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Migration is predicted to change both spatially and temporally as climate change alters seasonal resource availability. Species in 
extreme environments are especially susceptible to climate change; hence, it is important to determine environmental and biological 
variables that influence their migration. Polar bears (Ursus maritimus) are an Arctic apex carnivore whose migration phenology has 
been affected by climate change and is vulnerable to future changes. Here, we used satellite-linked telemetry collar data from adult 
female polar bears in western Hudson Bay from 2004 to 2016 and multivariate response regression models to demonstrate that 1) spa-
tial and temporal migration metrics are correlated, 2) ice concentration and wind are important environmental variables that influence 
polar bear migration in seasonal ice areas, and 3) migration did not vary across the years of our study, highlighting the importance of 
continued monitoring. Specifically, we found that ice concentration, wind speed, and wind direction affected polar bear migration onto 
ice during freeze-up and ice concentration and wind direction affected migration onto land during breakup. Bears departed from land 
earlier with increased wind speed and the effect of wind direction on migration may be linked to prey searching and ice drift. Low ice 
concentration was associated with higher movement during freeze-up and breakup. Our findings suggest that migration movement 
may increase in response to climate change as ice concentration and access to prey declines, potentially increasing nutritional stress 
on bears.
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INTRODUCTION
Migration is a behavioral movement in response to predictable 
phenological pulses in resources (Dingle and Drake 2007; Dingle 
2014), which increase migrant fitness (Avgar et al. 2014). Seasonal 
movement between habitats provides migrant species with access 
to food and mates (Dingle and Drake 2007; Avgar et al. 2014) and 
refugia from predators (Gliwicz 1986; Hebblewhite and Merrill 
2007) and parasites (Folstad et al. 1991; Altizer et al. 2000). The 
ecological importance of  migration varies between species, and a 
thorough investigation of  migration and mechanistic drivers con-
tributes to a comprehensive understanding of  ecology.

Although migration often follows a predictable pattern, climate 
change is altering weather and resource fluctuations (Grebmeier 
2012; Serreze and Stroeve 2015; Wolfe et al. 2017). In partic-
ular, temporal shifts in resource availability may cause earlier or 
delayed migration (Lehikoinen and Jaatinen 2012; Hauser et al. 

2017). How these changes in migration timing may affect species 
survival remains unclear. One potential impact of  shifting migra-
tion phenology may include increased energetic deficits. Migration 
is energetically costly (McNamara and Houston 2008) and is only 
considered adaptive when the energetic costs are balanced by en-
ergetic gain (Avgar et al. 2014). Climate change is predicted to de-
crease resource availability (Stirling and Parkinson 2006; Both et 
al. 2010), increase competition (Ahola et al. 2007; Stirnemann et 
al. 2012), and increase predation risk (Sharma et al. 2009; Prop et 
al. 2015), resulting in greater energy costs for migration. Specialists 
inhabiting extreme habitats are particularly vulnerable to climate 
change (Laidre et al. 2008; Iknayan and Beissinger 2018) and can 
serve as a model for how other migratory species may respond to 
future changes. By determining the drivers for migration in spe-
cialists, we may gain insight into how climate change may affect 
species’ energetic budgets, adaptation, and survival.

Migration can be influenced by environmental and biological 
drivers. Migrants may use environmental cues, including weather 
and resource fluctuations (Sabine et al. 2002; Hauser et al. 2017; Le 
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Corre et al. 2017). Some species are more likely to migrate in years 
following harsh winters (Eggeman et al. 2016) and some are more 
likely to travel further in resource-poor environments to increase 
their potential of  obtaining higher quality forage (Teitelbaum et 
al. 2015). Migration can also be influenced by biological variables, 
such as age (Eggeman et al. 2016), body condition (Zduniak and 
Yosef  2012), and reproductive status (Singh and Ericsson 2014). In 
extreme environments, such as the Arctic, both environmental and 
biological variables should be investigated concurrently as they may 
influence migration and be altered by climate change.

Polar bears (Ursus maritimus) are the only nonaquatic apex carni-
vores that exhibit migration, whereas other carnivores follow migra-
tory prey, exhibiting nomadism (Parker 1973; Hofer and East 1993; 
Avgar et al. 2014). Even among polar bear movement ecology 
studies, few have examined migration (Flyger and Townsend 1968; 
Cherry et al. 2013; Yee et al. 2017). Migration is integral to polar 
bear ecology, where the more southerly populations migrate annu-
ally onto sea ice during freeze-up and are forced ashore when sea 
ice melts (Stirling et al. 1999; Stirling and Parkinson 2006). Bears 
rely on sea ice to access their main prey, ringed seals (Pusa hispida), 
and bearded seals (Erignathus barbatus; Stirling et al. 1977; Sciullo 
et al. 2017). The spring feeding period is critical for polar bears to 
obtain sufficient fat stores that allow them to survive on land when 
their primary prey is inaccessible (Lunn and Stirling 1985; Ramsay 
and Stirling 1988; Stirling and Derocher 1993). The feeding pe-
riod is also critical for female reproductive success (Atkinson and 
Ramsay 1995; Derocher and Stirling 1996). Polar bears in the sea-
sonal ice ecoregion (Amstrup et al. 2007) are one of  the Arctic spe-
cies most affected by climate-induced habitat change due to their 
migration phenology being linked to sea ice formation and melt, af-
fecting their body condition and reproduction (Stirling et al. 1999; 
Stirling and Parkinson 2006; Laidre et al. 2008). Several bear popu-
lations have altered their migration in response to climate change, 
where departure and arrival on land have become later and earlier, 
respectively (Cherry et al. 2013; Prop et al. 2015).

Migration is a complex behavior and is often examined using few 
metrics. With migration encompassing both spatial and temporal 
patterns, there are several avenues of  investigation. Phenology 
(Cherry et al. 2013; Prop et al. 2015), distance, and home range 
(Parks et al. 2006) have been studied, whereas tortuosity has been 
largely ignored in polar bear migration literature. Additionally, few 
studies examine both spatial and temporal migration metrics or 
consider the relationships between metrics when quantifying mi-
gration. We used multiple spatial and temporal migration metrics 
to 1) determine how migration metrics are related, 2) investigate 
the effects of  environmental and biological variables on polar bear 
migration, and 3) investigate interannual migration changes. The 
known environmental and biological variables that affect polar 
bear movement include sea ice and reproductive status: local-level 
ice habitat influences the timing of  bear migration (Cherry et al. 
2016) and females will spatially separate on the ice due to differ-
ences in offspring mobility. While onshore, females with offspring 
avoid males due to the risk of  infanticide (Pilfold et al. 2014) and 
will inhabit the interior of  Hudson Bay, whereas males and lone fe-
males inhabit areas closer to the coast (Derocher and Stirling 1990). 
Migration may be influenced by additional environmental and bio-
logical variables that have not been investigated previously: wind di-
rection, wind speed, body condition, and bear age. We hypothesized 
that migration would be influenced by both environmental and bio-
logical variables, with sea ice characteristics and reproductive status 

having the strongest influence on migration. Additionally, we in-
vestigated how migration metrics changed over our study period, 
providing insight into the effects of  climate change. This approach 
highlights the need to examine the complexity of  migration using a 
variety of  metrics to provide stronger biological interpretations. We 
sought to gain insight into the mechanistic link between polar bear 
migration and driving variables to increase our understanding of  
the response of  polar bears to climate change.

METHODS
Study area

Our study area was Hudson Bay, Canada, which is a shallow in-
land sea with a 125-m mean depth (Jones and Anderson 1994) that 
experiences an annual sea ice freeze-up (October–December) and 
breakup (May–August; Saucier et al. 2004; Gagnon and Gough 
2005; Joly et al. 2011). Ice forms initially in the northwest in 
Nunavut due to the colder water in northern Hudson Bay (Saucier 
et al. 2004) and freeze-up progresses southward toward Manitoba 
and Ontario due to the counter-clockwise gyre (Prinsenberg 1988). 
The duration of  ice cover varies within the Bay and between years 
(Wang et al. 1994; Parkinson 2014). The Western Hudson Bay 
(WH) polar bear population occurs in one of  the more southern re-
gions of  the species circumpolar range and includes Manitoba and 
parts of  Nunavut and Ontario (Figure 1).

Female bears with offspring were captured onshore in and 
around Wapusk National Park, Manitoba, during August–
September 2004–2015, via helicopter and remotely immobil-
ized using tiletamine hydrochloride and zolazepam hydrochloride 
(Zoletil®, Virbac Laboratoires, Carros, France; Stirling et al. 1989) 
as part of  ongoing, long-term research on the ecology of  the WH 
population (e.g., Ramsay and Stirling 1988; Derocher and Stirling 
1995; Stirling et al. 1999; Regehr et al. 2007; Lunn et al. 2016). 
Satellite-linked Argos (CLS America Inc., Largo, MD; www.
argos-system.org) or Iridium (Iridium Satellite Communications, 
McLean, VA; www.iridium.com) telemetry collars with on-board 
GPS receivers (Telonics, Mesa, AZ) were deployed on adult female 
bears (≥5 years old). Collars could not be secured on male bears 
as their necks are wider than their heads, precluding them from 
tracking. Each collar had a release mechanism (CR-2a, Telonics, 
Mesa, AZ) that was programmed with a predetermined date to re-
lease after 1–2 years following deployment; otherwise, collars were 
removed upon recapture. Body length (straight-line distance be-
tween the tip of  the nose and the end of  the last caudal vertebra 
[centimeters]), axillary girth (circumference of  the chest directly 
behind the forelimbs at exhalation), number of  cubs, and cub age 
were recorded at capture. Cubs ≤10 months old were classified as 
cubs-of-the-year (COYs) and cubs 21–22 months old were classified 
as yearlings (YRLGs). Age of  adult bears was known if  originally 
captured as a COY or YRLG, determined by counting cementum 
layers in an extracted vestigial premolar (Calvert and Ramsay 1998) 
or by derivation from a previous cementum count. Animal hand-
ling procedures were reviewed and approved by the University of  
Alberta BioSciences Animal Policy and Welfare Committee and the 
Environment and Climate Change Canada Western and Northern 
Animal Care Committee and were consistent with the guidelines of  
the Canadian Council on Animal Care (www.ccac.ca).

Bears were tracked between September 2004 and August 
2016. The number of  bears tracked per year ranged from 9 to 
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15. GPS location (30 m accuracy; Tomkiewicz et al. 2010) inter-
vals varied but were standardized to one every 4 h. Incidents of  
collar failure were variable, resulting in gaps in GPS locations from 
4 h to >2 weeks. Using the “sp” (Pebesma and Bivand 2018) and 
“rgdal” package (Bivand et al. 2018) in R version 3.4.3 (R Core 
Team 2016), longitude and latitude coordinates (North American 
datum 1983) were projected into Universal Trans Mercator coor-
dinate system (NAD83 Teranet Ontario Lambert, EPSG: 5321). 
Biologically impossible data (rate of  movement >30 km/h) and 
data from dropped collars (i.e., GPS locations matched ice drift) 
were removed (Togunov et al. 2020). We filtered GPS data to only 
include locations on sea ice.

Time on ice was defined for each bear by finding the land depar-
ture and arrival dates using ArcGIS version 10.6 (Environmental 
Systems Research Institute, Redlands, CA). Land departure dates 
were determined as the first location on sea ice in Hudson Bay 
within November–December with no subsequent locations on land 
until the following summer–autumn breakup season (Cherry et 
al. 2013). Land arrival dates were determined as the first location 
on land during July–September, not followed by three consecutive 

locations on sea ice in Hudson Bay until November–December. 
Bears initially remain near the coastline when they migrate on 
land and, due to the lack of  fine-scale accuracy of  collars and ice 
imagery, some locations appear on water. We observed that using 
three consecutive sea ice locations as a cutoff was a natural break 
for determining when bears arrived on land.

Data were divided into a freeze-up and breakup migration ice 
season, specific for each bear, to control for variation in ice (Figure 
2) and movement phenology (Figure 3). Several bears had move-
ment data from multiple years; we retained only one year of  data to 
avoid pseudoreplication (Supplementary Table S1). Additional in-
formation on how we divided ice seasons and on the data selection 
process is in the Supplementary Material.

Migration response variables

As bear movement is partially involuntary due to ice drift 
(Mauritzen et al. 2003; Auger-Méthé et al. 2016), we subtracted ice 
drift from GPS location data to account for bear displacement due 
to drift. We used Polar Pathfinder Daily 25 km Ease-Grid Sea Ice 

Western Hudson Bay Population

Wapusk National Park

Nunavut

Hudson
Bay

Manitoba

Ontario

Quebec

N

0 150 300
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Figure 1
Map of  Hudson Bay and Wapusk National Park. The Western Hudson Bay population boundary includes the portion of  the Hudson Bay coast used to 
calculate maximum distance to coast.
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Figure 3
Seasonal Brownian bridge home ranges (95%) of  female polar bears in western Hudson Bay (2004–2016). (A) Freeze-up season (n = 61) and (B) breakup 
season (n = 38).

Figure 2
Examples of  seasonal sea ice concentration (%) in Hudson Bay. (A) Freeze-up, December 1, 2008, and (B) breakup, July 15, 2009. The ice season of  2008–
2009 was typical for 2004–2016. The dates shown are median dates within the time frame of  each ice season.
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Motion Vectors ice drift data from the National Snow and Ice Data 
Center (Tschudi et al. 2016). Inverse distance weighting was used to 
spatially interpolate ice drift for GPS locations (Li and Heap 2011; 
Togunov et al. 2017, 2018).

We estimated daily movement metrics using a 24-h moving 
window. Within a 24-h window, our data contained zero to six lo-
cations depending on gaps between GPS locations. For our daily 
movement metrics, we only used data where five or six locations 
per 24-h moving window were present to ensure statistically pre-
cise movement metrics (i.e., straightness index). We measured mi-
gration using movement variables corrected for ice drift: speed 
(kilometers per hour) between consecutive locations and daily 
straightness index (Supplementary Table S4). Speed was measured 
as the displacement (kilometers) between consecutive GPS loca-
tions over time (hours). We calculated the daily straightness index 
using a moving 24-h window and straightness index = D/L, where 
D was the Euclidean distance between the start and end location 
and L was the sum of  4-h interval step lengths between the start 
and end location within the 24-h time window (Batschelet 1981). 
Straightness index values range from 1.0 (straight movement) with 
an increasingly tortuous movement toward 0.0. Other migration 
variables included land departure and arrival dates (Supplementary 
Table S4). To measure differences in space use, we used GPS lo-
cations to estimate the 95% Brownian bridge home range (square 
kilometers; Supplementary Table S4) for each individual using the 
“adehabitatHR” R package (Horne et al. 2007; Calenge 2015; 
Walter et al. 2015). We used the R package “rgeos” (Bivand et al. 
2019) and GPS locations to calculate the maximum straight-line 
distance (kilometers) of  the furthest location from the WH coastline 
(Figure 1; Supplementary Table S4).

Environmental and biological covariates

We investigated the effect of  both environmental and biological 
covariates on migration. Environmental covariates consisted of  
ice concentration, wind speed, and wind direction. Ice concentra-
tion was calculated for each bear location using collar locations not 
corrected for ice drift as described in “Data collection.” We de-
termined wind speed (meters per second) and wind direction for 
each location using surface wind direction and speed data from 
the National Center for Environmental Prediction (NCEP; ftp.cdc.
noaa.gov/Datasets/NARR/Dailies/monolevel). NCEP provides 
3-h interval gridded wind estimates with 0.3° resolution; there-
fore, we spatially and temporally interpolated wind data to match 
bear locations using inverse distance weighting (Li and Heap 2011). 
Wind was initially spatially interpolated before and after the time 
of  bear locations using the four closest grid values, then linearly 
interpolated to align with the location fix times (Togunov et al. 
2017, 2018). Wind direction ranged from −180° to 180° and was 
categorized into four groups: north (≥−45° and ≤45° from wind 
bearings), east (>45° and ≤135°), south (>135° and ≤−135°), and 
west (>−135° and <−45°).

Biological covariates consisted of  bear age, body condition, cub 
age, and number of  cubs (Supplementary Tables S2 and S3). Body 
condition index at capture was calculated using estimated body 
mass (kilograms; Thiemann et al. 2011) and body condition index 
(Cattet and Obbard 2005). Reproductive status was inferred from 
the time of  collaring unless resighted and confirmed the following 
collaring season based on a 3-year polar bear interbirth interval 
(Derocher and Stirling 1995). COYs captured in autumn have be-
tween 35% and 83% survival and YRLGs have a minimum of  

51% survival (Derocher and Stirling 1996). Reproductive status 
is less likely to change for females with YRLGs than females with 
COYs in the freeze-up season. Females with September YRLGs 
were likely alone during the following breakup season, as offspring 
typically stay with their mothers until their second year (Ramsay 
and Stirling 1986, 1988). Bears were removed if  their on-land loca-
tions reflected no movement from September to March, indicating 
denning (Stirling and Jonkel 1972; Ramsay and Stirling 1982).

Statistical analysis

We examined the relationship of  migration movement metrics with 
environmental and biological covariates, with year as a covariate, 
and with how migration metrics correlated with one another. We fit 
separate multivariate response regression models using the “mcglm” 
R package (Bonat 2016) for freeze-up and breakup. Multivariate 
response models allow multiple response variables to be included 
within one model (while holding them constant), instead of  using 
several models separately, and estimate the correlation between 
each response variable (Bonat 2016). Since our response variables 
reflected median individual values per year (or maximum), the es-
timated correlations can be interpreted as among-individual cor-
relations. Our models included all spatial and temporal migration 
metrics (e.g., maximum distance to coast, Brownian bridge home 
range size, median speed, median straightness index, departure or-
dinal date [1–365], and arrival ordinal date) as response variables 
within the same model. We included median ice concentration, me-
dian wind speed, and median wind direction as environmental pre-
dictor covariates in our models, and bear age, cub age, and number 
of  cubs as biological predictor covariates. Both wind direction and 
cub age were categorical variables. Cub age and number of  cubs 
were coded based on age and number at the time of  capture. Cub 
age was coded as “0” for COYs and “1” for YRLGs. Bear body 
condition index was included as a biological covariate only within 
our freeze-up models due to fluctuations and unpredictability of  
body condition and predation success throughout other ice sea-
sons (Pilfold et al. 2015). We included year as a continuous pre-
dictor covariate to assess interannual trends of  migration metrics 
following Cherry et al. (2013). We tested correlations of  predictor 
covariates using Pearson’s correlation to determine collinearity 
(>|0.6|; Fox 2002). No covariates exhibited collinearity; therefore, 
we included all predictor covariates in our models.

We ran separate models for freeze-up and breakup seasons, as well 
as separate models where we excluded and included reproductive 
status. When we included reproductive status in our models, bears 
that were resighted the following year after capture and had lost cubs 
were excluded because we cannot infer when cubs were lost. When 
we excluded reproductive status in our models, we used all bears, in-
cluding bears who lost cubs, therefore, increasing our sample size. 
Reproductive status included cub age and number of  cubs as an in-
teraction in our models. A combination of  Gaussian or gamma-log 
error distributions were included depending on residual normality 
of  each response variable. Diagnostics for appropriate error distribu-
tions were determined using Q-Q plots included within the “mcglm” 
R package (Bonat 2016). We used pseudo Akaike’s Information 
Criterion (pAIC) values calculated in “mcglm” to determine model 
selection as no information criterion corrected for small sample 
size was available for this method (Bonat 2016). The pAIC is sim-
ilar to Akaike’s Information Criterion (AIC) used in model selection 
(Burnham et al. 2011) but contains penalty terms to account for mul-
tiple response variables in the model (Bonat 2016). When there were 
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multiple top models (ΔpAIC<2), we chose the model with the fewest 
covariates as the top model because the addition of  a covariate will 
mathematically be within 2ΔpAIC units of  the least covariate model 
yet does not improve model fit (Burnham and Anderson 2002), 
making it uninformative (Arnold 2010). We examined multivariate 
response variable model parsimony for our top models by comparing 
pAICs between multivariate models and single-response variable 
models we fit using the covariates in our top models (Bonat 2016).

RESULTS
Environmental and biological effects excluding 
reproductive status

We found that polar bear migration was most influenced by en-
vironmental covariates as our multivariate response models con-
tained only environmental covariates in all selected top models. 
Neither biological covariate, age or body condition, were present in 
our selected top models. Ice concentration (Supplementary Figure 
S3) and wind direction were the common environmental covariates 
that were present in both migration top models (Table 1). The top 
model for freeze-up contained ice concentration, wind speed, wind 
direction, and year, whereas breakup contained ice concentration 
and wind direction (Table 1).

Not all covariates had significant relationships with response vari-
ables in our top models. Here, we report significant relationships. 
In freeze-up, we found that maximum distance to coast was nega-
tively influenced by northerly and easterly winds (Figure 4A). Home 
range size was negatively affected by ice concentration. Median 
speed and straightness had a negative relationship with northerly 
winds. Departure date was positively influenced by ice concentra-
tion and negatively influenced by wind speed and year (Figure 4A). 
During breakup, home range size had a positive relationship with 
northerly winds (Figure 4B). Speed had a positive relationship with 
northerly winds and a negative relationship with ice concentration. 
Arrival date had a positive relationship with northerly and south-
erly winds.

All top multivariate response models were compared to single-
response models for goodness-of-fit by comparing pAIC values. We 
found that the multivariate response models were more parsimo-
nious than the single-response models (Supplementary Table S5).

Environmental and biological effects including 
reproductive status

Migration models contained only environmental covariates in the 
most parsimonious models. Reproductive status was not present in 
top selected models. Our top freeze-up migration model contained 
wind direction and the top breakup model contained ice concentra-
tion and wind direction as predictor variables (Table 2), with signifi-
cant relationships to our response variables (Figure 4C,D).

We tested the appropriateness of  multivariate response models 
compared to individual single-response models using our repro-
ductive status top models. We found that multivariate response 
models were more parsimonious than single-response models 
(Supplementary Table S6).

Interannual migration trends

We found that only land departure date had a significant rela-
tionship with year out of  our six migration metrics (Figure 4) and 
year was only present in our top selected model for freeze-up mi-
gration, excluding reproductive status (Table 1). We did not detect 
any other changes in migration over time as no significant rela-
tionships between other migration metrics and year were present 
(Supplementary Figures S4 and S5).

Correlations between migration metrics

All multivariate response models calculated the correlations be-
tween the response variables, but we only report the correlations 
for our top models not including reproductive status due to the 
increased sample size. There were strong positive correlations be-
tween maximum distance to coast and home range size in migra-
tion movement (freeze-up and breakup seasons; Figure 5). Freeze-up 
migration showed strong negative correlations between departure 
date and maximum distance to coast, as well as departure date and 

Table 1
Comparison (using pAIC) of  top 5 female polar bear migration (freeze-up and breakup season) nonreproductive status multivariate 
response models in western Hudson Bay

Season Model ΔpAIC w

Freeze-up MD, BB, SP, ST, DD ~ Iceconc + windspeed + winddirection + year 0.00 0.84
MD, BB, SP, ST, DD ~ Iceconc + windspeed + winddirection 3.74 0.13
MD, BB, SP, ST, DD ~ Iceconc + winddirection + year 8.04 0.02
MD, BB, SP, ST, DD ~ Age + iceconc + windspeed + winddirection 9.12 0.01
MD, BB, SP, ST, DD ~ Iceconc + windspeed + year 10.56 0.00

Breakup MD, BB, SP, ST, AD ~ Iceconc + winddirection 0.00 0.83
MD, BB, SP, ST, AD ~ Age + iceconc + windspeed + winddirection 4.44 0.09
MD, BB, SP, ST, AD ~ Iceconc + windspeed + winddirection 5.48 0.05
MD, BB, SP, ST, AD ~ Age + iceconc + windspeed + winddirection + year 7.84 0.02
MD, BB, SP, ST, AD ~ Iceconc + windspeed + winddirection + year 8.16 0.01

Data were collected from adult females in western Hudson Bay from 2004 to 2016. Response variables: maximum distance from coast (MD), Brownian 
bridge home range area (BB), median speed (SP), median straightness (ST), land departure dates (DD), and land arrival dates (AD). The ΔpAIC is the 
difference between the top model pAIC value (modified AIC score to account for multiple response variables) and the respective models and w is the weight 
of  the pAIC score given the available data and candidate models. Covariate definitions: iceconc is the median ice concentration in the local habitat of  an 
individual bear, windspeed is the median wind speed (m/s) in the local habitat of  a bear, winddirection is the median direction of  the wind in the local 
habitat of  a bear, year is the year of  the data, and age is the age of  the bear. Top models are shown in bold.
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home range size (Figure 5A). Additionally, there was a strong posi-
tive correlation between speed and straightness. There were strong 
positive correlations in breakup migration: maximum distance to 
coast and straightness, arrival date and maximum distance to coast, 
arrival date and home range size, arrival date and straightness, and 
home range size and straightness (Figure 5B).

DISCUSSION
Migration complexity

The complexity of  migration is often oversimplified by quantifying 
a single aspect (Visser et al. 2009; Lehikoinen and Jaatinen 2012; 
Eggeman et al. 2016). By measuring the relationship between sev-
eral migration metrics (temporal and spatial) and using multivar-
iate response models to consider multiple metrics simultaneously, 
we encapsulated the complexity of  migration. Our results show 
that temporal and spatial migration metrics were correlated. As 
such, future migration studies should consider both temporal and 

spatial metrics to ensure a thorough understanding of  migration. 
Investigating similar metrics in other polar bear populations in 
habitats with different sea ice regimes may provide insight into how 
populations differ and how they may respond to climate change.

There were several notable correlations between migration met-
rics for WH polar bears. During freeze-up, female bears exhib-
ited fast and straight movement, demonstrating the importance 
of  accessing prey via sea ice (Smith 1980). The highest median 
speed (2.3 km/h) and median straightness (1.0) were measured in 
freeze-up. Our findings were consistent with Yee et al. (2017), where 
denning polar bears had higher straightness when migrating from 
dens to sea ice. During breakup, bears that arrived onshore earlier 
exhibited lower straightness. Onshore arrival dates were influenced 
by ice concentration as bears only return to land once sea ice has 
melted (Cherry et al. 2013; Pilfold et al. 2017). Bears who return 
to land later may demonstrate straighter movement by accessing 
sea ice, swimming between patches of  sea ice, or directly swim-
ming to land (Pilfold et al. 2017). Additionally, we note that our 
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Figure 4
Coefficient tables of  female polar bear movement multivariate response regression top models by season. All continuous variables were scaled to 0 for 
coefficient interpretation. (A) Freeze-up, excluding reproductive status bears. (B) Breakup, excluding reproductive status bears. (C) Freeze-up, including 
reproductive status bears. (D) Breakup, including reproductive status bears. MD is the maximum distance to coast, BB is the Brownian bridge home range 
size, SP is the median speed between consecutive locations, ST is the median daily straightness index value, DD is the departure date bears departed 
land and began their migration on sea ice, and AD is the arrival date bears arrived on land from sea ice. Intercept coefficients include the east wind 
categorical variable. Iceconc is the median ice concentration, wind sp is the median wind speed, wind n, wind s, and wind w, are north, south, and west 
winds, respectively. Movement data was collected via GPS locations from 2004 to 2016 in western Hudson Bay. All significant covariate relationships are 
denoted by a positive or negative (+/−; α = 0.05).
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breakup results contained a smaller sample size (38% lower than 
freeze-up) due to collar failure or swimming behavior, which re-
duces successful transmission of  location fixes, potentially reflected 
by straighter movement. The difference in movement between 
freeze-up and breakup may be due to energetic needs and prey ac-
cessibility. During freeze-up migration, ice forms initially along the 
northwest part of  Hudson Bay and continues south, whereas the 
majority of  ice during the breakup season persists along the south 
part of  Hudson Bay (Saucier et al. 2004). Bears are nutritionally 
stressed in the freeze-up season due to having fasted while on land 
(Russell 1975; Stirling et al. 1977; Lunn and Stirling 1985), whereas 

bears reach maximum body fat in the breakup season (Galicia et al. 
2020) due to peak feeding and prey availability in spring (McLaren 
1958; Stirling and Archibald 1977; Hammill and Smith 1991).

Environmental and biological variables of 
migration

Our findings did not support our hypothesis that both environ-
mental and biological variables influence migration. Of  the en-
vironmental and biological variables used in our study, we found 
that polar bear migration was predominantly influenced by 
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Figure 5
Seasonal migration patterns of  female polar bears in western Hudson Bay based on GPS location data collected from 2004 to 2016. Pearson’s correlations 
of  response variables used in multivariate response regression models in (A) freeze-up and (B) breakup. MD is the maximum distance to coast, BB is the 
Brownian bridge home range size, SP is the median speed between consecutive locations, ST is the median daily straightness index value, DD is the departure 
date bears departed land and began their migration on sea ice, and AD is the arrival date bears arrived on land from sea ice. Only significant correlations (P 
< 0.05) are depicted.

Table 2
Comparison (using pAIC) of  top 5 female polar bear migration (freeze-up and breakup season) reproductive status multivariate 
response models in western Hudson Bay

Season Model ΔpAIC w

Freeze-up MD, BB, SP, ST, DD ~ Iceconc + winddirection + year 0.00 0.29
MD, BB, SP, ST, DD ~ Iceconc + windspeed + winddirection + year 0.04 0.28
MD, BB, SP, ST, DD ~ Winddirection 0.68 0.21
MD, BB, SP, ST, DD ~ Iceconc + winddirection 1.40 0.14
MD, BB, SP, ST, DD ~ Iceconc + windspeed + winddirection 2.92 0.07

Breakup MD, BB, SP, ST, AD ~ Iceconc + winddirection 0.00 0.80
MD, BB, SP, ST, AD ~ Winddirection 2.94 0.18
MD, BB, SP, ST, AD ~ Cubnum 9.84 0.01
MD, BB, SP, ST, AD ~ Cubage × cubnum, age, iceconc, windspeed, winddirection 10.22 0.00
MD, BB, SP, ST, AD ~ Iceconc, windspeed, winddirection 11.68 0.00

Data were collected from adult females in western Hudson Bay from 2004 to 2016. Response variables: maximum distance from coast (MD), Brownian 
bridge home range area (BB), median speed (SP), median straightness (ST), land departure dates (DD), and land arrival dates (AD). The ΔpAIC is the 
difference between the top model pAIC value (modified AIC score to account for multiple response variables) and the respective models, and w is the weight 
of  the pAIC score given the available data and candidate models. Covariate definitions: iceconc is the median ice concentration in the local habitat of  an 
individual bear, winddirection is the median direction of  the wind in the local habitat of  a bear, year is the year of  the data, windspeed is the median wind 
speed (m/s) in the local habitat of  a bear, cubnum is the number of  cubs, cubage is the age of  the cub(s), and age is the age of  the bear. Top models are 
shown in bold.
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environmental variables. This was similar to Cherry et al. (2016), 
who found that ice was the main variable influencing the timing of  
polar bear migration in WH. However, other studies have found 
that both environmental and biological variables play a role in elk 
(Cervus elaphus; Eggeman et al. 2016) and salamander (Ichthyosaura 
alpestris and Lissotriton vulgaris) migration (Mettouris et al. 2018). 
Failure to include both types of  variables may be an oversight, as 
noted by Jahn et al. (2010), who found that biological variables only 
partially explained migration patterns and suggested that environ-
mental hypotheses should also be examined.

We found that ice concentration was one of  the most influen-
tial environmental variables on polar bear migration. Polar bears 
spend the majority of  the year on sea ice to access prey and po-
tential mates (Stirling et al. 1999; Laidre et al. 2008). Our results 
further support the importance of  ice influencing migration in the 
freeze-up and breakup seasons. During freeze-up, we found that 
lower ice concentrations were associated with bears that had larger 
home ranges. This may be a result of  bears traveling more in search 
of  prey, resulting in larger home ranges, when ice concentration is 
low. Furthermore, during breakup, we found that bears present in 
low ice concentration areas had higher rates of  movement. Bears 
may move faster to find higher ice concentration areas and/or areas 
with seals before being forced ashore. In spring, ringed seals occur 
in abundance on ice near the WH coast, whereas bearded seals are 
more abundant on pack ice further from the coast (Chambellant 
et al. 2012). Higher movement may incur higher energetic costs in 
spring (Pagano et al. 2018), when bears have the final opportunity 
to buildup fat stores (Galicia et al. 2020). Additionally, the length 
of  the sea ice season in Hudson Bay has decreased and is projected 
to continue declining, with ice freeze-up being delayed and ice 
breakup occurring earlier (Parkinson 2014; Stern and Laidre 2016). 
Ice fragmentation has increased and the quality of  ice habitat for 
polar bears has declined in WH (Sahanatien and Derocher 2012). 
This decline may cause lower ice concentrations, resulting in bears 
spending more energy traveling to different areas in search of  prey. 
Understanding the importance of  ice concentration in polar bear 
migration and how it influences their migration may provide in-
sight into how this and other populations may respond to a chan-
ging environment altered by climate change.

The importance of  wind on bear movement when hunting is 
apparent (Togunov et al. 2017, 2018). We found further support 
that wind also influences polar bear movement, where migration 
was influenced by wind speed and direction. Wind speed influenced 
the timing of  migration onto sea ice, where bears exhibited earlier 
departures from land as wind speeds increased. Earlier departures 
may be facilitated by high wind speeds moving northern ice south-
ward along the WH coast. Climate change is predicted to cause 
increases in wind speeds (McInnes et al. 2011) and to delay ice for-
mation as water temperatures increase (Joly et al. 2011). Increased 
wind speeds may facilitate earlier bear migration onto ice, but it 
may be counteracted by delayed ice formation. We found that wind 
direction influenced migration both onto sea ice and onto land. 
Migration onto sea ice is suggested to be influenced by wind, where 
bears primarily travel downwind and east (Togunov et al. 2017, 
2018). The influence of  wind direction on breakup migration could 
be due to both prey searching and ice drift (Togunov et al. 2017, 
2018) as bears actively forage and accumulate peak fat during 
breakup (Galicia et al. 2020). WH bear movement follows ice drift 
similarly during ice breakup (Klappstein et al. 2020) and ice drift is 
due to both wind (Saucier et al. 2004) and a counter-clockwise gyre 
(Prinsenberg 1988).

Our findings support other evidence that suggests that polar bear 
migration is more strongly influenced by environmental variables 
than biological variables. Consistent with previous studies (Cherry 
et al. 2016; Pilfold et al. 2017), we did not find any support that 
body condition, bear age, or reproductive status influenced mi-
gration movement. Our results suggest that adult females of  all 
reproductive states could be equally vulnerable to changes in ice 
conditions during freeze-up and melt.

Although we did not find any influence of  biological variables 
on migration when compared to environmental variables, uninves-
tigated biological variables may influence bear migration, such as 
prey and bear distribution. Although earlier studies provide abun-
dance estimates of  seals in WH (Lunn et al. 1997; Chambellant 
et al. 2012), they do not span our study period. Seal distribution 
would likely influence bear migration as seals are the main prey 
of  polar bears (Stirling et al. 1977; Sciullo et al. 2017). As we only 
tracked adult females, expansion of  analyses to include other bi-
ological variables (e.g., subadults, males, competition, infanticide 
risk, mating, and prey) may add to a better understanding of  mi-
gration ecology for the entire population.

Although some polar bear populations have access to ice year-
round, studies in WH may serve as a model for these populations as 
climate change is causing ice declines across the Arctic (Serreze and 
Stroeve 2015; Stern and Laidre 2016). As ice declines, some popu-
lations are shifting behavior to become more like bears in WH (e.g., 
terrestrial denning; Fischbach et al. 2007; greater land use; Rode et 
al. 2015; Atwood et al. 2016). Migration behaviors may change in 
other bear populations and reflect the annual migrations in WH, as 
sea ice declines and access to seals is restricted.

Interannual migration trends

Climate change is predicted to alter migration phenology, with phe-
nological shifts already evident in several species (Jenni and Kéry 
2003; Lehikoinen and Jaatinen 2012; Hauser et al. 2017). Our re-
sults suggest that migration patterns have remained broadly sim-
ilar over our 12-year study; however, longer monitoring may detect 
pattern changes. Migration stability may be due to the temporary 
sea ice stability, where there were no directional trends in sea ice 
(ice concentration, freeze-up date, and breakup date) in Hudson 
Bay over our study (Lunn et al. 2016). Another finding suggested 
that land departure dates became earlier over our study, although 
the contrary is expected. Mean temperatures have increased in 
northern Canada over the past few decades (Ding et al. 2014), 
but 2013 and 2014 were anomalous years due to lower temperat-
ures, possibly resulting in earlier departure dates within those years 
(Supplementary Figure S5). Consistent with this interpretation, 
analyses excluding these 2 years provided no evidence for an effect 
of  year on departure dates (results not shown). Over a longer pe-
riod, land departure dates were later and land arrival dates earlier 
when comparing polar bear migration from 1991–1997 to 2004–
2009 in WH (Cherry et al. 2013). Due to the location frequency of  
the collars deployed in 1991–1997 (locations 2–10 days apart), we 
were unable to include this data in our analyses, but we expect that 
changes in migration may have been detected with a longer study.

When examining any long-term trend in response to climate 
change, the detection of  an effect is dependent on the period exam-
ined. However, the time extent for detecting changes may vary 
depending on species. For example, phenological changes in car-
ibou (Rangifer tarandus) migration near Hudson Bay were detected 
over 11 years (Le Corre et al. 2017). Although we did not detect 
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changes in migration, such change could have been evident with 
a longer time series. Long-term data is critical for all migrating 
species as it enables researchers to measure the effects of  climate 
change on migration patterns.

CONCLUSION
Migration is a complex behavior that should be investigated thor-
oughly to increase ecological understanding. Using both temporal 
and spatial migration metrics, we identified variables that influ-
enced polar bear migration by investigating both environmental 
and biological variables. We determined that migration in WH 
polar bears was most influenced by environmental variables regard-
less of  reproductive status. We provide a novel framework for ana-
lyzing migration by examining multiple migration metrics and their 
relationships with each other, which could be used in migration 
studies. We found that polar bear migration patterns remained rela-
tively unchanged over our 12-year study, although continued moni-
toring may detect future changes. Our framework may be used to 
aid conservation efforts on polar bears and other migratory species 

responding to climate change.
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