Polar bears (Ursus maritimus) rely on Arctic sea ice for hunting, mating, and travelling 

(Lentfer 1972, Stirling et al. 1993, Regehr et al. 2010, Cherry et al. 2013). Polar bears hunt ice-

associated seals (Stirling & Archibald 1977, Bentzen et al. 2007, Thiemann et al. 2008, Sciullo et 

al. 2017), often from ice floes adjacent to polynyas, or by breaking through thinly covered 

breathing holes near frozen-over polynyas (Kiliaan & Stirling 1978, Stirling 1980, Stirling et al. 

1981, Smith & Sjare 1990). Polar bear habitat selection balances optimal foraging and sea ice 

conditions for energy conservation and safety (Mauritzen et al. 2003a, Reimer et al. 2019), with 

habitat selection varying between seasons to meet energy requirements, as well as the necessity 

to be close to land for the breakup period in some populations (Stirling et al. 1993, McCall et al. 

2016). Variation in polar bear space use and habitat selection is associated with age, reproductive 

status, time of year, energy expenditure, prey availability, movement capabilities, and avoidance 

of conspecifics (Stirling et al. 1993, Pilfold et al. 2014a, McCall et al. 2015, 2016). 

While polynyas and leads might be suitable hunting habitat for polar bears, not all 

polynyas, nor all areas of a polynya, are equally productive (Lara et al. 1994, Ringuette et al. 

2002, Karnovsky et al. 2007). Furthermore, the open water may be a barrier to polar bear 

movement. Bears frequently walk along the edge of wide polynyas rather than swimming across, 

as swimming can be metabolically costly (Stirling et al. 1993, Griffen 2018). Cubs in particular 

are unable to regulate body temperature in water, so mothers with offspring often avoid open 
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water and swimming (Blix & Lentfer 1979, Aars & Plumb 2010, Pilfold et al. 2017). Despite the 

persistence of polynyas and leads and their potential importance in influencing bear movement 

dynamics, no quantitative measurements have been made. 

The largest, recurring flaw lead (hereafter lead) in Canada forms around the perimeter of 

Hudson Bay, most prominently along the western coast as northwesterly winds drive pack ice 

away from the fast ice between Churchill, Manitoba and Coral Harbour, Nunavut (Figure 1; Hare 

& Montgomery 1949, Stirling et al. 1977, Dunbar 1981, Markham 1986, Stewart & Barber 

2010). The lead ranges from a few meters to more than 50 km wide, with a mean width of 8 km 

(Hare & Montgomery 1949, Danielson 1971, Stirling et al. 1977). The lead falls within the home 

ranges of three polar bear populations, Foxe Basin, Southern Hudson Bay, and Western Hudson 

Bay (IUCN/SSC Polar Bear Specialist Group 2018). 

The objective of this study was to examine the use of the lead by adult female polar bears 

in western Hudson Bay, Canada. We examined the use of the lead: 1) as an attractant (e.g., prey 

availability), or 2) as a barrier to movements. We compared the use of the lead: 1) spatially 

within the Bay, 2) at different times of the ice-covered season, and 3) based on reproductive 

status. We used synthetic aperture radar (SAR) to map the lead, and explore the temporal 

dynamics of the maximum width and total area of the lead, and how these affect polar bear 

movements. We used global positioning system (GPS) satellite telemetry to evaluate movement 

metrics of polar bears relative to the lead by calculating 1) distance to the lead, 2) relative 

movement direction, 3) first passage time (FPT), 4) turning angles, and 5) crossing rate. 

 

METHODS 

Study Area and Population 
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Hudson Bay is an inland sea, roughly 106 km2, with a mean depth of 125 m, and an ice 

thickness up to 1.5 m (Jones & Anderson 1994, Landy et al. 2017). Hudson Bay is ice-covered in 

winter and ice-free in summer, with maximum ice cover occurring in late April/early May 

(Stewart & Barber 2010). Freeze-up of the Bay begins in October along the northwest coastline, 

and breakup begins in late May along the lead in the northwest as currents and wind push ice 

southeast (Stirling et al. 1977, Stewart & Barber 2010). The Western Hudson Bay polar bear 

population shows high fidelity to the areas in the Bay adjacent to the Nunavut, Manitoba, and 

north-western Ontario coasts (IUCN/SSC Polar Bear Specialist Group 2018). Most Western 

Hudson Bay polar bears spend the ice-free season on land in Manitoba, then travel north along 

the shore as the Bay freezes to spend the ice-covered season on the sea ice until breakup (Stirling 

et al. 1977, Derocher & Stirling 1990).  

 

Flaw Lead Mapping 

We mapped the western Hudson Bay lead using SAR imagery obtained from the 

Canadian Space Agency’s RADARSAT-2 satellite, with a resolution of 62.3 m x 121 m 

(Canadian Space Agency 2013). The SAR imagery differentiated between open water and ice 

within the Bay. Daily open water in Hudson Bay was mapped by merging daily partial SAR 

images of the Bay, and incomplete areas were temporally interpolated using the two previous 

and two subsequent days images. To map the lead, all open water adjacent to landfast ice was 

extracted using the ‘raster’, ‘rgeos’, ‘sp’, and ‘rgdal’ R packages, as well as geoprocessing tools 

in QGIS version 3.4.5 (Pebesma & Bivand 2005, Bivand et al. 2013, 2019, Bivand & Rundel 

2019, Hijmans 2019b, QGIS Development Team 2019, R Core Team 2019). Landfast ice was 

extracted from the Canadian Ice Service Arctic Regional Sea Ice Charts in SIGRID-3 Format 
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(Canadian Ice Service 2009). Weekly sea ice charts were available for the whole period except 

January – March of 2010 – 2011, when biweekly sea ice charts were used. Landfast ice was 

restricted to the Western Hudson Bay population border (IUCN/SSC Polar Bear Specialist Group 

2018). Because landfast ice was used to extract the open water, the lead was estimated for the 

period when >95% of the Hudson Bay coastline was bordered by landfast ice; approximately late 

December to mid-May from 2009 – 2018 (Table A1 in Appendix). Days without a complete 

SAR image of the Western Hudson Bay population border were removed from analysis. Ice 

misclassified as water was manually removed from the lead boundary using QGIS by visually 

comparing to images retrieved from the National Aeronautics and Space Administration (NASA) 

WorldView database of Moderate Resolution Imaging Spectroradiometer (MODIS) satellite 

imagery (National Aeronautics and Space Administration, QGIS Development Team 2019). 

We calculated the maximum width of the lead per day as the largest distance from the 

lead border furthest from the coast, to the closest point on the landfast ice (Figure A1 in 

Appendix) using the ‘geosphere’ R package (Hijmans 2019a). The width of the lead at the point 

closest to the bear’s location (see section “Polar Bear Telemetry”) was also calculated in the 

same manner. The total area of the lead was calculated per day using the ‘raster’ R package 

(Hijmans 2019b). Friedman’s test was performed to compare the lead maximum width and total 

area for each month using daily images, followed by post hoc Wilcoxon signed-rank tests (α = 

0.05). The lead area and width, and the width of the lead at the point closest to the bear’s location 

were used as covariates in subsequent models. 

 

Polar Bear Telemetry 
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Seventy-three adult female polar bears (≥5 years old) were captured and fitted with GPS 

Argos® satellite-linked collars (accuracy 30 m; Telonics Inc., Mesa, AZ; (Tomkiewicz et al. 

2010), and tracked from December 2009 – May 2018 as part of ongoing, long-term research on 

the ecology of Western Hudson Bay polar bears (e.g., Ramsay & Stirling 1988, Derocher & 

Stirling 1995, Stirling et al. 1999, Regehr et al. 2007, Lunn et al. 2016). All bears were collared 

on land in or near Wapusk National Park, Manitoba before the bears returned to the sea ice 

(Figure 1). Bears were remotely immobilized using Zoletil® (Laboratories Virbac, Carros, 

France) for deploying the collars (Stirling et al. 1989). Adult male polar bears were not tracked 

because their necks are larger than their heads so they cannot wear collars. GPS collars tracked 

polar bear locations in 4 h intervals for up to four years. All collars had a timed-release 

mechanism to drop off on a predefined date, or collars were removed upon recapture. Bears were 

already on ice at the beginning of the study period in December, however, mothers with cub(s)-

of-the-year (COY) return to ice in March (Stirling et al. 1977). We used a NAD83 (CSRS) 

Teranet Ontario Lambert (EPSG:5321) projection (https://epsg.io/5321) for telemetry locations. 

The University of Alberta BioSciences Animal Care and Use Committee (No. AUP00000033), 

and the Environment and Climate Change Canada’s Western and Northern Animal Care 

Committee approved the animal capture and handling procedures, in accordance with the 

wildlife guidelines of the Canadian Council on Animal Care 

(https://www.ccac.ca/Documents/Standards/Guidelines/Wildlife.pdf). 

Reproductive status (presence and age of offspring) was recorded at capture, and inferred 

from the time of collaring, unless confirmed if recaptured in a subsequent year. Reproductive 

status included 3 categories: lone female, mother with COY, and mother with yearling(s) 

(YRLG). Recaptured bears with a whole litter loss were removed from analysis for the previous 

https://epsg.io/5321
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year (December – May). Bears with stationary movements on land from September – March 

were presumed to be denning (Stirling et al. 1977), and reproductive status was inferred to be 

mother with COY for that year, and lone for the previous spring (March – May) during polar 

bear breeding season (Lønø 1970, Ramsay & Stirling 1986). Cubs typically remain with mothers 

until 2 years of age (Ramsay & Stirling 1986, Ramsay & Stirling 1988), therefore, mothers with 

YRLG were presumed to be lone females by the following spring, unless otherwise confirmed 

with recapture data. Bears with unknown reproductive status were removed from analysis for the 

period the status was unknown. When not accounting for reproductive status, bears refers to all 

bears. 

Polar bear locations were filtered using the ‘argosfilter’ R package (Freitas 2012) to 

remove biologically impossible speeds (>10 km h-1; Amstrup et al. 2000, Parks et al. 2006), and 

locations that deviated from the path >25 km or >50 km with turning angles of >165° or >155°, 

respectively (Freitas et al. 2008a, 2008b). Missing locations at 4 h intervals were estimated using 

the ‘crawl’ R package (Johnson et al. 2008) to fit a continuous-time correlated random walk 

(CRAWL) model using the Kalman-filter. Missing locations were estimated if the time gap 

between original locations was >4 h but ≤24 h. To find the largest permissible time gap to be 

interpolated using CRAWL without significantly affecting statistical analysis, 10-70% of 

locations were randomly removed from 5 tracks of 2 bears with >250 locations per track. The 

removed locations were then interpolated using CRAWL. FPT was calculated on the original 

tracks and the interpolated tracks, and compared by calculating a Spearman’s rank correlation 

coefficient (α = 0.05) (see section “First Passage Time”).  

Drifting sea ice adds an involuntary component to the overall movement of polar bears 

(Mauritzen et al. 2003b, Auger-Méthé et al. 2016). The ice drift component was removed from 
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overall movement to obtain the voluntary component for use in movement-based analysis. We 

estimated the ice drift component using data from the National Snow and Ice Data Center (Polar 

Pathfinder Daily 25 km EASE-Grid Sea Ice Motion Vectors) (Tschudi 2019). Ice drift was 

temporally and spatially interpolated using inverse distance weighting to estimate the ice drift 

vector at each polar bear location (Li & Heap 2011), then subtracted from polar bear movement 

vectors to determine the voluntary movement of the polar bear (Auger-Méthé et al. 2016, 

Togunov et al. 2017, 2018). 

 

Bear Movements  

The 100% minimum convex polygon (MCP; Figure 1) of all bears was calculated using 

the ‘adehabitatHR’ R package (Calenge 2006) to map the maximum extent of Hudson Bay used 

by bears in the study. The median voluntary step length for all bears and years was calculated 

using consecutive points separated by 4 h (Figure 2a). The median voluntary daily displacement 

was calculated for all bears and years, using days with all 6 locations (Figure 2b). The Bay was 

divided into habitat categories (Figure 3), where habitat ≤1 median step length from the lead was 

considered to be ‘on’ the lead, habitat >1 step length but ≤2 times median daily displacement 

was considered ‘near’ the lead, and habitat >2 times median daily displacement was considered 

‘off’ the lead. We used the ‘on’ habitat to generate 100 available locations per day bears were on 

the lead, and found the width of the lead closest to the available locations (see section “Flaw 

Lead Mapping”). We fit a generalized linear mixed effect model to predict use of the lead with 

width closest to the location as the predictor variable. Year was used as the random effect to 

account for autocorrelation. A second generalized linear mixed model was fit using bears on the 
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lead to predict lead width closest to the bear, using month (4 categories, February – May) and 

reproductive status as predictor variables.  

Distance to the lead was calculated as the straight line distance from the bear location to 

the closest point on the lead using the ‘geosphere’ R package (Hijmans 2019a). To test the effect 

of month, lead size (width and area), and reproductive status on bear distance to the lead, we fit a 

set of maximum likelihood linear mixed effect models. Month and lead size, as well as lead 

maximum width and lead total area, were correlated so they were not used as predictor variables 

in the same model. Two models were fit: 1) a main model predicting distance to the lead, with 

month (6 categories, December – May), maximum daily lead width, total daily lead area, and 

reproductive status as predictor variables using data from the entire study area; and 2) a second 

model predicting distance to the lead in March – May, using lead width closest to the bear, 

maximum daily lead width, daily lead area, and reproductive status as predictor variables. The 

model was restricted to March – May because this was when bears were closer to the lead (see 

section “Results: Bear Movements”). Month provided a better fit than quadratic transformed 

ordered day, so it was used in candidate models. Maximum daily lead width, total daily lead 

area, and lead width closest to the bear were tested as both linear and quadratic variables. Bears 

distance to the western Hudson Bay landfast ice was calculated in the same manner as the 

distance to lead. The same models as distance to lead were fit predicting distance to the landfast 

ice to test whether the bears moved closer to the lead, or the edge of the lead became closer to 

the bears as it widened.  

We used 2 tests (α = 0.05) to compare the amount of time spent on, near, and off the 

lead for all bears, for only bears that were on the lead at least once during the study period, by 

month, and based on reproductive status. The total area on, near, and off the lead for every day 
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included in the tests, restricted to the bears 100% MCP, represented the available habitat in each 

category and was used to generate the expected ratios (Figure 3). Adjusted standardized residuals 

were calculated to identify the habitat category where bears spent a disproportionate amount of 

time.  

To examine how polar bear movements were affected by the lead, we calculated relative 

movement direction θ, which is the direction of bear movement relative to the lead (–180° ≤ θ ≤ 

180°; Figure 2c). Relative movement direction is represented by the angle between the straight-

line connecting GPS points at time t and t+1, and the shortest straight-line connecting point at 

time t to the lead (McKenzie et al. 2012). Relative movement direction was divided into 3 

groups: towards (–45° ≤ θ ≤ 45°), along (–45° > θ > –135° & 45° < θ < 135°), and away (–135° 

≤ θ ≥ 135°) from the lead. Relative movement direction was calculated using locations 

representing bears overall movement. Univariate and bivariate von Mises distributions of relative 

movement direction for steps on, near, and off the lead, as well as for steps by month (6 

categories, December – May) were calculated using the ‘circular’ R package (Agostinelli & 

Lund 2017). Using a log likelihood ratio test, we tested the null hypothesis (uniform distribution 

of angles) against the univariate and bivariate von Mises distributions to determine whether 

movement direction was random with respect to the lead. A chi-square distribution was used to 

test the significance of the log likelihood ratio tests (α = 0.05). These methods are adapted from 

McKenzie et al. (2012) and Potts et al. (2014). 

 

First Passage Time 

FPT is a measure of an individual’s use of an area by measuring how long the individual 

takes to enter and exit a circle of a fixed radius (Johnson et al. 1992, Fauchald & Tveraa 2003, 
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2006). FPT increases with increasing radius and increasing tortuosity of the path as the 

individual remains in the area longer, indicating higher use (Johnson et al. 1992, Fauchald & 

Tveraa 2003). FPT identifies the spatial scale of area restricted search (ARS), a foraging pattern 

where animals slow their movements to remain within an area where prey has been located 

(Kareiva & Odell 1987, Fauchald & Tveraa 2003). 

Following Fauchald and Tveraa (2003, 2006), we calculated FPT using tracks with a 

minimum of 33 locations (voluntary movement) at 4 h intervals (minimum 5.5 days/track). To 

find the spatial scale of ARS, equally spaced locations were interpolated along the bear’s track 

every 2 km to reduce biases in parts of the track with a higher fix rate due to a higher search rate 

(Fauchald & Tveraa 2006). Spatial intervals for interpolated points were tested at 1 km, 2 km, 

the median step length, and 5 km and tested whether FPT significantly differed using a 

Spearman’s rank correlation coefficient. The interpolated locations were used to calculate FPT 

using radii ranging from 500 m to 100 km at 500 m intervals to find the radius of peak variance 

in log10-transformed FPT for each individual, which is the spatial scale at which an animal 

undergoes ARS (Fauchald & Tveraa 2003, 2006). A common radius, equal to the peak mean 

variance in log10-transformed FPT for all trips and all bears, was used to calculate FPT using 

original GPS locations (ice drift removed) to reduce individual differences to make inter-

individual comparisons. FPT was calculated using the ‘adehabitatLT’ R package (Calenge 2006). 

To test the effect of month, distance to the lead, lead width, and reproductive status on 

FPT, we fitted a maximum likelihood linear mixed effect model using the ‘lme4’ R package 

(Bates et al. 2015). Distance to the lead and month were correlated, so they were not used as 

predictor variables in the same models. FPT was log10-transformed to satisfy the assumption of 

normality of residuals. Locations were filtered at intervals equal to the radius used to calculate 
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FPT for modelling (Freitas et al. 2008b), and individual bear identification was used as a random 

effect to account for autocorrelation. Three models were fit: 1) a main model predicting FPT, 

with month (6 categories, December – May), distance to the lead, and reproductive status as 

predictor variables using data from the entire study area; 2) a second model predicting FPT in 

March – May, using distance to the lead, reproductive status, and lead width closest to the bear 

as predictor variables; and 3) a third model predicting FPT when the bears were on the lead, 

using month (4 categories, February – May), distance to the lead, reproductive status, and lead 

width closest to the bear as predictor variables. The model was restricted to March – May 

because this was when bears were closer to the lead (see section “Results: Bear Movements”). 

Distance to the lead and lead width closest to the bear were tested as both linear and quadratic 

variables. 

To examine how distance to the lead and month affected turning angles (– 180° ≤ θ ≤ 

180°; Figure 2d), the deviation from the straight-line path connecting the two previous points 

was calculated using the ‘trajr’ R package (Kareiva & Odell 1987, Fauchald & Tveraa 2003, 

McLean & Skowron Volponi 2018). Turning angles were calculated using locations representing 

voluntary movement without CRAWL interpolated points, with 4 h between consecutive points. 

Locations ≤30 m apart were removed to account for GPS error in stationary bears, which can 

introduce bias towards large turning angles (Hurford 2009). Turning angles were divided into 3 

groups: low (–45° ≤ θ ≤ 45°), turn (–45° > θ > –135° & 45° < θ < 135°), and reversal turn (–135° 

≤ θ ≥ 135°). Univariate and bivariate von Mises distributions were calculated using the ‘circular’ 

R package (Agostinelli & Lund 2017). Using a log likelihood ratio test, we tested the null 

hypothesis (uniform distribution of angles) against the univariate and bivariate von Mises 

distributions of turning angles on, near, and off the lead, as well as by month (6 categories, 
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December – May) to examine whether turning angles were random with respect to distance to 

the lead or month. A 2 distribution was used to test the significance of the log likelihood ratio 

tests (α.= 0.05). These methods were adapted from McKenzie et al. (2012) and Potts et al. 

(2014). Because movements predominantly had low turning angles (see section “Results: First 

Passage Time”), the proportion of turning angles on, near, and off the lead and by month were 

also compared using a Pearson’s 2 test with the Marascuilo procedure (α = 0.05) for post hoc 

analysis (Marascuilo 1966). 

 

Flaw Lead Crossing Rate 

 We calculated crossing rate of the lead as a metric to estimate whether the lead posed a 

barrier to movement. The portion of a bear’s track that was on the lead was considered a trip, and 

ended either when the bear moved >1 step length away from the lead, or when SAR imagery was 

no longer available. Following Siers et al. (2016), each trip was treated as a Bernoulli trial and 

assigned a response of 1 if the bear crossed the lead, or 0 if the bear did not cross before the end 

of the trip. A crossing was identified by locating the section of a track overlapping the lead using 

the ‘rgeos’ R package (Bivand & Rundel 2019). Crossings were visually confirmed in QGIS 

using images retrieved from the NASA WorldView database of MODIS satellite imagery 

(National Aeronautics and Space Administration, QGIS Development Team 2019). A 

generalized linear mixed effects model was fit to predict crossing the lead. Month (3 categories; 

March – May), mean lead width at the point closest to the bear for the trip, lead width closest to 

the bear’s first location of the trip, and lead width when either the bear begins crossing, or leaves 

the lead without crossing were used as predictor variables. The different widths were correlated 

so they were not included in the same models. 
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All statistical analyses were completed using R version 3.6.1 (R Core Team 2019). When 

possible, data were transformed using log10 or square root transformation and tested for 

normality using a Shapiro-Wilk test for use in parametric tests, otherwise nonparametric tests 

were used. Results are presented with mean ± SE unless stated otherwise. Linear mixed effect 

models and generalized linear mixed effect models were fit using the ‘lme4’ r package (Bates et 

al. 2015). Unless stated otherwise, individual bear identification was used as a random effect in 

models to account for non-independence of measures on the same individual. Predictor variables 

of models were tested for correlation using a Spearman’s rank correlation coefficient. The top 

models were selected using corrected Akaike information criterion values (AICc), and if the 

ΔAICc was <2, the model with fewer covariates was selected (Burnham & Anderson 2002). 

Significance of predictor variables in the selected top model were assessed at α = 0.05. See 

appendix for a full list of candidate models for all regression analysis (Table A3, A4, A10, & 

A13). 

 

RESULTS 

Flaw Lead Mapping 

The lead was mapped for 540 days from December 2009 – May 2018 (43.3% of the days 

with >95% of the Hudson Bay coastline bordered by landfast ice; Table A1 in Appendix). These 

were the days when imagery for the whole western Hudson Bay coastline was available. The 

mean number of days between images was 2.3 ± 0.2 days (range 1 – 40). The mean maximum 

width of the lead was 27.0 ± 1.0 (4.5 km to 145 km), while the mean total area was 3.9 x 103 km2 

(84 km2 – 3.1 x 104 km2; Table A2 in Appendix). Maximum width and total area in December 

and January did not significantly differ (Width: Wilcoxon signed-rank z = -0.05, p = 0.96; Total 
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area: Wilcoxon signed-rank z =-0.88, p = 0.37), therefore these months were combined for tests 

comparing width and area by month due to the small sample size in December (n = 23), and to 

account for the time period of December being less than two weeks. Daily images from 

December – May, 2011, 2013-2018 were used to compare the maximum width and total area. 

2010 and 2012 were excluded from analysis as there were no images for May 2010 or April 

2012. The maximum width (Friedman’s test 2 = 83.9 df = 4, p < 0.001; Table 1; Figure A2a in 

Appendix), and total area (Friedman’s test 2 = 67.1 df = 4, p < 0.001; Table 2; Figure A2b in 

Appendix) of the lead varied by month. The lead was widest in May (60 ± 5 km), and narrowest 

in March (18 ± 0.8 km). The lead had the largest total area in May (9252 ± 1035 km2), and the 

smallest total area in March (2048 ± 160 km2). The lead was significantly larger by width and 

area in May than all other months, and larger in April than February and March (Tables 1 & 2).  

 

Bear Movements 

Removing biologically impossible points based on speed and angle resulted in the loss of 

0.13% of locations (103/78,777). The mean time gap interpolated using CRAWL was 10.6 ± 0.1 

h (5 – 24 h) to generate tracks with an equal spatial interval of 4 h. The time between consecutive 

locations in a track before interpolation was 4.9 ± 0.03 h. Tracks contained 14.4 ± 0.4% (0-50%) 

interpolated points. When 50% of the locations were removed from the CRAWL test tracks, the 

time between consecutive points before interpolation was 8.0 ± 0.2 h. The largest time gap 

interpolated was 56 h, with a mean time gap of 11.8 ± 0.3 h. FPT was not significantly different 

between the original track and interpolated track (Spearman’s rank r = 0.82, p < 0.001, y-

intercept = 1.7, m = 0.9; Figure A3 in Appendix). 
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The median step length (n = 62504) for all bears and years was 3.3 km, and the median 

daily displacement (n = 55716) was 14 km. Bears were considered on the lead when they were 

≤3.3 km from the lead, near the lead when they were >3.3 km but ≤28 km from the lead, and off 

the lead when they were >28 km from the lead. Bears were on narrower sections of the lead 

compared to the available widths of the lead (Table 3). When on the lead, all bears were on 

narrower sections of the lead in May than in all other months, however, mothers with YRLG 

were on wider sections of the lead compared to lone females and mothers with COY (Table 3).  

Month and reproductive status were strong predictors of bear distance to the lead. All 

bears were furthest from the lead in December, and closest in May, while mothers with COY and 

YRLG were closer to the lead than lone females (Table 4; Table A5 & Figure A4 in Appendix). 

The same trends were predicted in the top main model when predicting bears distance to landfast 

ice (Tables A6 & A7 in Appendix). In March – May, all bears were closer to the lead on days 

with an intermediate maximum width of the lead, and mothers with offspring were closer to the 

lead than lone females (Table 4; Table A5 in Appendix). 

When assessing the amount of time all bears spent in habitats on, near, and off the lead, 

bears spent more time off the lead and less time on and near the lead in relation to the amount of 

available habitat in each category (2 = 81 df = 2, p < 0.001). When using only bears that were 

on the lead at least once during the study, more time was spent near and on, and less time off the 

lead in relation to the amount of habitat available in each category (2 = 166 df = 2, p < 0.001). 

Of the bears that were on the lead at least once, they spent 5.1 ± 1.5% (range 0.3 – 25.6%) of 

their time on the lead, while only 1.8 ± 0.04% (range 0.3 – 6.9%) of the available habitat was 

categorized as on the lead. When bears were on the lead, they stayed for 25.9 ± 3.8 h (range ≤4 h  

– 108 h) before either leaving the area, or the end of the SAR imagery. Bears spent the most time 
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on the lead in April (2 = 87 df = 5, p < 0.001), and near the lead in May (2 = 714 df = 5, p < 

0.001). Compared to what was expected based on the area available in each habitat category, 

mothers with COY spent more time off and less time near and on the lead (2 = 140 df = 2, p < 

0.001), mothers with YRLG spent more time off and less time on the lead, and the expected 

proportion of time near the lead (2 = 14 df = 2, p < 0.01), and lone females spent more time near 

and less time off the lead, and the expected proportion of time on the lead (2 = 101 df = 2, p < 

0.001). Comparing reproductive groups, lone females spent more time on and near, and less time 

off the lead than mothers with COY, and mothers with YRLG spent the expected proportion of 

time in each habitat category (On: 2 = 17 df = 2, p < 0.001; Near: 2 = 209 df = 2, p < 0.001; 

Off: 2 = 17 df = 2, p < 0.001). 

In all habitat categories, bear movement direction relative to the lead followed a bivariate 

von Mises distribution (Figure 4a-c; Table A8 in Appendix). While on the lead, bears took steps 

along the lead more frequently than steps towards or away, with peaks at 101° and -69°. While 

near and off the lead, bears took steps towards and away from the lead more frequently than 

steps along the lead. When near the lead, the predominant relative movement direction was 

towards the lead, with a more concentrated peak at -23°. When off the lead, the relative 

movement direction had similar concentrations of angles around the peaks at 149° and -31°. All 

months had bivariate von Mises distributions of movement directions relative to the lead, with 

movements towards and away from the lead occurring more frequently than along the lead 

(Figure 4d-i; Table A8 in Appendix). Bear movements were predominantly away from the lead 

in December and February, and towards the lead in January, and March – May.  

 

First Passage Time 
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 FPT was calculated using 210 continuous 4 h interval tracks from 59 bears (81% of all 

points). The tracks used for FPT were 39.7 ± 3.6 days long (5.5 to 182.9 days). A radius of 2.5 

km, which is equivalent to the peak of the mean variance of log10-transformed FPT, was used to 

calculate FPT (Figure A5 in Appendix). FPT had a mean of 9.3 ± 0.04 h (range 0.3 to 163.2 h; n 

= 49,602). Using a spatial scale of 1 km, 2km, 3.3 km, and 5 km did not significantly change the 

resulting FPT (Table A9 in Appendix). 

When predicting FPT in December – May (main model), month and reproductive status 

were strong predictors of FPT. FPT was significantly longer in March than all other months 

except February, and mothers with YRLG had the shortest FPT (Table 5; Table A10 in 

Appendix). When predicting FPT in March – May, FPT increased as distance to the lead 

increased (Table 5; Table A10 in Appendix). When predicting FPT on the lead, FPT decreased 

with increasing width of the lead (Table 5; Table A10 in Appendix). When including month as a 

predictor for this model, January and February were pooled due to small sample size (n = 5), and 

all points were within 26 days. 

The turning angle distributions differed from uniform in all habitat categories and in all 

months, following bivariate and univariate von Mises distributions (Figure 5; Table A8 in 

Appendix). Bear turning angles were predominantly low when on and off the lead, and 

predominantly turned when near the lead. Bears travelled with a higher proportion of reversal 

turns near the lead than on or off the lead (2 = 50 df = 4, p < 0.001). Bear turning angles were 

predominantly low in all months, however, bears had a higher proportion of low turning angles 

in December than any other month, and fewer reversal turns than February – May (2 = 396 df = 

10, p < 0.001). January had a higher proportion of low turning angles and lower proportion of 

reversal turns compared to March – May. 
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Flaw Lead Crossing Rate 

 Crossing rate of the lead was calculated using tracks from 23 bears that were on the lead. 

50% (23/46) of the tracks resulted in crossings of the lead (Figure 6; Table A12 in Appendix). Of 

the bears that crossed the lead, they spent 16 ± 4.4 h (range 9 to 76 h) on the lead before 

crossing. The trips in January (n = 2), February (n = 2), and March (n = 9) were pooled for 

modelling due to small sample size in these months, and the width of the flaw lead did not 

significantly differ in these months. Reproductive status was also not used as a predictor in the 

model due to small sample size. Bears were less likely to cross the lead in April and May than 

January – March (Table 6; Table A14 in Appendix). Bears crossed 39% (13/33) of the time in 

April and May, while bears crossed 80% of the time in February – March (10/13). 

 

DISCUSSION  

This study quantitatively examined use of the western Hudson Bay lead by Western 

Hudson Bay adult female polar bears and found that use varied temporally, spatially, and by 

reproductive status. Adult female polar bears used habitat further from the lead early in the 

winter, but closer to it as the on-ice season progressed. Studies examining space use of Western 

Hudson Bay polar bears reached similar conclusions in relation to the shore (Parks et al. 2006, 

McCall et al. 2015, 2016). Furthermore, bears were closer to the lead in April and May, when it 

was a more prominent feature, but spent more time near narrower sections, with mothers with 

COY found on the narrowest sections. Similar to Stirling et al. (1993), we also found evidence 

polar bears travel along wider polynyas rather than across them. Collectively, these findings 

suggest that while the lead is an attractant to bears later in the on-ice season, a wider lead might 
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deter crossing and restrict movements, particularly for mothers with COY, but likely would not 

be a complete barrier to movements.  

Movement analysis can be negatively affected by irregular GPS fix rates, particularly by 

introducing bias to step length and turning angle calculations, both of which are incorporated 

into FPT (Fauchald & Tveraa 2003, 2006, Frair et al. 2010). GPS collars do not always provide a 

position for every fix, often due to interference from habitat features such as open water through 

the submersion of antennas on the collars of swimming bears (D'Eon et al. 2002, Hebblewhite et 

al. 2007, Frair et al. 2010, Pilfold et al. 2017). Nonetheless, missing GPS locations were 

interpolated using CRAWL, which did not significantly affect FPT, but allowed calculating 

movement rates using longer tracks at a uniform temporal scale. 

The use of high-resolution SAR imagery allowed the detection of smaller leads to 

investigate the temporal and spatial variation in the size of the lead, and the effects of its size on 

polar bear movements that otherwise might have been missed using lower resolution data. 

Habitat studies (McCall et al. 2016, de la Guardia et al. 2017) have used passive microwave 

sensors, such as advanced microwave scanning radiometer (AMSR-E and AMSR2) and Special 

Sensor Microwave/Imager (SSM/I), with resolutions of 6.25 km and 25 km, respectively 

(Cavalieri et al. 1996, Spreen et al. 2008). SAR imagery allowed the detection of open water 

patches <1 km wide. In addition, SAR is a useful tool for characterizing sea ice types and open 

water because it can detect small changes in surface texture (McCandless Jr. 2004, Onstott & 

Shuchman 2004). SAR backscatter coefficient values differentiate between grey tones of the 

SAR images, with each tone representing a different ice type and open water (Onstott & 

Shuchman 2004, Freitas et al. 2012). SAR imagery also facilitates the mapping of sea ice year-

round and is unrestricted by weather, cloud cover, and light (McCandless Jr. 2004, Onstott & 
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Shuchman 2004). The temporal gaps in the SAR imagery we used, however, might have 

underestimated of the number of bears on the lead, the amount of time spent on the lead, or the 

number of crossings of the lead. Nevertheless, our study demonstrates the utility of SAR imagery 

in examining movements of ice associated species relative to fine-scale environmental features. 

The greater amount of time spent on and near the lead in April and May coincided with 

seal pupping and peak seal haul out, when seals are more abundant and accessible to bears, and 

when bears prepare for the ice-free season fast (McLaren 1958, Ramsay & Stirling 1988, 

Hammill & Smith 1991, Stirling & Øritsland 1995, Lunn et al. 1997). Western Hudson Bay polar 

bears primarily consume ringed seals, which are likely easier to hunt than other seals due to their 

widespread distribution and smaller size, followed by bearded seals and harbour seals (Stirling & 

McEwan 1975, Thiemann et al. 2008, Sciullo et al. 2017). Ringed seals prefer high-ice 

concentrations with small cracks, and are found in a higher density in stable landfast ice or in 

consolidated pack ice, where they can haul-out and build birth lairs (Lunn et al. 1997, Wiig et al. 

1999, Chambellant 2010, Chambellant et al. 2012, Pilfold et al. 2014b). Bearded seals are most 

abundant near leads along the floe edge, or in moving pack ice (Stirling & Archibald 1977, 

Stirling et al. 1993, Lunn et al. 1997, Chambellant et al. 2012). Bearded seals are larger than 

ringed seals, which gives them a higher caloric value, but might make them harder for smaller 

bears to hunt (Stirling & Archibald 1977, Thiemann et al. 2008, Pilfold et al. 2012, Sciullo et al. 

2017). Harbour seals in western Hudson Bay are concentrated in shallow coastal waters along 

the lead (Mansfield 1967, Bajzak et al. 2013). The greater amount of time spent closer to the FLP 

in spring when bears are hyperphagic and prioritizing hunting suggests bears are attracted to the 

prey there (McLaren 1958, Stirling & McEwan 1975, Ramsay & Stirling 1988, Chambellant et 

al. 2012). 
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Slower movements and large turning angles are characteristic of area restricted search 

and indicative of hunting, where an animal frequently turns to remain within an area with prey 

(Kareiva & Odell 1987, Fauchald & Tveraa 2003). Our results suggest the area near the FLP is 

important hunting habitat for polar bears, particularly for lone females during seal pupping 

season in May, as their movements slowed and they turned more frequently, resulting in more 

time spent in this area (Kovacs et al. 1996, Lunn et al. 1997, Chambellant et al. 2012, Kovacs 

2018). These results align with findings from the Beaufort Sea that suggest active ice is optimal 

foraging habitat for polar bears in April and May (Reimer et al. 2019). These movements, 

however, may also be indicative of mating behaviour in lone females, as mating has been shown 

to restrict bears movements (Stirling et al. 2016). Conversely, faster, more directed movements 

along a linear feature with high prey density can also be indicative of hunting because linear 

features can act as a corridor that allows predators to travel quicker and increase prey encounter 

rate (James & Stuart-Smith 2000, McKenzie et al. 2012, Dickie et al. 2017). The lead is a linear 

patch with high prey density (Smith 1975, Lunn et al. 1997, Chambellant et al. 2012, Bajzak et 

al. 2013), suggesting that the faster movements along the lead with fewer turns is an effort to 

increase encounter rates. We found that bears did not spend a lot of time on the lead, which 

might indicate they quickly encountered prey, then moved off the lead. Bears might have left the 

lead before encountering prey, however, if they found it to be a more challenging environment to 

conserve energy (Mauritzen et al. 2003a, Cherry et al. 2013, Pilfold et al. 2014a, Reimer et al. 

2019), as open water can make travel more difficult or energetically costly (Monnett & Gleason 

2006, Durner et al. 2011, Griffen 2018). 

While the shape and higher prey density close to the lead might increase encounter rate 

and make it prime habitat for hunting (Stirling 1980, Chambellant et al. 2012, Bajzak et al. 2013, 
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Dickie et al. 2017), between hunts, bears may select for habitat off the lead as a retreat for safety 

(Mauritzen et al. 2003a, Durner et al. 2009). Furthermore, using areas away from the lead may 

help bears conserve energy because travelling in dynamic ice conditions close to the lead can 

increase energy expenditure (Mauritzen et al. 2003a, Cherry et al. 2013, Pilfold et al. 2014a, 

Reimer et al. 2019). In contrast, travelling over more consolidated ice may decrease energy 

expenditure (Monnett & Gleason 2006, Durner et al. 2011). While in retreat habitat off the lead, 

slower movements suggest bears conserve energy between hunts, or use area restricted search to 

hunt when prey densities are lower (Lunn et al. 1997, Fauchald & Tveraa 2003, Mauritzen et al. 

2003a). 

While the FLP might attract both lone females and mothers with offspring because of the 

availability of prey, our results suggest mothers with COY avoid or limit the amount of time 

spent by the lead, and instead use areas off the lead, likely to protect cubs from the threat of 

infanticide by adult males (Stirling et al. 1993, Derocher & Wiig 1999, Amstrup et al. 2006, 

Pilfold et al. 2014a, McCall et al. 2015). Infanticide by males has been associated with 

nutritional stress due to melting sea ice (Taylor et al. 1985, Amstrup et al. 2006). Adult males 

may be attracted to areas close to the lead because of hunting opportunities, or because of the 

presence of lone females, but their habitat preferences are poorly understood. Adult males are the 

dominant class, so they will likely be found in the highest-quality habitat, such as areas more 

suited to hunting (Stirling et al. 1993, Pilfold et al. 2014a). Adult males feed more frequently on 

bearded seals than other age and sex classes (Thiemann et al. 2008, 2011, Sciullo et al. 2017, 

Johnson et al. 2019), therefore they are expected to be found in areas where bearded seals are 

abundant, such as near the floe edge (Lunn et al. 1997, Chambellant et al. 2012). Adult males are 

also attracted to areas with lone females for mating (Ramsay & Stirling 1986, Amstrup et al. 
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2006, Pilfold et al. 2014a, Sciullo et al. 2017), and lone females use areas closer to the western 

Hudson Bay coastline (McCall et al. 2015) near the lead. The abundance of bearded seals which 

adult females also frequently feed on may attract them to areas closer to the lead (Thiemann et al. 

2008, 2011, Sciullo et al. 2017, Johnson et al. 2019). Therefore, since adult males are expected to 

be found closer to the lead due to the presence of bearded seals and lone females, mothers with 

COY might avoid or limit their time in this area. Mothers with COY have larger home ranges 

and use habitats further from shore than lone females (McCall et al. 2015), suggesting mothers 

with COY spend more time off the lead, but come close for short periods. Mothers with COY 

may limit their time on the lead, and retreat to areas further off the lead for safety, as opposed to 

lone females that can safely stay closer to prime hunting habitat (Mauritzen et al. 2003a, Pilfold 

et al. 2014a). Although our top model predicting distance to the lead suggested lone females 

were further from the lead, this resulted from the study period excluding lone females departure 

from land, but including mothers with COY departure from land in March (Stirling et al. 1977), 

putting them in closer proximity to the lead. 

Polar bears may also move off the lead between hunts to avoid open water in the lead and 

reduce the chances of swimming, which has a higher energetic cost than travelling on ice due to 

bears being relatively inefficient swimmers (Fish 1996, Monnett & Gleason 2006, Durner et al. 

2011, Griffen 2018). Polar bears might avoid spending extended periods of time near open water, 

and instead retreat after hunting on the lead to more consolidated pack ice where it might be 

easier to conserve energy (Mauritzen et al. 2003a, Derocher et al. 2004). Ice becomes less 

consolidated in April and May, and Hudson Bay is becoming increasingly more fragmented with 

more open water, which is expected to increase bears energetic costs (Sahanatien & Derocher 

2012).  Furthermore, swimming increases the risk of mortality, particularly in young, but also in 
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adult polar bears (Blix & Lentfer 1979, Monnett & Gleason 2006, Aars & Plumb 2010, Pagano 

et al. 2012), as small bears, including adults in poor body condition, may not produce enough 

body heat to overcome heat loss from long swims (Griffen 2018). Consequently, mothers with 

young cubs are more likely to avoid open water and swim less than lone adults (Blix & Lentfer 

1979, Aars & Plumb 2010, Pilfold et al. 2017). While bears can make long distance swims, 

Western Hudson Bay polar bears undergo fewer long distance swims than other populations, and 

most occur when returning to land for the ice-free season (Pilfold et al. 2017). We found that 

bears were most likely to cross the lead when it was narrower, suggesting bears avoided 

unnecessary long swims. Similar to other species that adapt to linear features by crossing at 

narrower locations (Rico et al. 2007, Graham et al. 2010, Siers et al. 2016), polar bears may 

adapt to the lead by avoiding wider sections of the lead, or by travelling along the lead to cross at 

narrower locations. While the lead is not expected to prevent bears from crossing, they may be 

deterred from crossing a wider lead, which might restrict their movements. 

From freeze-up until the end of December, bears prioritize offshore travel (Parks et al. 

2006, McCall et al. 2015, 2016), which coincides with our findings of faster movements away 

from the lead in December, with a higher frequency of small turning angles; behaviours that are 

characteristic of travelling (Kareiva & Odell 1987, Fauchald & Tveraa 2003, Fritz et al. 2003, 

Parks et al. 2006). Polar bears move further offshore when returning to ice, potentially to 

increase the chance of encountering juvenile prey, which are easier to hunt (Pilfold et al. 2014a, 

McCall et al. 2016). Lastly, we found that bears remained further from the lead into February 

and displayed a higher frequency of large turns and slower speeds, indicating bears may be 

prioritizing hunting over travelling, and using ARS to remain close to kill sites (Kareiva & Odell 

1987, Fauchald & Tveraa 2003).  
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Arctic sea ice is declining due to climate warming, resulting in a rapidly changing 

seascape (Stroeve et al. 2007, Kwok & Rothrock 2009, Comiso 2012, Laxon et al. 2013), and 

declining sea ice can negatively affect polar bear movements, access to prey, reproductive 

success, and survival (Stirling & Derocher 1993, Derocher et al. 2004). Sea ice breakup is 

occurring earlier in Hudson Bay, which might result in an earlier widening of the lead (Scott & 

Marshall 2010, Kowal et al. 2017). More open water might make the lead a more challenging 

environment for polar bears. Bears may need to swim longer distances more frequently, which 

could increase risk of hypothermia in cubs and negatively affect reproductive success (Blix & 

Lentfer 1979, Durner et al. 2011). More frequent swims will also increase energy expenditure 

due to the inefficiencies of swimming, and bears will require more food, or body condition may 

decline (Derocher et al. 2004, Durner et al. 2011, Pilfold et al. 2017, Griffen 2018). As polar bear 

body condition declines due to reduced sea ice (Regehr et al. 2007, Rode et al. 2012, Obbard et 

al. 2016, Sciullo et al. 2016), swimming may become even less efficient for bears (Griffen 2018). 

Furthermore, if infanticide becomes more frequent due to reduced sea ice, the lead may become 

more dangerous for mothers with offspring (Taylor et al. 1985, Stirling et al. 1993, Amstrup et 

al. 2006).   

Although the lead may become more risky for bears, as longer ice-free periods increase 

the frequency of swims resulting in higher energy expenditure, and as the spring feeding period 

shortens, bears may increase risky behaviour (Derocher et al. 2004, Pilfold et al. 2017, Griffen 

2018, Reimer et al. 2019). An increase in risky behaviour may result in bears selecting for 

habitat more suited to hunting, as opposed to safety, and spending more time closer to the lead 

(Reimer et al. 2019). Furthermore, more open water may increase the abundance of harbour seals 

along the lead, which may heighten the attraction of bears to the area (Derocher et al. 2004, 
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Iverson et al. 2006, Bajzak et al. 2013). Widening of the lead in response to future climate 

warming may increase polar bear travelling inefficiencies and, affect their ability to build up 

sufficient fat stores for the ice-free period. 

Our methodology demonstrated the utility of SAR imagery to examine fine-scale habitat 

use of a top predator in an ice-covered environment. High resolution imagery allowed us to 

explore the spatial and temporal variation in polar bears use of the western Hudson bay lead in 

relation to narrow widths of the lead. Our findings showed bears used narrower sections of the 

lead more frequently later in the on-ice season, and lone females used the lead more frequently 

than mothers with COY. The lead did not prevent crossing, but there was evidence a wider lead 

might deter crossing. These findings suggest bears use of habitat within the Bay may be affected 

by a wider lead. 
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TABLES 

Table 1. Comparison of the maximum width of the western Hudson Bay flaw lead by month. Data were based on synthetic aperture 

radar images from December – May, 2011, 2013 – 2018. 2010 and 2012 were excluded from analysis as there were no images for 

May 2010 or April 2012. Width was compared using a Wilcoxon signed-rank test. There was no significant difference in the 

maximum width in December and January (Wilcoxon signed-rank z = -0.05, p = 0.96), so these values were combined due to small 

sample size (n = 23), and to account for the time period of December being less than two weeks. Presented values are the median total 

area (km2). 

 

Median 

Maximum 

Width (km) 

February March April May 

 

p value r p value r p value r p value r 

Dec/Jan 20 0.07 0.17 0.03 0.20 0.20 0.12 <0.001 0.56 

Feb 15 - 0.94 0.01 <0.001 0.38 <0.001 0.59 

Mar 16 

 

 - <0.001 0.33 <0.001 0.57 

Apr 24 

 

 

  

- <0.001 0.54 

May 53 

 

 

    

- 
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Table 2. Comparison of the total area of the western Hudson Bay flaw lead. Data were based on synthetic aperture radar images from 

December – May, 2011, 2013-2018. 2010 and 2012 were excluded from analysis as there were no images for May 2010 or April 2012. 

Area was compared using a Wilcoxon signed-rank test (α = 0.05). There was no significant difference in the total area in December 

and January (Wilcoxon signed-rank z = -0.88, p = 0.37), so these values were combined due to small sample size (n = 23), and to 

account for the time period of December being less than two weeks. Presented values are the median total area (km2). 

 

Median Total 

Polynya Area 

(km2) 

February March April May 

 

p value r p value r p value r p value r 

Dec/Jan 2821 0.03 0.20 <0.001 0.38 0.67 0.04 <0.001 0.38 

Feb 1484 - 0.09 0.16 <0.001 0.33 <0.001 0.54 

Mar 1471 

 

 - <0.001 0.43 <0.001 0.55 

Apr 2902 

 

 

  

- <0.001 0.42 

May 6469 

 

 

    

- 
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Table 3. Covariate coefficient estimates for the top models predicting adult female polar bear use 

of the flaw lead, and width of the flaw lead closest to the bear when bears were on the flaw lead 

using generalized linear mixed models. Adult female polar bears are from the Western Hudson 

Bay polar bear population from December 2009 – May 2018 (α = 0.05).  Width is the width of 

the flaw lead at the point closest to the bear. Lone represents a lone female, and COY represents 

a mother with cub(s)-of-the-year. 

    

95% CI 

 
Model Parameter Estimate SE Lower Upper p value 

Use Width -0.02 0.005 -0.03 -0.01 <0.001 

 Constant -3.01 0.08 -3.16 -2.86 <0.001 

Width 

Closest to 

Bear 

February 0.6 0.2 0.2 1.1 <0.01 

March 0.6 0.3 0.0 1.3 >0.05 

April 1.1 0.2 0.7 1.5 <0.001 

Lone -1.3 0.2 -1.7 -0.9 <0.001 

COY -1.0 0.4 -1.9 -0.2 <0.05 

Constant 8.5 0.4 7.7 9.3 <0.001 
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Table 4. Covariate coefficient estimates for the top models predicting adult female polar bear 

distance to the flaw lead using a maximum likelihood linear mixed effects model. Adult female 

polar bears are from the Western Hudson Bay polar bear population from December 2009 – May 

2018 for the main model, and March 2010 – May 2018 for the March to May model (α = 0.05). 

YRLG represents a mother with yearling(s), and COY represents a mother with cub(s)-of-the-

year. Daily max width is the maximum width of the flaw lead on the date of the polar bear 

location.  

    

95% CI 

 
Model Parameter Estimate SE Lower Upper p value 

Main Model December 148.7 4.0 140.9 156.4 <0.001 

January 76.8 2.6 71.6 81.9 <0.001 

February 47.2 2.6 42.1 52.3 <0.001 

March 37.6 1.6 34.3 40.8 <0.001 

April 40.0 1.6 36.9 43.1 <0.001 

YRLG -24.0 1.7 -27.4 -20.6 <0.001 

COY -20.7 1.7 -24.0 -17.4 <0.001 

Constant 159.0 11.0 137.5 180.6 <0.001 

March to 

May 

 

Daily Max Width -0.0007 3.6E-05 -0.0007 -0.0006 <0.001 

Daily Max Width2 0.0001 9.6E-06 0.0001 0.0001 <0.001 

YRLG -16.2 1.8 -19.9 -12.6 <0.001 

COY -23.1 1.8 -26.6 -19.7 <0.001 

Constant 181.5 10.7 160.6 202.4 <0.001 
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Table 5. Covariate coefficient estimates for the top maximum likelihood linear mixed effects 

models predicting adult female polar bear log first passage time. Adult female polar bears are 

from the Western Hudson Bay polar bear population from December 2009 – May 2018 for the 

main model, March 2010 – May 2018 for the March to May model, and January 2010 – May 

2018 for the on flaw lead model (α = 0.05). January and February were pooled when predicting 

first passage time on the flaw lead due to small sample size (n = 5), and all points were within 26 

days. Lone represents a lone adult female polar bears, and YRLG represents a mother with 

yearling(s). Distance to lead is the distance of the polar bear to the flaw lead. The lead width is 

the width of the flaw lead at the closest point to the polar bear. 

    

95% CI 

 
Model Parameter Estimate SE Lower Upper p value 

Main Model 

 

December -0.20 0.05 -0.30 -0.09 <0.001 

January -0.17 0.03 -0.23 -0.11 <0.001 

February -0.08 0.03 -0.14 -0.02 <0.05 

April -0.10 0.02 -0.13 -0.07 <0.001 

May -0.15 0.02 -0.19 -0.11 <0.001 

Lone 0.11 0.02 0.07 0.15 <0.001 

COY 0.23 0.03 0.17 0.30 <0.001 

Constant 1.66 0.03 1.60 1.72 <0.001 

March to 

May 

Distance to Lead 8.2E-07 1.1E-07 6.0E-07 1.0E-06 <0.001 

Constant 1.68 0.03 1.62 1.75 <0.001 

On the Flaw 

Lead 

Lead Width -4.6E-06 1.1E-06 -6.8E-06 -2.4E-06 <0.001 

Constant 1.83 0.12 1.58 2.07 <0.001 
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Table 6. Covariate coefficient estimates for the top generalized linear mixed effects model 

predicting adult female polar bear crossing rate of the western Hudson Bay flaw lead. Adult 

female polar bears are from the Western Hudson Bay polar bear population from January 2010 – 

May 2018 (α.= 0.05). January (n = 2), February (n = 2), and March (n = 9) were pooled because 

of small sample size, and the width of the flaw lead did not significantly differ in these months.  

    

95% CI 

 
Model Parameter Estimate SE Lower Upper p value 

Crossing Rate April (n =1 6) -18.0 6.9 -31.6 -4.4 <0.01 

 May (n = 17) -15.4 6.6 -28.3 -2.5 <0.05 

 Constant 8.7 0.9 7.0 10.5 <0.05 
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FIGURES 

 

Figure 1: Map of Hudson Bay showing the Western Hudson Bay (WH) population boundary 

(solid line). The dashed line represents the on-ice 100% minimum convex polygon for Western 

Hudson Bay polar bears from December 2009 – May 2018. Wapusk National Park (dark grey 

shaded area) was the primary location of polar bear collar deployments. 
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Figure 2: Movement variables used to quantify Western Hudson Bay adult female polar bears 

response to the western Hudson Bay flaw lead. a) Step length is the straight line distance 

connecting two consecutive points 𝜌 = √(𝑥𝑡 − 𝑥𝑡+1)2 +  (𝑦𝑡 − 𝑦𝑡+1)2.  b) Daily displacement is 

the straight line connecting the first and last points in a 24 h period 𝜌 =

√(𝑥𝑡 − 𝑥𝑡+6)2 +  (𝑦𝑡 − 𝑦𝑡+6)2.  c) Relative movement direction is represented by the angle 

between the straight-line connecting two consecutive points, and the shortest straight-line to the 

flaw lead 𝜉 = 𝑠𝑔𝑛(𝑋 ∙ 𝑉⊥)𝑐𝑜𝑠−1 (
𝑋∙𝑉

‖𝑋‖‖𝑉‖
). a) and c) follow McKenzie et al. (2012). d) Turning 

angle is the deviation from the straight line path connecting the two previous points 𝜃𝑡+1 =

180 −  𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑋2+𝑌2−𝑍2

2𝑋𝑌
), following (McLean & Skowron Volponi 2018). 
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Figure 3: Map of Hudson Bay showing the habitat categories, on, near, and off the lead on 

February 18, 2013. Habitat ≤1 median step length from the lead was considered to be ‘on’ the 

lead, habitat >1 step length but ≤2 times median daily displacement was considered ‘near’ the 

lead, and habitat >2 times median daily displacement was considered ‘off’ the lead. 
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Figure 4. Direction of movements of adult female polar bears relative to the western Hudson Bay 

flaw lead from December 2009 – May 2018. Adult female polar bears are from the Western 

Hudson Bay polar bear population. Relative movement directions were divided into 3 groups: 
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towards (–45° ≤ θ ≤ 45°), along (–45° > θ > –135° & 45° < θ < 135°), and away (–135° ≤ θ ≥ 

135°) from the flaw lead. Distributions of relative movement directions were fit a) on the flaw 

lead, b) near the flaw lead, c) off the flaw lead, and by month d) December, e) January, f) 

February, g) March, h) April, and i) May. Light grey bars represent the proportion of polar bear 

relative movement directions, and the solid black line represents the bivariate von Mises 

distribution with the best fit. 
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Figure 5. Turning angles of adult female polar bears in relation to the western Hudson Bay flaw 

lead from December 2009 – May 2018. Adult female polar bears are from the Western Hudson 

Bay polar bear population. Turning angles were divided into 3 groups: low (–45° ≤ θ ≤ 45°), turn 

0.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.090.09

0.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.03

0.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.06

LowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLow

Reversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal Turn

TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn

00000000000000000000000000000000000

−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180

−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90 9090909090909090909090909090909090909090909090909090909090909090909090

135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135

4545454545454545454545454545454545454545454545454545454545454545454545−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45

a

0.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.05

0.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.04

0.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.03

0.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.02

0.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.01

LowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLow

Reversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal Turn

TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn

0000000000000000000000000000000000000

−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180

−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90 90909090909090909090909090909090909090909090909090909090909090909090909090

135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135

45454545454545454545454545454545454545454545454545454545454545454545454545−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45

b

0.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.05

0.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.04

0.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.03

0.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.02

0.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.01

LowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLow

Reversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal Turn

TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn

0000000000000000000000000000000000000

−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180

−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90 90909090909090909090909090909090909090909090909090909090909090909090909090

135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135

45454545454545454545454545454545454545454545454545454545454545454545454545−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45

c

0.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.060.06

0.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.04

0.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.02

LowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLow

Reversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal Turn

TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn

0000000000000000000000000000000000000

−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180

−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90 90909090909090909090909090909090909090909090909090909090909090909090909090

135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135

45454545454545454545454545454545454545454545454545454545454545454545454545−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45

d

0.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.04

0.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.02

LowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLow

Reversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal Turn

TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn

0000000000000000000000000000000000000

−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180

−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90 90909090909090909090909090909090909090909090909090909090909090909090909090

135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135

45454545454545454545454545454545454545454545454545454545454545454545454545−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45

e

0.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.05

0.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.04

0.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.03

0.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.02

0.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.01

LowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLow

Reversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal Turn

TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn

0000000000000000000000000000000000000

−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180

−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90 90909090909090909090909090909090909090909090909090909090909090909090909090

135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135

45454545454545454545454545454545454545454545454545454545454545454545454545−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45

f

0.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.05

0.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.04

0.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.03

0.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.02

0.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.01

LowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLow

Reversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal Turn

TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn

0000000000000000000000000000000000000

−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180

−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90 90909090909090909090909090909090909090909090909090909090909090909090909090

135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135

45454545454545454545454545454545454545454545454545454545454545454545454545−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45

g

0.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.050.05

0.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.04

0.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.03

0.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.02

0.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.01

LowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLow

Reversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal Turn

TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn

0000000000000000000000000000000000000

−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180

−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90 90909090909090909090909090909090909090909090909090909090909090909090909090

135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135

45454545454545454545454545454545454545454545454545454545454545454545454545−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45

h

0.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.040.04

0.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.030.03

0.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.020.02

0.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.010.01

LowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLowLow

Reversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal TurnReversal Turn

TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn TurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurnTurn

0000000000000000000000000000000000000

−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180−180/180

−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90−90 90909090909090909090909090909090909090909090909090909090909090909090909090

135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135−135

45454545454545454545454545454545454545454545454545454545454545454545454545−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45−45

i



 41 

(–45° > θ > –135° & 45° < θ < 135°), and reversal turn (–135° ≤ θ ≥ 135°). Distributions of 

turning angle were fit a) on the flaw lead, b) near the flaw lead, c) off the flaw lead, and by 

month d) December, e) January, f) February, g) March, h) April, and i) May. Light grey bars 

represent the proportion of the polar bear turning angles, and the solid black line represents the 

bivariate (a, b, d, e) and univariate (c, f - i) von Mises distributions with the best fit.  

  



 42 

 

 

  

Figure 6: Track of bear X19602 (lone female) as it moves in the vicinity of the western Hudson 

Bay flaw lead from April 15 – 20, 2011. Bear is from the Western Hudson Bay polar bear 

population. Base images were obtained from the National Aeronautics and Space Administration 

(NASA) WorldView database of Moderate Resolution Imaging Spectroradiometer (MODIS) 

satellite imagery (National Aeronautics and Space Administration, QGIS Development Team 

2019). 
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APPENDIX 

Table A1. Range of dates with > 95% of the Hudson Bay coastline bordered by landfast ice used 

to map flaw lead. Landfast ice was extracted from biweekly (January – March, 2010-2011) and 

weekly (March – December, 2010-2011; January-December 2012-2018) Canadian Ice Service 

Arctic Regional Sea Ice Charts in SIGRID-3 Format (Canadian Ice Service 2009). 

Year Start End 

2010 2009-12-21 2010-04-26 

2011 2011-01-17 2011-05-16 

2012 2011-12-26 2012-05-07 

2013 2012-12-31 2013-05-13 

2014 2013-12-16 2014-05-19 

2015 2014-12-15 2015-05-04 

2016 2015-12-28 2016-05-16 

2017 2016-12-26 2017-05-22 

2018 2017-12-25 2018-05-21 
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 Table A2. Range and mean ± standard error of the maximum width and total area of the western 

Hudson Bay flaw lead (Figure 1) from December 2009 to May 2018. The western Hudson Bay 

flaw lead was mapped using synthetic aperture radar imagery. 

Month 

Maximum Width 

Range (km) 

Mean Maximum 

Width (km) 

Total Area 

Range (km2) 

Mean Total 

Area (km2) 

December 13.2 – 71.8 25.7 ± 2.9 281.5 –  11704.7 3837.3 ± 639.7 

January 6.5 – 50.3 21.8 ± 1.2 149.3 –  11923.4 3355.2 ± 320.0 

February 7.3 – 48.4 18.6 ± 1.0 517.3 – 12566.3 2380.9 ± 199.0 

March 4.5 – 38.7 18.3 ± 0.8 84.1 – 7911.4 2048.4 ± 159.9  

April 7.3 – 64.5 28.3 ± 1.2 181.2 – 19042.6 4290.7 ± 361.1 

May 9.0 – 145.4 59.9 ± 4.9 651.2 – 30624.9 9252.1 ± 1035.3 

 

  



 61 

Table A3. Akaike information criterion results for the top candidate models predicting adult 

female polar bear use of the flaw lead and width closest to the bear when on the flaw lead using a 

general linear mixed effect model. Adult female polar bears are from the Western Hudson Bay 

population, from January 2010 – May 2018. Individual bear identification was the random effect. 

January and February were pooled when width closest to the bear on the flaw lead due to small 

sample size (n = 10) and all points were within 26 days. k is the number of random effects terms, 

AICc is the corrected Akaike information criterion score for each model, ΔAICc is the difference 

in AICc scores between the top model and subsequent candidate models, w is the AIC weight, 

and LL is the log likelihood value. Lone (n = 12) represents a lone adult female polar bears, and 

COY (n = 6) represents a mother with cub(s)-of-the-year, and YRLG (n = 6) represents a mother 

with yearling(s). Width is the width of the flaw lead at the point closest to the bear. 

Rank Model k AICc ΔAICc w LL 

Use of Lead (n = 261) 

1 Width 3 2200 0.0 1 -1097 

Width Closest to Bear (n =213) 

1 

Jan/Feb + Mar + Apr + May + 

YRLG + COY + Lone 8 4031 0.0 1.0 - 2007 

2 YRLG + COY + Lone 5 4051 20 0.0 - 2020 

3 Feb + Mar + Apr + May 6 4063 32 0.0 - 2025 
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Table A4. Candidate models predicting adult female polar bear distance to the western Hudson 

Bay flaw lead and landfast ice using a linear mixed effect model. Adult female polar bears are 

from the Western Hudson Bay population, from December 2009 – May 2018 for the main 

model, and March 2010 – May 2018 for the March – May model. Individual bear identification 

was the random effect. COY (Main: n = 30; March – May: n = 16) represents a mother with 

cub(s)-of-the-year, YRLG (Main: n = 17; March – May: n = 17) represents a mother with 

yearling(s), and lone (Main: n = 32; March – May: n = 32) represents a lone female. Wd is the 

width of the flaw lead at the point closest to the bear, ar_dl is the total area and wd_dl is the 

maximum width of the flaw lead. 

Rank Model 

Main Model (n =13505) 

1 Dec + Jan + Feb + Mar + Apr + May 

2 wd_dl 

3 wd_dl + wd_dl2 

4 ar 

5 ar + ar^2 

6 YRLG + COY + Lone 

7 Dec + Jan + Feb + Mar + Apr  + YRLG +COY + Lone 

8 wd_dl + YRLG + COY + Lone 

9 wd_dl + wd_dl2 + YRLG + COY + Lone 

10 ar + YRLG + COY + Lone 

11 ar + ar^2 + YRLG + COY + Lone 

March to May Only (n =10742) 
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1 wd 

2 wd + wd2 

3 wd_dl 

4 wd_dl + wd_dl2 

5 ar_dl  

6 ar_dl + ar_dl2 

7 wd + YRLG + COY + Lone 

8 wd_dl + wd_dl2 + YRLG + COY + Lone 

9 wd_dl + YRLG + COY + Lone 

10 wd_dl + wd_dl2 + YRLG + COY + Lone 

11 ar_dl + YRLG + COY + Lone 

12 ar_dl + ar_dl2 + YRLG + COY + Lone 

13 YRLG + COY + Lone 
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Table A5. Akaike information criterion results for the top 5 candidate models predicting adult 

female polar bear distance to the flaw lead using a linear mixed effect model. Adult female polar 

bears are from the Western Hudson Bay population, from December 2009 – May 2018 for the 

main model, and March 2010 – May 2018 for the March – May model. Individual bear 

identification was the random effect. k is the number of random effects terms, AICc is the 

corrected Akaike information criterion score for each model, ΔAICc is the difference in AICc 

scores between the top model and subsequent candidate models, w is the AIC weight, and LL is 

the log likelihood value. COY (Main: n = 41; March – May: n = 20) represents a mother with 

cub(s)-of-the-year, YRLG (Main: n = 31; March – May: n = 31) represents a mother with 

yearling(s), and lone (Main: n = 42; March – May: n = 41) represents a lone female. Ar_dl is the 

total area and wd_dl is the maximum width of the flaw lead. 

Rank Model k AICc ΔAICc w LL 

Main Model (n =16357) 

    

 

1 

Dec + Jan + Feb + Mar + Apr  +May + 

YRLG + COY + Lone 10 184376 0.0 1.0 -92178 

2 Dec + Jan + Feb + Mar + Apr + May 8 184635 259 0.0 -92309 

3 wd_dl + wd_dl2 + YRLG + COY + Lone 7 185489 1114 0.0 -92738 

4 wd_dl + YRLG + COY + Lone 6 185533 1157 0.0 -92760 

5 ar_dl + ar_dl^2 + YRLG + COY + Lone 7 185656 1280 0.0 -92821 

March to May Only (n =12895)      

1 wd_dl + wd_dl2 + YRLG + COY + Lone 7 144483 0.0 1.0 - 72234 

2 wd_dl + YRLG + COY + Lone 6 144535 53 0.0 - 72262 

3 ar_dl + ar_dl2 + YRLG + COY + Lone 7 144652 170 0.0 - 72319 
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4 ar_dl + YRLG + COY + Lone 6 144678 196       0.0 - 72333 

5 wd_dl + wd_dl2 5 144688 205       0.0 - 72339 
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Table A6. Akaike information criterion results for the top 5 candidate models predicting adult 

female polar bear distance to western Hudson Bay landfast ice using a linear mixed effect model. 

Adult female polar bears are from the Western Hudson Bay population, from December 2009 – 

May 2018 for the main model, and March 2010 – May 2018 for the March – May model. 

Individual bear identification was the random effect. k is the number of random effects terms, 

AICc is the corrected Akaike information criterion score for each model, ΔAICc is the difference 

in AICc scores between the top model and subsequent candidate models, w is the AIC weight, 

and LL is the log likelihood value. COY (Main: n = 41; March – May: n = 20) represents a 

mother with cub(s)-of-the-year, YRLG (Main: n = 31; March – May: n = 31) represents a mother 

with yearling(s), and lone (Main: n = 42; March – May: n = 41) represents a lone female. Wd is 

the width of the flaw lead at the point closest to the bear, ar_dl is the total area and wd_dl is the 

maximum width of the flaw lead. 

Rank Model k AICc ΔAICc w LL 

Main Model (n =16357) 

    

 

1 

Dec + Jan + Feb + Mar + Apr  + May 

+ YRLG + COY 10 183938 0.0 1.0 - 91959 

2 Dec + Jan + Feb + Mar + Apr + May 8 184157 219 0.0 - 92071 

3 wd_dl + YRLG + COY + Lone 6 185446 1508 0.0 -92717 

4 

wd_dl + wd_dl2 + YRLG + COY + 

Lone 7 185447 1509 0.0 - 92717 

5 ar + ar^2 + YRLG +COY + Lone 7 185579 1641 0.0 - 92782 

March to May Only (n =12895)      

1 wd_dl + YRLG + COY + Lone 6 144137 0.0 0.7 - 72062 
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2 

wd_dl + wd_dl2 + YRLG + COY + 

Lone 7 144139 2 0.3 - 72062 

3 ar_dl + ar_dl2 + YRLG + COY + Lone 7 144264 128       0.0 - 72125 

4 ar_dl + YRLG + COY + Lone 6 144284 148       0.0 - 72136 

5 wd_dl  4 144297 161       0.0 - 72144 
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Table A7. Covariate coefficient estimates for the top models predicting adult female polar bear 

distance to the western Hudson Bay landfast ice using a maximum likelihood linear mixed 

effects model. Adult female polar bears are from the Western Hudson Bay polar bear population 

from December 2009 – May 2018 for the main model, and March 2010 – May 2018 for the 

March to May model (α = 0.05). YRLG represents a mother with yearling(s), and COY 

represents a mother with cub(s)-of-the-year. Daily max width is the maximum width of the flaw 

lead on the date of the polar bear location.  

    

95% CI 

 
Model Parameter Estimate SE Lower Upper p value 

Main Model December 162.1 3.9 154.4 169.7 <0.001 

January 83.0 2.6 77.9 88.1 <0.001 

February 49.2 2.6 44.1 54.2 <0.001 

March 34.0 1.6 30.8 37.2 <0.001 

April 38.8 1.6 35.8 41.9 <0.001 

YRLG -20.8 1.7 -24.1 -17.4 <0.001 

COY -20.0 1.7 -23.2 -16.7 <0.001 

Constant 156.2 10.5 135.7 176.7 <0.001 

March to 

May 

 

Daily Max Width 3.7E-05 1.9E-05 4.1E-07 7.4E-05 <0.001 

YRLG -12.0 2.0 -15.9 -8.1 <0.001 

COY -21.2 1.8 -24.8 -17.6 <0.001 

Constant 170.1 13.6 143.5 196.7 <0.001 
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Table A8: Log likelihood ratio results of the best fit von Mises model for the adult female polar 

bear movements relative to the western Hudson Bay flaw lead and turning angles from 

December 2009 – May 2018. Adult female polar bears are from the Western Hudson Bay polar 

bear population from December 2009 – May 2018 . µ is the mean of the peak and k is the kappa. 

The bolded µ is the most prominent peak. Relative movement directions were divided into 3 

groups: towards (–45° ≤ θ ≤ 45°), along (–45° > θ > –135°) and (45° < θ < 135°), and away (–

135° ≤ θ ≥ 135°) from the flaw lead. Turning angles were divided into 3 groups: low (–45° ≤ θ ≤ 

45°), turn (–45° > θ > –135° & 45° < θ < 135°), and reversal turn (–135° ≤ θ ≥ 135°; α = 0.05). 

  

µ1 k1
 

µ 2 k2 

Prominent 

Move Angle 2 df p value 

Movement 

Relative to 

the Flaw 

Lead 

On 101 4.7 -69 0.2 Along 11 5 <0.05 

Near 160 0.3 -23 4.4 Towards 21 5 <0.01 

Off 149 1.4 -31 1.9 Towards 2189 5 <0.001 

December 150 3.0 -40 0.8 Away 256 5 <0.001 

January 154 1.4 -28 2.3 Towards 556 5 <0.001 

February 147 1.3 -34 1.8 Away 309 5 <0.001 

March 147 1.1 -35 2.1 Towards 438 5 <0.001 

April 149 1.3 -26 1.8 Towards 492 5 <0.001 

May 147 1.1 -31 1.9 Towards 259 5 <0.001 

Turning 

Angles 

On 16 3.0 -142 0.5 Low 52 5 <0.001 

Near 65 0.5 NA NA 90 Deg 123 2 <0.001 

Off 29 1.1 -20 0 Low 2873 5 <0.001 

December 7 2.0 -112 0 Low 2642 5 <0.001 
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January 20 1.4 -24 0.0 Low 1721 5 <0.001 

February 38 0.6 NA NA Low 959 2 <0.001 

March 33 0.7 NA NA Low 1637 2 <0.001 

April 36 0.6 NA NA Low 1457 2 <0.001 

May 39 0.6 NA NA Low 1220 2 <0.001 
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Table A9: Comparison of 4 different spatial scales for estimating even interval tracks to calculate 

the radius of peak variance in log10-transformed first passage time of adult female polar bears 

using a Spearman’s rank correlation coefficient. Five tracks from two adult female polar bears 

from the Western Hudson Bay population were used (α = 0.05). 

 

2 km 1 km 5 km 

 

r p value r p value r p value 

3.3 km 0.95 <0.001 0.92 <0.001 0.93 <0.001 

2 km 

  

0.98 <0.001 0.87 <0.001 

1 km 

    

0.84 <0.001 

 

 

  



 72 

Table A10. Candidate models predicting adult female polar bear log10-transformed first passage 

time using a linear mixed effect model. Adult female polar bears are from the Western Hudson 

Bay population, from December 2009 – May 2018 for the main model, March 2010 – May 2018 

for the March – May model, and January 2010 – May 2018 for the on the flaw lead model. 

Individual bear identification was the random effect. January and February were pooled when 

predicting first passage time on the flaw lead due to small sample size (n = 5), and all points 

were within 26 days. COY (Main: n = 29; March – May: n = 16; On: n = 5) represents a mother 

with cub(s)-of-the-year, YRLG (Main: n = 17; March – May: n = 17; On: n = 4) represents a 

mother with yearling(s), and lone represents a lone female (Main: n = 32; March – May: n = 32; 

On: n = 10). wd is the width of the flaw lead at the point closest to the bear, ar_dl is the total area 

and wd_dl is the maximum width of the flaw lead. 

Rank Model 

Main Model (n =13505) 

1 Dec + Jan + Feb + Mar + Apr + May 

2 dist_ld 

3 dist_ld + dist_ld2 

4 Dec + Jan + Feb +  Mar + Apr + May + YRLG + COY + Lone 

5 YRLG + COY + Lone 

March to May Only (n =10742) 

1 wd 

2 wd + wd2 

3 wd_dl 

4 wd_dl + wd_dl2 
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5 ar_dl  

6 ar_dl + ar_dl2 

7 wd + YRLG + COY 

8 wd_dl + wd_dl2 + YRLG + COY + Lone 

9 wd_dl + YRLG + COY + Lone 

10 wd_dl + wd_dl2 + YRLG + COY + Lone 

11 ar_dl + YRLG + COY 

12 ar_dl + ar_dl2 + YRLG + COY + Lone 

13 YRLG + COY + Lone 

On the Flaw Lead (n =128) 

1 dist_ld 

2 dist_ld + dist_ld2 

3 wd 

4 wd + wd2 

5 dist_ld + wd 

6 dist_ld + dist_ld2 + wd + wd2 

7 dist_ld  + wd + wd2 

8 dist_ld + dist_ld2 + wd 

9 Jan/Feb + Mar + Apr + May  

10 Jan/Feb + Mar + Apr + May + wd 

11 Jan/Feb + Mar + Apr + May + wd + wd2 

12 Jan/Feb + Mar + Apr + May + YRLG + COY + Lone 

13 YRLG + COY + Lone 
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Table A11. Akaike information criterion results for the top 5 candidate predicting female polar 

bear log10-transformed first passage time using a linear mixed effect model. Female polar bears 

are from the Western Hudson Bay population, from December 2009 – May 2018, March 2010 – 

May 2018 for the March – May model, and January 2010 – May 2018 for the on the flaw lead 

model. Individual bear identification was the random effect. January and February were pooled 

when predicting first passage time on the flaw lead due to small sample size (n = 5), and all 

points were within 26 days. k is the number of fixed effect terms, AICc is the corrected Akaike 

information criterion score for each model, ΔAICc is the difference in AICc scores between the 

top model and subsequent candidate models, w is the AIC weight, and LL is the log likelihood 

value. COY (Main: n = 29; March – May: n = 16; On: n = 5) represents a mother with cub(s)-of-

the-year, YRLG (Main: n = 17; March – May: n = 17; On: n = 4) represents a mother with 

yearling(s), and lone represents a lone female (Main: n = 32; March – May: n = 32; On: n = 10). 

Dist_ld is the bears distance to the nearest point of the flaw lead, wd is the width of the flaw lead 

at the point the bear is closest to. 

Rank Model k AICc ΔAICc w LL 

Main Model (n =9018) 

    

 

1 

Dec + Jan + Feb + Mar + Apr + May + 

COY + YRLG + Lone 10 16692 0.0 1.0 -8336 

2 COY + YRLG + Lone 5 16766 73 0.0 -8378 

3 Dec + Jan + Feb + Mar + Apr + May  8 16769 76       0.0 -8377 

4 dist_ld 4 16797 104 0.0 -8394 

5 dist_ld + dist_ld2 5 16799 106 0.0 -8394 

March to May Only  (n =7252)      
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1 dist_ld 4 13405 0.0 0.4 -6699 

2 dist_ld + wd 5 13406 1.4 0.2 -6698 

3 dist_ld + dist_ld2 5 13407 1.5 0.1 -6698 

4 dist_ld + wd + wd2 6 13407 2.0 0.1 -6697 

5 dist_ld + dist_ld2 + wd 6 13408 2.8 0.1 -6698 

On the Flaw Lead (n =128) 

    

 

1 wd 4 202.2 0.00 0.4 -97 

2 Jan/Feb + Mar + Apr + May + wd 7 203.9 1.7 0.2 -94 

3 wd + dist_ld 5 204.0        1.9 0.2 -97 

4 wd + wd2 5 204.3        2.1 0.1 -97 

5 wd + dist_ld + dist_ld2 6 206.1        3.9 0.1 -97 
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Table A12. Adult female polar bear trips on the western Hudson Bay flaw lead from January 2010 – May 2018. Adult female polar 

bears are from the Western Hudson Bay population. Bear ID is the individual bear identification,  and RS is the bear reproductive 

status. Lone represents a lone female, COY represents a mother with cub(s)-of-the-year, YRLG represents a mother with yearling(s), 

and UNK the reproductive status is unknown. Arrive and leave are the date and time of the first location and last location of the polar 

bear on the flaw lead for each trip respectively. Cross start is the date and time of the last location before the bear started crossing the 

flaw lead, and cross end is the date and time of the first location on the other side of the flaw lead. Mean area and mean width are the 

mean values over the trip on the flaw lead. NA indicates bear did not cross the flaw lead. 

Bear ID RS Arrive Leave Cross Start Cross End 

Mean 

Area 

(km2) 

Mean 

Width 

(km) 

Cross 

Start 

Width 

(km) 

X03486 Lone 2010-04-25 9:00 2010-04-25 13:00 2010-04-25 13:00 2010-04-25 17:00 0.73 1.14 0.25 

X12208 UNK 2010-01-29 1:00* 2010-02-01 5:00 2010-01-31 13:00 2010-02-01 9:00 6861.08 12.30 10.02 

X12627 Lone 2015-04-25 5:00* 2015-04-25 5:00 NA NA 1.69 1.00 NA 

X17097 UNK 2010-03-11 1:00* 2010-03-11 21:00 NA NA 2319.30 7.78 NA 

X17097 UNK 2010-03-13 9:00 2010-03-14 17:00 NA NA 666.86 8.25 NA 
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X17339 Lone 2016-04-03 1:00 2016-04-03 13:00 2016-04-03 1:00 2016-04-03 13:00 1.58 2.09 2.78 

X17598 UNK 2018-04-14 1:00 2018-04-14 13:00 NA NA 93.78 2.15 NA 

X17598 UNK 2018-04-20 1:00 2018-04-22 9:00 NA NA 535.73 15.27 NA 

X17598 UNK 2018-04-23 21:00 2018-04-24 21:00 NA NA 535.73 19.54 NA 

X17598 UNK 2018-05-14 17:00 2018-05-15 21:00 NA NA 1.51 3.96 NA 

X19143 COY 

2017-03-06 

17:00** 2017-03-06 21:00 2017-03-06 21:00 2017-03-07 1:00 0.34 0.46 0.46 

X19143 YRLG 2018-04-06 3:00 2018-04-07 11:00 2018-04-07 3:00 2018-04-07 11:00 4.53 1.67 NA 

X19295 COY 2014-03-07 1:00 2014-03-10 13:00 2014-03-10 5:00 2014-03-10 13:00 17.51 2.52 3.71 

X19389 COY 2016-03-31 1:00 2016-04-02 17:00 2016-04-01 17:00 2016-04-02 1:00 206.76 8.94 5.16 

X19602 Lone 2011-04-13 5:00 2011-04-13 21:00 NA NA 1375.82 10.70 NA 

X19602 Lone 

2011-04-17 

1:00*** 2011-04-18 13:00 2011-04-18 1:00 2011-04-18 13:00 5758.14 12.71 10.80 

X19602 Lone 

2011-04-18 

13:00*** 2011-04-20 13:00 2011-04-19 21:00 2011-04-20 9:00 533.50 7.02 3.71 

X19602 Lone 2011-04-26 5:00 2011-04-26 21:00 NA NA 813.40 11.72 NA 
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X19602 Lone 2011-05-08 1:00 2011-05-10 21:00 2011-05-08 21:00 2011-05-10 21:00 2.52 30.33 1.57 

X19602 Lone 2011-05-14 21:00 2011-05-16 17:00 2011-05-16 9:00 2011-05-16 17:00 0.96 0.82 0.81 

X19602 COY 2012-03-24 5:00 2012-03-24 9:00 2012-03-24 5:00 2012-03-24 9:00 0.86 1.12 1.12 

X19627 Lone 2015-05-02 13:00 2015-05-04 5:00 2015-05-03 9:00 2015-05-04 9:00 995.22 14.14 14.52 

X19654 COY 

2013-03-26 

1:00** 2013-03-26 17:00 2013-03-26 9:00 2013-03-26 17:00 2.86 2.64 2.88 

X19826 YRLG 2015-04-23 9:00 2015-04-27 21:00 NA NA 102.57 4.58 NA 

X19939 YRLG 2016-05-15 9:00 2016-05-16 5:00 NA NA 21062.68 113.28 NA 

X19939 Lone 2017-05-12 1:00 2017-05-13 1:00 NA NA 2355.71 6.19 NA 

X19939 Lone 2017-05-21 1:00 2017-05-21 21:00 NA NA 3891.67 18.52 NA 

X32491 Lone 2011-02-11 17:00 2011-02-11 17:00 NA NA 1.30 0.84 NA 

X33228 YRLG 2018-05-11 17:00 2018-05-11 17:00 2018-05-11 13:00 2018-05-11 17:00 1.27 1.52 1.45 

X33228 YRLG 2018-05-15 17:00 2018-05-15 17:00 NA NA 1.41 1.69 NA 

X33326 Lone 2010-04-18 17:00 2010-04-19 21:00 NA NA 3336.62 48.25 NA 

X33410 Lone 

2016-05-03 

17:00*** 2016-05-03 21:00 2016-05-03 17:00 2016-05-03 21:00 2.23 1.16 0.82 
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X33410 Lone 

2016-05-03 

21:00*** 2016-05-04 1:00 2016-05-04 1:00 2016-05-04 5:00 2.23 1.55 1.75 

X33412 Lone 2017-05-14 1:00 2017-05-14 21:00 2017-05-14 1:00 2017-05-14 5:00 0.45 2.17 1.03 

X33412 Lone 2017-05-16 17:00 2017-05-16 17:00 2017-05-16 17:00 2017-05-16 21:00 1.08 1.27 0.91 

X33412 Lone 2018-01-20 1:00 2018-01-20 21:00 2018-01-20 13:00 2018-01-20 17:00 19.90 2.82 2.79 

X33510 COY 

2014-03-07 

9:00** 2014-03-08 1:00 2014-03-07 13:00 2014-03-07 17:00 301.56 10.82 6.17 

X33510 YRLG 

2015-03-10 

5:00** 2015-03-10 9:00 2015-03-10 5:00 2015-03-10 9:00 1.51 0.90 0.90 

X33563 YRLG 2014-04-13 9:00 2014-04-13 21:00 NA NA 77.72 9.11 NA 

X33563 YRLG 2014-05-02 5:00 2014-05-02 5:00 NA NA 2.83 1.88 NA 

X33563 Lone 2015-04-16 1:00 2015-04-16 21:00 NA NA 1.10 1.11 NA 

X33563 Lone 2015-05-02 1:00 2015-05-02 13:00 NA NA 4.40 1.94 NA 

X33563 Lone 2016-02-15 13:00 2016-02-15 21:00 2016-02-15 13:00 2016-02-15 21:00 193.63 2.63 3.34 

X33579 UNK 2018-04-27 9:00 2018-04-28 21:00 NA NA 3.20 3.10 NA 

X33693 Lone 2018-05-08 13:00 2018-05-08 21:00 NA NA 1.33 3.30 NA 
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X33693 Lone 2018-05-11 1:00 2018-05-15 1:00 NA NA 3.48 1.95 NA 

*Bear was already on the flaw lead when SAR Imagery was available. 

**Bear was returning to ice from land. 

***Bear crossed the flaw lead twice before end of trip. 
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Table A13. Candidate models predicting adult female polar bear crossing of the western Hudson 

Bay flaw lead using a generalized linear mixed effect model. Adult female polar bears are from 

the Western Hudson Bay population, from January 2010 – May 2018. January (n = 2), February 

(n = 2), and March (n = 9) were pooled because of small sample size, and the width of the flaw 

lead did not significantly differ in these months. Individual bear identification was the random 

effect. End Width is the width of the flaw lead when the bear begins crossing, or when the bear 

leaves the flaw lead without crossing, start width is the width of the flaw lead for the bear’s first 

location on the flaw lead, and mean width is the mean width of the flaw lead for the bear’s trip 

on the flaw lead. 

Rank Model 

Crossing Rate (n =46) 

1 End Width 

2 End Width + End Width 2 

3 Jan-Mar + Apr + May 

4 Jan-Mar + Apr + May + End Width 

5 Jan-Mar + Apr + May + End Width + End Width 2 

6 Start Width 

7 Start Width + Start Width2 

8 Jan-Mar + Apr + May + Start Width 

9 Jan-Mar + Apr + May + Start Width + Start Width 2 

10 Mean Width 

11 Mean Width + Mean Width2 
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12 Jan-Mar + Apr + May + Mean Width 

13 Jan-Mar + Apr + May + Mean Width + Mean Width 2 
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Table A14. Akaike information criterion results for top 5 candidate models predicting adult 

female polar bear crossing of the western Hudson Bay flaw lead using a generalized linear mixed 

effect model. Adult female polar bears are from the Western Hudson Bay population, from 

January 2010 – May 2018. January (n = 2), February (n = 2), and March (n = 9) were pooled 

because of small sample size, and the width of the flaw lead did not significantly differ in these 

months. Individual bear identification was the random effect. k is the number of fixed effect 

terms, AICc is the corrected Akaike information criterion score for each model, ΔAICc is the 

difference in AICc scores between the top model and subsequent candidate models, w is the AIC 

weight, and LL is the log likelihood value. End width is the width of the flaw lead when the bear 

begins crossing, or when the bear leaves the flaw lead without crossing, and start width is the 

width of the flaw lead for the bear’s first location on the flaw lead. 

Rank Model k AICc ΔAICc w LL 

Crossing Rate (n =46) 

    

 

 1 Jan-Mar + April + May + End Width 5 54.7 0.00 0.32 -21.6 

2 Jan-Mar + April + May 4 55.2 0.47 0.25 -23.1 

3 

Jan-Mar + April + May + End Width + 

End Width 2 6 57.3  2.61 0.09 -21.6 

4 End Width 3 57.4 2.73 0.08 -25.4 

5 Jan-Mar + April + May + Start Width  5 57.5 2.83 0.08 -23.0 
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Figure A1: Example of calculating the width of the western Hudson Bay flaw lead polynya. The 

maximum width was calculated as the straight-line distance from the edge of the flaw lead (A) to 

the closest point on the landfast ice (B). The flaw lead was mapped using synthetic aperture radar 

imagery from December 2009 – May 2018. Landfast ice was extracted from the Canadian Ice 

Service Arctic Regional Sea Ice Charts in SIGRID-3 Format. Weekly sea ice charts were 

available for the whole period except January – March of 2010 – 2011, when biweekly sea ice 

charts were used. The width closest to the Western Hudson Bay adult female polar bears position 

was calculated in the same manner. Adult female polar bears are from the Western Hudson Bay 

population, from December 2009 – May 2018.  
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Figure A2. Comparison of the western Hudson Bay flaw lead (a) maximum width (km) and (b) 

total area (km2) by month from December 2009 – May 2018. The flaw lead was mapped using 

synthetic aperture radar. December and January were compared using a Wilcoxon signed-rank 
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test (α = 0.05) and determined to not significantly differ in maximum width (Wilcoxon signed-

rank z = -0.05, p = 0.96), or total area (Wilcoxon signed-rank z =-0.88, p = 0.37), therefore these 

months were pooled due to small sample size in December (n = 23), and to account for the time 

period of December being less than two weeks.  
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Figure A3: Comparing first passage time calculated from adult female polar bear original 

locations to first passage time calculated from locations where 50% of the adult female polar 

bear’s track was interpolated using CRAWL. Five tracks from two adult female polar bears from 

the Western Hudson Bay population were used. Spearman’s rank r = 0.82, p < 0.001 (α = 0.05). 
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Figure A4. Adult female polar bears distance (km) to the western Hudson Bay flaw lead by 

month from December 2009 – May 2018. Adult female polar bears are from the Western Hudson 

Bay population. The flaw lead was mapped using synthetic aperture radar. 
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Figure A5: Mean variance in log10-transformed first passage time with 95% CI for all western 

Hudson Bay adult female polar bears from December 2009 – May 2018. First passage time is the 

amount of time for the bear to cross a circle of a given radius. Peak variance in log10-transformed 

first passage time is the spatial scale at which the bear undergoes area restricted search. Peak 

variance occurred for all tracks for all bears at a radius of 2.5 km. 
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Figure A6: Comparing first passage time calculated using adult female polar bear locations 

separated by 4 hour intervals to first passage time calculated using adult female polar bear 

locations separated by 12 hour intervals. Five tracks from two female polar bears from the 

Western Hudson Bay population were used. Spearman’s rank r = 0.80, p < 0.001 (α = 0.05). 
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