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Satellite telemetry (ST) has played a critical role in the management and conservation of
polar bears (Ursus maritimus) over the last 50 years. ST data provide biological information
relevant to subpopulation delineation, movements, habitat use, maternal denning, health,
human-bear interactions, and accurate estimates of vital rates and abundance. Given that
polar bears are distributed at low densities over vast and remote habitats, much of the
information provided by ST data cannot be collected by other means. Obtaining ST data
for polar bears requires chemical immobilization and application of a tracking device.
Although immobilization has not been found to have negative effects beyond a several-day
reduction in activity, over the last few decades opposition to immobilization and
deployment of satellite-linked radio collars has resulted in a lack of current ST data in
many of the 19 recognized polar bear subpopulations. Here, we review the uses of ST
data for polar bears and evaluate its role in addressing 21st century conservation and
management challenges, which include estimation of sustainable harvest rates,
understanding the impacts of climate warming, delineating critical habitat, and
assessing potential anthropogenic impacts from tourism, resource development and
extraction. We found that in subpopulations where ST data have been consistently
collected, information was available to estimate vital rates and subpopulation density,
document the effects of sea-ice loss, and inform management related to subsistence
harvest and regulatory requirements. In contrast, a lack of ST data in some
subpopulations resulted in increased bias and uncertainty in ecological and
demographic parameters, which has a range of negative consequences. As sea-ice
loss due to climate warming continues, there is a greater need to monitor polar bear
distribution, habitat use, abundance, and subpopulation connectivity. We conclude that
continued collection of ST data will be critically important for polar bear management and
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conservation in the 21st century and that the benefits of immobilizing small numbers of
individual polar bears in order to deploy ST devices significantly outweigh the risks.
Keywords: climate change, conservation, movements, polar bear, radio collar, satellite, telemetry
1 INTRODUCTION

Satellite telemetry (ST) has been widely used to determine the
movements, distribution, and habitat selection of mammals,
birds and fishes (Hart and Hyrenbach, 2009; Gaidet et al.,
2010; Harcourt et al., 2019; Hays et al., 2019; Davidson et al.,
2020; Sequeira, 2020). This technology has helped to protect
populations, conserve biodiversity, ensure sustainable use, and
implement ecosystem-based management by providing data on
how animals use the landscape and respond to current or
expected environmental changes (e.g., Block et al., 2016). ST
data are particularly important for long-lived species that are
mobile, difficult to observe directly, or have complex life cycles
that complicate other forms of monitoring (e.g., species that feed
and reproduce in different locations). In the case of the polar bear
(Ursus maritimus), a marine carnivore that ranges widely across
international boundaries and occurs at low densities across a vast
and sparsely populated Arctic (Amstrup, 2003), ST has been a
critical research tool for management, conservation, and
informing international agreements on environmental
protection (PBRS, 2015).

Satellite-linked radio tags (SLRTs), which transmit to polar-
orbiting satellites, have been a key tool in the study of polar bears
because remote habitats and harsh Arctic conditions preclude
the use of other methods (e.g., very high frequency [VHF]
signals) that require the transmitter and receiver to be in
proximity. As early as 1965, scientists suggested that SLRTs
had the potential to provide reliable location data for polar bears,
regardless of season or geographic area (PBSG, 1966; Flyger and
Townsend., 1968). The first successful use of ST to track polar
bears was in 1977 using the NIMBUS 6 satellite system to follow
three adult females in Alaska for 8-390 days (Kolz et al., 1980). In
1979, four female polar bears in Lancaster Sound, Canada
(Schweinsburg and Lee, 1982) and four bears (one male and
three females) in the Greenland Sea (Larsen et al., 1983) were
tracked using the NIMBUS 6 system for 40-266 and 18-63 days,
respectively. In these studies, the SLRTs were housed in collars
that weighed approximately 5 kg and were fastened with a
harness consisting of steel cables covered by plastic and rubber
tubes. The cables were fastened by a magnesium bolt under the
chest to allow for release when the bolt corroded.

Since those initial studies, advances in technology,
attachment/release methods, and satellite systems have made
SLRTs less cumbersome and improved their ability to remotely
monitor polar bears, resulting in widespread and diverse use.
Establishment of the Argos Data Collection and Location System
in 1978 (CLS, 2016) facilitated ST as a tool for wildlife research
(Fancy et al., 1988; Harris et al., 1990; Garner et al., 1994; Belikov
et al., 1998; Schwartz and Arthur, 1999; Tomkiewicz et al., 2010),
which for polar bears included a new ability to identify
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subpopulation boundaries (e.g., Bethke et al., 1996; Taylor
et al., 2001; Mauritzen et al., 2002; PBSG, 2018). In the early
2000s, Global Posit ioning System (GPS) capabil i ty
revolutionized satellite tracking by providing locations accurate
to 30 m (Schwartz and Arthur, 1999; Frair et al., 2010;
Tomkiewicz et al., 2010) compared to, at best, 400 m accuracy
of Argos locations (Douglas et al., 2012). This allowed for fine-
scale analyses of habitat use (Andersen et al., 2008). In 2011,
advent of the Iridium satellite system (Iridium Satellite
Communications, McLean, Virginia, USA) allowed more data
to be transferred at a lower cost than the Argos system (e.g.,
Thomas et al., 2011; Lone et al., 2018b; Pagano et al., 2020) and
enabled two-way communication with SLRTs. This allowed
SLRTs to be programmed remotely (e.g., changing the duty
cycle) and opened the possibility for release devices that could
be triggered by the user. The addition of salt-water sensors,
thermometers, accelerometers, and video cameras further
extended the types of data provided by SLRTs, allowing
detailed behavioral and ecological investigations (Fancy et al.,
1988; Lone et al., 2018a; Pagano et al., 2018).

Most SLRTs used in polar bear research have been attached as
collars, and almost exclusively to adult female bears as their neck
and head morphology maximize retention (Figure 1). Subadult
bears are generally not collared to avoid potential injury during
growth, and adult males are not collared because their necks are
larger in circumference than their heads, which causes collars to
slip off. Other attachment methods including harnesses, ear-
mounted transmitters (Wiig et al., 2017), glue-to-fur transmitters
(Rode et al., 2014a), and subcutaneous implants (Mulcahy and
Garner, 1999; Amstrup et al., 2001) have been used with
limited success.

The International Association for Bear Research and
Management (IBA; https://www.bearbiology.org/) and the
International Union for Conservation of Nature (IUCN)
Species Survival Commission (SSC) Bear Specialist Group
(BSG) support science-based management and conservation of
the world’s eight species of bears (IBA, 2009). These groups note
that, while alternative or less-invasive methods may be useful in
some circumstances, handling and instrumenting bears with
SLRTs is essential to address conservation challenges of the
21st century (IBA, 2009). In recent decades, Indigenous
communities in parts of the Canadian and United States Arctic
have expressed concern about the application of SLRTs on polar
bears. Often, opposition to chemical immobilization, handling,
and collaring is based on concerns about possible negative
physical and behavioral impacts to individual bears, such as
collars that become too tight if the bear grows or changes body
condition (ITK, 2009; Henri et al., 2010; Wong et al., 2017;
AEWC, 2019), and on potential health risks to humans who
consume the meat of polar bears that have been immobilized
April 2022 | Volume 9 | Article 816666
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(Semple et al., 2000). In Svalbard, concerns about the appearance
and possible discomfort of collars have been expressed by
tourists and the general public. Despite these concerns, no
negative effects have been documented in any study focused on
addressing them (Messier, 2000; Semple et al., 2000; Thiemann
et al., 2013; Rode et al., 2014a; see section 2.1).

For management purposes, the world’s population of an
estimated ~26,000 polar bears (Regehr et al., 2016) is divided
into 19 subpopulations with varying levels of immigration and
emigration (PBSG, 2018). Polar bears are distributed widely
across remote environments that are already rapidly changing
due to sea-ice loss resulting from climate warming, the primary
long-term threat to the species (Figure 2, Laidre et al., 2008; Wiig
et al., 2008; Amstrup et al., 2010; Kovacs et al., 2011; Castro de la
Guardia et al., 2013; Regehr et al., 2016). With an ice-free Arctic
predicted to occur in the summer as early as 2034 (Peng et al.,
2020), profound changes in the movements and distribution of
bears are expected, with attendant challenges to their
management and conservation (Atwood et al., 2015). To date,
ecological and demographic changes associated with sea-ice loss
have been detected for 16 of the 19 subpopulations (noting that
changes for some high-latitude subpopulations have not been
negative, and that some subpopulations are data deficient; PBSG,
2018). In this paper, we review available information on the
effects of chemically immobilizing and attaching SLRTs to polar
bears. We examine a suite of scientific areas where ST data have
been critical to management and conservation, including the
value of auxiliary information collected during ST deployments.
We conclude by making the case that ST data from polar bears
Frontiers in Marine Science | www.frontiersin.org 3
will be critical to inform management decisions in the 21st

century as climate warming increasingly impacts polar bear
subpopulations and as human activities in the Arctic increase.
We also discuss potential ways to reduce concerns about possible
effects of ST studies on polar bears.
2 BACKGROUND

2.1 Chemical Immobilization and
SLRT Deployment
Polar bears must be chemically immobilized to deploy SLRTs
(Stirling et al., 1989). Drugs are usually administered via
helicopter-based darting, although in some areas bears on land
are captured in culvert traps or darted from snowmobiles.
Ground-darting of polar bears is relatively rare due to safety
risks associated with not being able to control the animal’s
movement from the time a drug is injected to the point at
which the animal becomes immobilized. Bears typically remain
immobilized and sedated for up to one hour, during which time
researchers mark (e.g., using ear tags, tattoos, microchip) or re-
identify a previously captured individual, record morphometric
data, collect tissue samples, and possibly apply a SLRT.

Since 1985, the most common immobilizing drug for polar
bears has been Telazol® (a 1:1 mixture of tiletamine hydrochloride
and zolazepam hydrochloride; also sold as Zoletil®; Stirling et al.,
1989). Telazol® has proven to be reliable with a high margin of
safety (Kreeger and Arnemo, 2012). In the Southern Beaufort Sea
FIGURE 1 | Different types of satellite tags (ST) on polar bears: (A): ARGOS Satellite collar (Telonics), (B): Satellite ear-attached tag (Wildlife Computers, Redmond
WA), (C): Satellite ear-attached tag (Telonics), and (D): Glue-on satellite tag (Wildlife Computers, Redmond WA). Collars have been the most robust and reliable way
to collect multi-year data from polar bears. Photos by Kristin Laidre (A), George Durner/USGS (C) and Karyn Rode/USFWS (B, D).
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subpopulation, the mortality rate during chemical immobilization
was reduced from 1.4% to 0.1% following a switch from Sernylan
to Telazol® (Thiemann et al., 2013; Rode et al., 2014a). Even prior
to widespread use of Telazol®, mortality rates during capture and
handling were <1% during research in Nunavut and the
Northwest Territories, Canada (Messier, 2000). Notably, most
deaths of anesthetized bears were due to reasons other than the
choice of immobilizing agent (e.g., drowning, dart injury, or being
killed by another bear while recovering from anesthesia; Messier,
2000; Rode et al., 2014a).

The persistence of Telazol® in polar bear tissues has been a
concern in regions where humans consume polar bear meat.
Semple et al. (2000) determined that both Telazol® and its
metabolites declined to trace levels in blood serum, kidney,
muscle, and adipose tissue of polar bears within 24 hours of
dosing, although low levels of metabolites were detectable 11
days after capture. Ryan et al. (2009) in a study of 15 American
black bears (U. americanus) detected Telazol® in muscle and
kidney of one bear, and in the serum of two bears, seven days
post-capture; and in the urine of one bear 14 days post-capture.
Semple et al. (2000) suggested that a human consuming the meat
of a previously immobilized bear would be unlikely to experience
the pharmacological effects from Telazol® if it were eaten 24
hours or more post-capture. To avoid any risk of human
exposure to metabolites—even though negative human health
effects have not been associated with exposure—two studies have
suggested avoiding consumption of harvested bear meat within
Frontiers in Marine Science | www.frontiersin.org 4
14 days post-capture (Cattet, 2003; Ryan et al., 2009). Captured
polar bears are typically marked with unique numerical
identifiers applied as lip tattoos and/or ear tags, and with a
more visible but non-permanent mark using fur dye, which can
be used to determine if and when a harvested bear was
previously immobilized.

Several studies have investigated effects of capture and
handling on polar bear behavior and found no long-term
negative impacts. Bear movement rates and activity are
generally suppressed immediately after capture. Thiemann
et al. (2013) and Rode et al. (2014a) showed that polar bear
activity and movement rates returned to near-normal levels
within 2-3.5 days post-capture, with the majority reaching
normal activity and movement within 5 days. Additionally,
and importantly, direct observations of polar bears following
capture as well as video-camera footage support that bears can
successfully kill and eat a seal within 24 hours of capture despite
reduced activity and movement (Pagano et al., 2018). Also,
Stirling et al., (in press) used approximately 1,800 hours of
direct visual observation of polar bears to compare the
behavior of animals of the same sex- and age-classes that had,
and had not, been previously immobilized. That study found that
bears were more likely to sleep, and less likely to hunt, within 48
hours of capture, but no negative behavioral differences were
detected beyond that period. Furthermore, Stirling et al., (in
press) visually observed three adult bears that successfully killed
seals within 50 hours after capture.
FIGURE 2 | Polar bear ecoregions, 19 subpopulations (AB, Arctic Basin; BB, Baffin Bay; BS, Barents Sea; CS, Chukchi Sea; DS, Davis Strait; EG, East Greenland;
FB, Foxe Basin; GB, Gulf of Boothia; KB, Kane Basin; KS, Kara Sea; LP, Laptev Sea; LS, Lancaster Sound; MC, M’Clintock Channel; NB, Northern Beaufort Sea;
NW, Norwegian Bay; SB, Southern Beaufort Sea; SH, Southern Hudson Bay; VM, Viscount Melville Sound; WH, Western Hudson Bay), and place names mentioned
in the text with arrows showing ice drift. Ecoregions as defined by Amstrup et al. (2008).
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Other studies have investigated whether immobilization and
handling have longer-term effects on polar bear body condition
(i.e., fatness) and reproduction. Rode et al. (2014a) assessed 26
years of capture data in the Southern Beaufort Sea and found no
directional change in body condition of 197 polar bears captured
2-10 times (1-2 captures per year). Similarly, the body condition
of 309 polar bears captured twice in different years did not differ
from the body condition of 734 bears at initial capture (Rode
et al., 2014a). Messier (2000) also found no effect of helicopter-
based capture on polar bear body condition. Litter size and mass
of cubs was unaffected by single or multiple captures of the
mother, and capture of the mother was not found to influence
cub survival (Amstrup, 1993; Rode et al., 2014a). Further, bears
that were captured as dependent young in the spring achieved
greater adult body size than bears that were not captured as
dependent young (Rode et al., 2014a). These results suggest that
effects on activity, movement, and feeding behavior post-capture
do not translate to reduced body condition or survival for most
sex and age classes. One exception may be pregnant females
captured just prior to denning (Lunn et al., 2004). Ramsay and
Stirling (1986) and Amstrup (1993) indicated that some
pregnant females captured at dens before giving birth relocated
to a new den site, while Lunn et al. (2004) found that pregnant
polar bears at dens seldom relocated if not disturbed by capture.
Capturing females at dens is now largely avoided.

Rode et al. (2014a) also investigated the effects of collaring on
polar bear activity and movements, health, and survival of
dependent young. Activity and movement rates of collared
bears were not different from those wearing glue-to-fur or ear-
mounted transmitters, and body condition of females that had
worn a collar for one year (n = 56) was similar to females that
had never worn a collar (n = 238; Rode et al., 2014a) (Figure 3).
Survival of cubs was similar for adult females that had, and had
Frontiers in Marine Science | www.frontiersin.org 5
not, worn a collar the previous year. Currently, all handling of
wildlife, including immobilization and deployment of SLRTs on
polar bears, must be approved by national agencies and
Institutional Animal Care and Use Committees.

2.2 SLRT Types
Various attachment types for satellite transmitters, including collars,
glue-to-fur, implants, and ear tags, can be used on polar bears
(Figure 1). There are trade-offs between retention, operational life,
data quality, and the animal’s tolerance of the different attachment
types. Collars are most frequently used because their size (currently
~1.5 kg; https://www.telonics.com/) can accommodate a battery that
provides high-quality data for > 1 year (e.g., Amstrup et al., 2004).
For an adult female of 200-300 kg, a collar represents 0.5-0.8% of the
bear’s mass. Additionally, collars allow for the attachment of devices
for monitoring behavior, such as video cameras and activity sensors
with high spatial and temporal resolution (e.g., Whiteman et al.,
2015; Pagano et al., 2018). Although collars are usually only
deployed on adult females (Figure 4), glue-to-fur and ear-
mounted transmitters can be deployed on subadults and adults of
both sexes. However, low battery capacity associated with the small
size of ear-mounted transmitters (≤70 g) and the propensity of bears
to remove the transmitters has resulted in a mean functional life of
70 days (Wiig et al., 2017), which is too short to evaluate seasonal
patterns in movements and habitat use. Additionally, Wiig et al.
(2017) reported injuries to ear pinna resulting from ear-mounted
transmitters being forcefully removed (e.g., during intraspecific
interaction or while hunting). The use of subcutaneous SLRTs
implanted in the dorsal cervical region with a percutaneous
antenna was attempted on seven adult male polar bears in 1996
and 1997, with limited success (Mulcahy and Garner, 1999;
Amstrup et al., 2001). There have been no attempts to use
implanted transmitters on polar bears since 1997.
FIGURE 3 | A satellite-collared female polar bear in East Greenland feeding on a harp seal kill in July 2019. This bear was captured, and the collar deployed two
years before the photo was taken. This bear would score high on a body condition index. Several scientific studies have demonstrated that the presence of satellite
telemetry devices does not impact body condition over the long term. Photo by Nick Cobbing.
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3 A REVIEW OF THE ROLE OF ST DATA
IN PAST POLAR BEAR MANAGEMENT
AND CONSERVATION

3.1 Subpopulation Delineation
Pedersen (1945) suggested that polar bears undertook long
migrations around the Polar Basin, and early scientific debate
focused on whether there was one or more polar bear
populations across the Arctic (e.g., Lentfer, 1972; Vibe, 1976;
Larsen and Stirling, 2009). Investigations using locations of
captured and marked bears as well as data from VHF radio
collars on adult females facilitated the delineation of multiple
subpopulations resulting from seasonal fidelity to localized areas
and natural obstacles to movement (e.g., land masses; Taylor and
Lee, 1995). ST data have been used to quantify exchange among
subpopulations (Mauritzen et al., 2001; Laidre et al., 2018a) and
identify occasional long-distance movements across
subpopulation boundaries of up to 5,000 km in one year
Frontiers in Marine Science | www.frontiersin.org 6
(Durner and Amstrup, 1995; Bethke et al., 1996; Taylor et al.,
2001; Mauritzen et al., 2002; Amstrup et al., 2004; Obbard and
Middel, 2012; Scharf et al., 2019) (Figure 5). ST data also have
been used to understand how bear distributions change as sea-ice
loss progresses (Durner et al., 2019; Pagano et al., 2021) and
ensure that management pract ices are appl ied to
demographically relevant groupings of animals (e.g., Laidre
et al., 2015; Lone et al., 2018a; Lone et al., 2018b). For
example, Amstrup et al. (2004) used ST data to develop
contours describing the probability that bears belonged to the
Southern Beaufort Sea or Chukchi Sea subpopulation. Scharf
et al. (2019) expanded methods for subpopulation delineation
into a Bayesian framework that accounted for selection by bears
of dynamic sea-ice habitats. Both ST and genetic methods
(Paetkau et al., 1999; Peacock et al., 2015; Viengkone et al.,
2016) have been used to understand the degree to which
individual subpopulations are isolated (Bethke et al., 1996;
Mauritzen et al., 2001; Taylor et al., 2001), which can affect
FIGURE 4 | (A-F). Three adult female polar bears shown when satellite telemetry collar was deployed (left) and when it was removed (right). (A, B) show bear
D24042 from East Greenland after one year. (C, D) show bear X35260 from Kane Basin after two years, and (E, F) show bear D7388 from Baffin Bay after four
years. Satellite telemetry collars can be deployed for different durations and controlled by release mechanisms or removal upon recapture. Discoloration is matted
hair under the collar.
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population viability (e.g., via source-sink dynamics or small-
population effects).

3.2 Abundance and Demography
Estimates of polar bear abundance are used to monitor
subpopulation trend and inform management, including
Frontiers in Marine Science | www.frontiersin.org 7
estimation of sustainable harvest (e.g., Lunn et al., 2016;
Stapleton et al., 2016; Obbard et al., 2018; Regehr et al., 2018).
Estimates of vital rates (e.g., reproduction, survival) and their
relationship with environmental conditions are needed to
evaluate subpopulation viability and the demographic effects of
sea-ice loss (e.g., Hunter et al., 2010; Regehr et al., 2010). ST data
FIGURE 5 | Long-distance movements of satellite-collared adult female polar bears across subpopulation boundaries, with green triangles showing start locations
and red triangles showing end locations. Data shown for (A) two bears tagged in the Northern Beaufort Sea, one of which traveled to northern Greenland from May
to October 1993 (green dots), and the other to eastern Greenland from April 1993 to February 1995 (brown dots; Lunn et al., 1995); (B) two bears tagged in the
Barents Sea, one of which moved from Svalbard to Severnaya Zemlya in the Kara Sea from April to November 2013 (green dots), and another that moved from
Svalbard into the Arctic Basin from April 2014 to September 2015 (brown dots; Aars, unpublished data); (C) one bear tagged in Kane Basin between April 2013 and
2015 crossed the Arctic Basin to Franz Josef Land in the Barents Sea (Laidre et al., 2020b); and (D) one bear tagged in the Southern Beaufort Sea between May
1992 and December 1993 traveled across the Arctic Basin to Greenland (Durner and Amstrup, 1995). Distances moved by polar bears in these figures are upwards
of 3,500 km across the polar basin.
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also have been essential in many demographic analyses to clearly
define demographic parameters (e.g., to distinguish between
mortality and emigration) and to model nonrandom
movements of bears in and out of sampling areas, which lead
to substantive bias—usually negative—in parameter estimates
(Regehr et al., 2009; Peñaloza et al., 2014).

For example, Regehr et al. (2018) used ST data to model the
movement of bears with respect to a geographically limited
sampling area in the Chukchi Sea subpopulation, leading to
the first biologically plausible estimates of survival and
abundance, which were subsequently used to inform harvest
management (Regehr et al., 2021b). Similarly, in the Southern
Beaufort Sea, ST data were used to model transitions between
geographic regions (i.e., “states”) of the study area to help explain
heterogeneity in recapture probabilities (Bromaghin et al., 2021).
In the Barents Sea subpopulation, ST data were used to design
large-scale aerial surveys (Aars et al., 2009; Aars et al., 2017) and
extrapolate density estimates to areas not covered by line-
transects with a ratio estimator based on the locations of
collared females at the time of the survey. In Aars et al. (2017),
ST data were used to estimate the number of bears that were
swimming and therefore not detectable. Availability of ST data
also ensured ecotype-specific movements did not result in biased
abundance estimates (Aars et al., 2017).

During an assessment of the Baffin Bay and Kane Basin
subpopulations, current and historical ST data showed that
both subpopulations had redistributed due to sea-ice loss
(Laidre et al., 2018a; Laidre et al., 2018b; Laidre et al., 2020a;
Laidre et al., 2020b; Atkinson et al., 2021). Further, for Baffin Bay,
ST data identified that the definition of this subpopulation had
changed over time because capture-recapture studies in the
1990s did not fully sample the subpopulation’s autumn range.
Without this information, comparison of abundance estimates
between the 1990s and 2010s would have led to a biased
assessment of subpopulation trend.

3.3 Habitat Use
ST data have been instrumental in understanding the
relationships between polar bears and their habitats. Wiig
(1995) noted large variation in home range size of female polar
bears in the Svalbard area of the Barents Sea subpopulation, and
Mauritzen et al. (2001) reported females in this subpopulation
belonged to one of two ecotypes. “Coastal” bears use land in
Svalbard much of the year, as well as nearby sea ice when
seasonally available; whereas “pelagic” bears travel longer
distances and use the marginal ice zone (MIZ) most of the
year. Mauritzen et al. (2003) also found that habitat selection
among Barents Sea bears depended on female reproductive
status. Further, Brun et al. (2021) identified that coastal
females showed high fidelity to local areas within Svalbard,
with close relatives using overlapping home ranges. Similar
patterns have been shown in East Greenland (Laidre et al., 2015).

Resource selection functions (RSFs, Manly et al., 2002) using
ST data have identified three key physical features that define
important polar bear habitat: medium to high sea-ice
concentrations (Arthur et al., 1996; Ferguson et al., 2000a;
Durner et al., 2004; Durner et al., 2006; Durner et al., 2009;
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Wilson et al., 2014; Laidre et al., 2015; McCall et al., 2016; Lone
et al., 2018b), sea ice cover that exceeds 50% sea-ice
concentration (Durner et al., 2004; Durner et al., 2006; Durner
et al., 2009; Laidre et al., 2015; Lone et al., 2018b), and sea ice over
the biologically productive continental shelves (Durner et al.,
2004; Durner et al., 2006; Durner et al., 2009; Wilson et al., 2014;
Lone et al., 2018b; Laidre et al., 2018b). RSFs also have identified
finer-scale habitat selection based on ice type (e.g., landfast, drift
ice), sea-ice stage (i.e., thickness and age; Ferguson et al., 2000a),
sea-ice form (i.e., floe size; Ferguson et al., 2000a; Durner et al.,
2004), chlorophyll-a concentration (Wilson et al., 2014), and
proximity to glacier fronts (Freitas et al., 2012; Hamilton et al.,
2017). Activity sensor data from SLRTs have been used to
identify differences in activity patterns associated with habitat,
such as a decline in activity when polar bears are in suboptimal
habitats, likely in response to reduced prey availability
(Whiteman et al., 2015; Ware et al., 2017).

For subpopulations with extensive or complete summer sea-ice
melt, the distribution of ST locations relative to the timing and
duration of breakup or freeze-up, average sea-ice concentration,
and spatial extent of ice-free waters, have been used to infer the
timing of movement of polar bears to and from land (e.g., Regehr
et al., In Review; Stirling et al., 1999; Atwood et al., 2016b; McCall
et al., 2016; Laidre et al., 2020a). ST data have been used to identify
the environmental thresholds that trigger long-distance swimming
(Pagano et al., 2012; Pilfold et al., 2017; Lone et al., 2018a),
quantify the energetic costs of occupying an increasingly
fractured and mobile sea-ice platform (Auger-Méthé et al., 2016;
Durner et al., 2017; Lone et al., 2018a; Pagano et al., 2018; Pagano
et al., 2020) (Figure 6), and compare the energetic demands on
females with different habitat use strategies (Blanchet et al., 2020).
For multiple subpopulations, ST data have shown an increasing
frequency of short- and long-distance swims (i.e., >50 km)
associated with foraging and migrating to land during the
annual open-water period (Pagano et al., 2012; SWG, 2016;
Pilfold et al., 2017; Lone et al., 2018a).

RSFs using ST data also have been used to make inference
about regions used by polar bears but not accessible to humans
(e.g., Durner et al., 2009; Wilson et al., 2016; Lone et al., 2018b;
Durner et al., 2019) (Figure 7), for example by extrapolating
habitat-specific polar bear densities to remote areas that could
not be directly sampled (Regehr et al., 2018). Also, projections of
polar bear habitat to inform the decision to list polar bears as
“threatened” under the U.S. Endangered Species Act relied
heavily on ST data (USFWS, 2008), as did the definition of
critical habitat for polar bears in the Alaskan Beaufort and
Chukchi seas (Durner et al., 2009; USFWS, 2010).

3.4 Maternal Denning
General patterns in polar bear denning have been determined by
combining information from scientists and Arctic Indigenous
residents (e.g., Harington, 1968; Larsen, 1972; Uspenski and
Kistchinski, 1972; Lentfer and Hensel, 1980; Larsen, 1985;
Stishov, 1991; Stirling and Andriashek, 1992; Van de Velde
et al., 2003; Derocher et al., 2011; Aars, 2013), with ST data
playing a critical role in reducing bias and uncertainty around
denning habitat and locations (Lunn et al., 2004; Yee et al., 2017;
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Escajeda et al., 2018; Durner et al., 2020). ST data have been used
to identify “core” denning areas (Harington, 1968), such as
Wrangel Island (Rode et al., 2018), Svalbard (Andersen et al.,
2012), the Beaufort Sea (Amstrup and Gardner, 1994), the north-
central region of the Canadian Arctic Archipelago (Messier et al.,
1994), East Greenland (Born et al., 1997; Wiig et al., 2003; Laidre
et al., 2015) and Hudson Bay (Lunn et al., 2004; Yee et al., 2017).
ST data also have been combined with snow-drift models to
predict optimal denning habitat (Merkel et al., 2020).

Temperature and activity sensors on ST collars (Fancy et al.,
1988; Ware et al., 2015) have provided data on den entrance and
emergence dates based on changes in temperature and activity
(e.g., Messier et al., 1994; Wiig, 1995; Lunn et al., 2004; Fischbach
et al., 2007; Andersen et al., 2012; Olson et al., 2017). This has
allowed comparisons of denning phenology across the polar bear
range, including identifying that polar bears in high latitudes
enter dens earlier in autumn, sometimes enter temporary dens to
shelter from brief periods of intense cold, and exit later in spring
(Messier et al., 1994; Ferguson et al., 2000b; Escajeda et al., 2018)
compared to bears at lower latitudes (Amstrup and Gardner,
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1994; Lunn et al., 2004; Rode et al., 2018a). Wiig (1995) used the
denning frequency of individual females in the Svalbard area
over multiple years to deduce if they had reproduced
successfully, which allowed estimation of reproductive rates.

ST data collected over 30 years from satellite collared bears in
the Southern Beaufort Sea have revealed a shift in the
distribution of maternal dens from ice to land (Fischbach
et al., 2007; Olson et al., 2017) as the stability of sea ice
decreased (e.g., Durner et al., 2017). Atwood et al. (2016b)
examined ST data collected from 1986 to 2014 and found that
the proportion of collared bears coming ashore increased from
~6% prior to 1999 to ~20% from 2000-2014 and the mean length
of stay on land increased by 31 days. Further, empirical
relationships between sea-ice availability and the duration and
proportion of bears summering (Stirling et al., 1999; Rode et al.,
2015; Atwood et al., 2016b; Cherry et al., 2016) and denning
onshore (Fischbach et al., 2007; Olson et al., 2017) have been
used to model the effects of changing energetics on polar bear
reproduction and survival (Molnár et al., 2011; Robbins et al.,
2012; Molnár et al., 2014; Molnár et al., 2020).
FIGURE 6 | Track of a satellite-collared adult female polar bear that swam north from Alaska (Southern Beaufort Sea subpopulation) through ice-free waters from 25
August to 4 September 2008. For details see Durner et al. (2011).
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3.5 Nutritional Ecology and Health
Data collected when immobilizing individual polar bears to
deploy SLRTs, including body measurements and samples,
provide critical insights into population status and health.
Studies using these data have identified mechanisms by which
movements and habitat use affect body condition (Stirling et al.,
1999; Laidre et al., 2020a; Laidre et al., 2020b; Blanchet et al.,
2020), pathogen exposure (Atwood et al., 2017), immune
function (Whiteman et al., 2019), diet (Rogers et al., 2015;
Tartu et al., 2018; Boucher et al., 2019; Blévin et al., 2020) and
energetics (Whiteman et al., 2015; Ware et al., 2017; Pagano
et al., 2020; Blanchet et al., 2020). Further, these data have
identified the mechanisms by which environmental change has
affected individual health and population vital rates (e.g., Stirling
et al., 1999; Rode et al., 2014b; Obbard et al., 2016; Pagano
et al., 2018).

Divergent space-use strategies identified by ST, together with
diet and health data obtained during captures, can be combined
for understanding linkages between polar bear energetics,
behavior, and pollutant and pathogen exposure (Atwood et al.,
2017; Tartu et al., 2018; Blanchet et al., 2020; Blévin et al., 2020).
Information on land use combined with diet and energetics
studies in the Southern Beaufort Sea indicate that the majority of
the subpopulation summers on the sea ice where prey access is
Frontiers in Marine Science | www.frontiersin.org 10
reduced and bears are largely fasting (Whiteman et al., 2015;
Atwood et al., 2016b; Ware et al., 2017) whereas a smaller subset
of the population summers on shore where they benefit from
access to subsistence-harvested bowhead whales (Balaena
mysticetus) (Rogers et al., 2015). Identifying these divergent
behaviors and their potential impacts on vital rates aids in
developing and interpreting population models.

Studies have also identified regions and habitat use patterns
associated with higher contaminant loads (Olsen et al., 2003; van
Beest et al., 2016; Tartu et al., 2018; Blévin et al., 2020) and
greater pathogen exposure (Atwood et al., 2017). For example,
polychlorinated biphenyls and perfluoroalkyl substances were
higher in Barents Sea polar bears that occupied larger offshore
home ranges than in bears that used coastal areas in the Svalbard
archipelago (Olsen et al., 2003; van Beest et al., 2016), which was
further linked to variation in diet, energy needs and proximity to
pollutant sources (Tartu et al., 2018; Blévin et al., 2020). In the
Southern Beaufort Sea, plasma concentrations of some
contaminants (i.e., chlordanes) were lower in land-based bears
compared to the offshore ones (Atwood et al., 2017).

3.6 Anthropogenic Disturbance
ST data have been used in observational (Amstrup, 1993) and
simulation studies (Wilson and Durner, 2020) on the response of
FIGURE 7 | Optimal sea ice habitat (Durner et al., 2019) color-coded by percentage of months with optimal sea ice habitat. The 95% and 50% kernel utilization
distributions (contours) show the seasonal distribution of adult female polar bears instrumented with satellite-linked collars in the Southern Beaufort Sea during
minimum (summer) and maximum (winter) ice extent for two periods (1985-1995 and 2007-2016). (A) summer ice extent season for 1985-1995 and (B) for 2007-
2016; (C) winter ice extent season for 1985-1995 and (D) for 2007-2016. For details see Durner et al. (2019).
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polar bears to disturbances associated with oil and gas extraction
(e.g., Amstrup et al., 2006; Wilson and Durner, 2020). In Alaska,
the Arctic coastal plain and nearshore region is home to a large
industrial footprint (i.e., Prudhoe Bay and Kuparuk oil fields, the
National Petroleum Reserve-Alaska [NPR-A], the Beaufort Sea
Oil and Gas Lease Sale Area) (Figure 8). Legislation passed in
2017 (public law no. 115-97) included a provision to open the
1002 Area of the Arctic National Wildlife Refuge (ANWR) to oil
and gas exploration, which may lead to increased human activity
in key denning areas of the Southern Beaufort Sea subpopulation.
For several decades, records of maternal den locations in Alaska
(including those from ST) have been aggregated into a database
that is used by industrial operators to plan winter activities to
mitigate disturbance of denned bears (Durner et al., 2020). These
data also have been used to monitor the proportion of land-based
dens in areas of management interest including the NPR-A, the
Prudhoe Bay and Kuparuk oil fields, and in the ANWR (Atwood
et al., 2020).

ST data have shown increasing overlap between human
activities and polar bear maternal denning as resource
exploration in the Arctic expands (Amstrup and Gardner,
1994) and more polar bears use land for summering and
maternal denning (Fischbach et al., 2007; Atwood et al.,
2016b). Wilson and Durner (2020) used ST data to estimate
the incidental take of denning polar bears caused by winter
hydrocarbon seismic surveys in ANWR, as required for
compliance with the U.S. Marine Mammal Protection Act (16
U.S.C. 1361). Thirty years of ST data on den distribution,
denning habitat, and den entrance and emergence dates were
critical for designing seismic surveys that reduced the numbers of
bears disturbed. More broadly, ST data have been used to
understand and mitigate (Regehr et al., In Review; Atwood
et al., 2016a) an increasing number of human-bear conflicts
Frontiers in Marine Science | www.frontiersin.org 11
resulting from the loss of Arctic sea ice (Derocher et al., 2004;
Schliebe et al., 2008; Towns et al., 2009; Moshøj, 2014; Wilder
et al., 2017).
4 HOW WILL SATELLITE TELEMETRY
BE CRUCIAL FOR CONSERVATION
IN THE 21ST CENTURY?

Depending on the subpopulation, scientific studies to inform polar
bear management can cost upwards of 1 million US dollars for one
field season (e.g., collection of 100 genetic biopsy samples from a
helicopter). Conducting these studies without concurrently
collecting ST data is inefficient and leaves managers without
information needed to understand the ecological and
demographic status of a subpopulation. The importance of ST
data will grow as the Arctic changes under climate warming. Here,
we discuss crucial applications of ST data in the 21st century,
which include designing effective studies, estimating demographic
parameters, managing harvest, designating protected areas,
improving public safety, forecasting future subpopulation status,
and complying with national and international protected species
legislation (Figure 9).

4.1 Maximizing Data Collection Under
Deteriorating Field Conditions
Climate warming—a key threat driving the need for current
information on polar bears—is making scientific research
more difficult. Over the last decade, the cost and risks to
human safety in studying polar bears have increased. In some
parts of their range, bears are less accessible during the spring
and summer when research has typically occurred, due to sea
FIGURE 8 | A polar bear walking through oilfield infrastructure near Prudhoe Bay on the Arctic coastal plain of Alaska, which is home to a large industrial footprint.
Photo credit: BP Exploration (Alaska), Inc., with permission.
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ice that is too thin or unstable to work on and fly over. Seasonal
windows for sampling bears on their sea-ice habitat have shrunk
(Stern and Laidre, 2016) and the number of days with poor
weather has increased (Hasemyer, 2021). Thus, opportunities to
continue the type of long-term research programs that have been
Frontiers in Marine Science | www.frontiersin.org 12
key to understanding aspects of polar bear ecology and
demography to date (e.g., Bromaghin et al., 2021) are
disappearing. ST will become increasingly important as future
research and monitoring efforts rely on sampling smaller
numbers of animals.
FIGURE 9 | Overview of the uses of satellite telemetry data for conservation and management of polar bears, together with the consequences of not having satellite
telemetry data.
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Additionally, in the last decade, there has been a shift away
from physical-capture studies and toward less-invasive sampling
methods (e.g., genetic sampling using biopsy darting, distance-
sampling aerial surveys), which also facilitate the collection of
fewer basic life-history data useful for demographic modeling.
Thus, contemporary ST data have been, and will continue to be,
critical to designing less-invasive studies as sea-ice conditions
deteriorate and polar bear distribution changes.

4.2 Estimating Subpopulation Abundance
When Boundaries Are Changing
The importance of ST data in demographic studies will increase
as climate warming alters polar bear habitat use, distribution,
and subpopulation connectivity. Due to the high mobility of
polar bears and difficulty sampling remote Arctic regions, the
number of bears within an area at any given time can differ from
the total number of bears that use the area over multiple years
(e.g., Regehr et al., 2018). Lack of ST data will likely lead to
increased bias in demographic parameter estimates and
increased difficulty in defining the study population and
distinguishing between changes in space use and changes in
the overall number of bears. Without ST data, it will not be
possible to model movements in and out of the sampling area
and reduce bias associated with non-random temporary
emigration (Regehr et al., 2018; e.g., Figure 10). It also will not
be possible to extrapolate to unsampled areas and interpret
changes in estimated abundance over time (i.e., delineating
true change in abundance from changes in distribution); see
section 3.1.

Without ST data or methods to correct estimates of
abundance for polar bear movements, managers can expect
bears may be “double-counted” in capture-recapture studies of
adjacent subpopulations that experience immigration and
emigration. This can artificially inflate abundance estimates,
Frontiers in Marine Science | www.frontiersin.org 13
resulting in overharvest or misapplication of policy decisions
that require accurate estimates of abundance, such as negligible
impact determinations under the U.S. Marine Mammal
Protection Act.

4.3 Improving Harvest Management in a
Warming Arctic
ST data will be integral to identifying sustainable strategies for
subsistence harvest (as well as guided sport hunting, where
allowed) under climate change. The biological effects of
human-caused removals (i.e., the combination of subsistence
harvest, defense kills, and other sources of direct human-caused
mortality) on polar bear subpopulations are evaluated with
demographic models that use estimates of reproduction,
survival, and abundance (e.g., Taylor et al., 2008; Regehr et al.,
2017). Accurate assessment of harvest effects requires the ability
to identify demographically meaningful groups of bears and
obtain unbiased demographic inputs which, as discussed
above, often require ST data. This will become increasingly
important as polar bears exhibit variable responses to climate
change, which necessitates subpopulation-specific harvest
assessments. For example, the previous standard application
under stable environmental conditions of a 4.5% harvest rate
at a 2:1 male-to-female ratio (Taylor et al., 1987; Regehr et al.,
2021a; Regehr et al., 2021b) may not be supportable in the future
for some subpopulations. Furthermore, modern methods to
evaluate harvest use stochastic frameworks where larger
uncertainty (e.g., environmental, statistical, model-based) often
translates into increased risk of negative demographic effects,
which can lead to lower harvest levels aimed at reducing risk. In
the Southern Hudson Bay (SH) subpopulation, lack of ST data
made it difficult to confirm whether declining abundance
estimates, obtained from sequential aerial surveys (Obbard
et al., 2015; Obbard et al., 2018), were caused by declines in
FIGURE 10 | Satellite telemetry data allow for identifying shifts in polar bear space use over time and have proven critical to interpreting data collected during population
assessments (e.g., Laidre et al., 2020a). These data from the Baffin Bay subpopulation demonstrated large shifts in seasonal space use over two decades.
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polar bear numbers or changes in polar bear distribution. This
uncertainty was propagated through a quantitative harvest risk
assessment (Regehr et al., 2021a).

4.4 Forecasting the Future of the
Species and Complying With
Protected Species Legislation
ST data are needed to build RSFs (see section 3.3) that identify
essential habitats and project their future availability under
different greenhouse gas emission scenarios (Amstrup et al.,
2010; Atwood et al., 2016a). Habitat assessments are a
fundamental requirement for implementation of protected
species legislation in a warming Arctic. Article II of the 1973
Agreement on the Conservation of Polar Bears requires the
contracting parties to “take appropriate action to protect the
ecosystems of which polar bears are a part, with special attention
to habitat components…”. Furthermore, the Polar Bear Range
States Circumpolar Action Plan (CAP) considered goals for
defining essential habitat and multiple other agreements on
polar bears (e.g., Article 2 of the U.S-Russia Polar Bear
Agreement; United States T. Doc. 107-10) require the
identification and conservation of key polar bear habitats.
Projections of future polar bear habitats will also require ST
data combined with projections of pollutant transport to and
dynamics in Arctic ecosystems to predict future exposure
to contaminants.

4.5 Reducing Disturbance and Human-
Bear Interactions in a Warming Arctic
Sea-ice decline has led to increases in commercial shipping and
made coastal and offshore industrial development more
economically viable (Smith and Stephenson, 2013; Eguıĺuz
et al., 2016). For example, the Mary River iron ore mine on
Baffin Island (Nunavut, Canada) ships to worldwide markets at a
rate of one freighter every 48 h from July through October and is
planning for an eventual increase to 3 ships per day, during the
period of sea-ice formation (Nunavut Impact Review Board,
2009; Baffinland Iron Mines Corporation, 2018). Increased
shipping will lead to direct disturbances of polar bears. ST data
from collared adult females will be critical to evaluate this (e.g.,
Born et al., 2011; Born et al., 2012).

Using ST data to establish empirical relationships between
reduced sea ice and increased land use by polar bears will be
important for projecting interactions with humans and developing
mitigation plans. Declines in sea-ice habitat are resulting in a
growing reliance on terrestrial habitat for resting during summer
and fall and for maternal denning in winter. This will pose
challenges to balancing industrial development and human
safety with polar bear conservation (Stirling et al., 1999; Cherry
et al., 2013; Rode et al., 2015; Atwood et al., 2016b). As bears spend
more time on land (Regehr et al., In Review), they will become
increasingly vulnerable to anthropogenic stressors, particularly
those associated with industrial activities (Atwood et al., 2016a).

Several new ST applications have potential to monitor and
mitigate the risk of human-polar bear conflict. For example, in
Churchill, Manitoba, ear-mounted transmitters are being
Frontiers in Marine Science | www.frontiersin.org 14
deployed on polar bears captured in town to determine whether
those bears travel north and contribute to the increasing number
of human-bear interactions in coastal communities along the
Kivalliq, Nunavut coast of Hudson Bay (Government of
Manitoba unpublished data). Elsewhere, real-time bear location
data are being used to alert communities when bears are
approaching. In Longyearbyen, Svalbard, geo-fenced ST collars
have been deployed to provide alerts when collared polar bears
come within a 25 km radius of the community (J. Aars, Norwegian
Polar Institute, unpublished data) (Figure 11). Further,
applications to deter wildlife-livestock conflict may be adapted
for polar bears. For example, radio-activated guard (RAG) devices
employ a scanning radio receiver to monitor the proximity of
radio-collared animals to a protected area (Breck et al., 2003) and
may have applications in Arctic communities and at industrial
facilities. If a radio-collared animal approaches a delineated
protected area, the RAG unit activates a non-lethal deterrent
(e.g., strobe light, sound effects) to discourage the animal from
advancing. In sum, ST represents a valuable tool for monitoring
the risks that polar bears can pose to human safety and reducing
conflicts through both reactive (e.g., monitoring the movement of
translocated bears) and proactive (e.g., geo-fencing, RAG devices)
management applications.

Additionally, in the foreseeable future, ST data are likely to be
important to understanding the impacts of the fast-growing ship-
based and terrestrial ecotourism industry focused on viewing
polar bears in their natural habitats. Understanding movements
and seasonal habitat use of bears can help guide future regulations
so that ecotourism activities avoid sensitive habitats.
5 RECOMMENDATIONS TO FACILITATE
FUTURE COLLECTION OF ST DATA AND
REDUCE CONCERNS

In the future, managers who have access to ST data will have
information that is critical to conservation of polar bears
(Figure 9 and Table 1). Lack of ST data will make
management decisions riskier to polar bears and to humans.
Table 1 and references within illustrate the wealth of information
obtained from applying SLRTs to a small number of polar bears
in a subpopulation, in contrast to other monitoring methods that
would require sampling a much larger number of bears. In some
cases, deployment of <10 SLRTs per year, over a 3-5-year period,
provided information that was necessary to design an effective
study and interpret demographic results of capture-recapture
studies (e.g., Baffin Bay subpopulation, Laidre et al., 2020a;
Laidre et al., 2020b; Atkinson et al., 2021). In other cases, the
availability of ST data was a determining factor in whether a
capture-recapture study produced useful results. For example,
lack of ST data for the M’Clintock Channel subpopulation led to
negatively biased estimates of survival and forced analysts to
estimate abundance using only two years of data in a closed-
population capture-recapture model (Dyck et al., 2021).
Similarly, preliminary capture-recapture analyses for the
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Viscount Melville subpopulation failed to produce biologically
plausible results, whereas subsequent analyses that used ST data
led to more accurate estimates of survival and abundance. Here
we identify three methods that may facilitate collection of ST
data and reduce concerns.

5.1 Establish Common Objectives
Scientists, managers, Indigenous partners, and stakeholders
should review the status of polar bear subpopulations, identify
what information is most important to management and
conservation, and determine appropriate methods to collect it.
This requires discussing the pros and cons of all research methods
and identifying the ramifications if ST data are not collected, such
Frontiers in Marine Science | www.frontiersin.org 15
as increased uncertainty and bias. The discussion should extend to
impacts on management decisions (e.g., regarding sustainable
harvest level) and potential ramifications for resource users,
regulatory entities, and others. In this manner, decisions about
whether to collect ST data and the number of bears to be fitted
with SLRTs can be based on a transparent assessment of the most
effective research methods available to meet objectives, while
recognizing approaches vary between subpopulations. We
suggest that this type of front-end, collaborative discussion could
lead to a better understanding of concerns around ST and help
identify mutually acceptable solutions.

Open discussions should occur around the level of disturbance
caused by any field study on polar bears. Even genetic capture-
FIGURE 11 | Movements of an adult female polar bear near Longyearbyen, the main settlement in Svalbard, in August 2021 (A, B). The Telonics iridium collar was
set to collect GPS positions every other hour and report them every second day. When the collared bear moved inside a circle with radius of 25 km (‘geo-fence’)
from Longyearbyen, the collar sent data more frequently (collecting a GPS location every hour and reporting every 4th hour) so the bear’s proximity to town could be
monitored (C).
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recapture studies, increasingly used as a less-invasive research
method (e.g., Atkinson et al., 2021), involve briefly pursuing and
temporarily altering the behavior of large numbers of bears from a
helicopter (upwards of >1,000 bears biopsy darted in some cases,
Atkinson et al., 2021). In this context, the relatively small number
of bears that must be physically captured to obtain ST data
(Table 1) represents a small amount of disturbance with a
potentially large increase in the amount of information. In many
situations, improvements to study design and parameter
estimation that result from ST data mean that sample sizes of
other types of data (e.g., from biopsies) can be substantively
reduced while still meeting research objectives.

5.2 Use the Minimum Necessary
Sample Sizes
Collar deployment should be guided by research objectives that
are explicitly linked to management and conservation needs.
1As defined by Amstrup et al. (2008)
2Based on deployment location
3Current estimate (PBSG 2019)
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Statistical power analyses can estimate how many representative
individuals are needed to answer specific questions, while
accounting for potential problems with data acquisition or tag
failure. This will ensure that no more ST devices are deployed
than are needed to address specific goals. One approach may be
to agree upon a minimum sample size and number of sampling
years needed for a robust assessment and commit to reengaging
all parties prior to increasing sample sizes (e.g., Sequeira et al.,
2019). Furthermore, temporal limits could be placed on the
duration over which individual bears wear ST collars (e.g.,
Laidre et al., 2020b). A release mechanism can be programmed
for collars to drop off on a specific date or bears can be
recaptured and collars manually removed. These approaches
require balancing multiple tradeoffs, given that sample sizes
and how long individuals wear SLRTs is positively correlated
with the probability that ST data will reveal individual variability
in the behavior and the adaptive potential of polar bears.

5.3 Advance ST Technology
Improvements in SLRTs have the potential to alleviate concerns
about effects on polar bears. Size reduction of collars, reliable
TABLE 1 | Number of bears instrumented with satellite tags (ST) (any type) by subpopulation over the last 40 years.

Ecoregion1 Sub-
population2

Sub-population
Abundance3

Number of ST Instruments
Deployed (Female/Males)

Institutes responsible for data acquisition (in no particular order)

1980-
89

1990-
99

2000-
09

2010-
19

Divergent
Ice

BS 2650 14/0 161/4 102/0 193/0 Norwegian Polar Institute/USGS/All-Russian Research Institute for Nature Protection/
Severtsov Institute of Ecology and Evolution at Russia’s Academy of Sciences

KS Unknown – 14/0 – 9/2 US Geological Survey/All-Russian Research Institute for Nature Protection
LP Unknown – 9/0 – 4/3 US Geological Survey/All-Russian Research Institute for Nature Protection/Arctic

Research Center LLC (ARC) of Rosneft
CS 2937 47/0 107/0 21/0 114/

61
UW Fish and Wildlife Service/US Geological Survey/Arctic Research Center LLC (ARC)
of Rosneft

SB 907 146/0 72/7 250/9 147/
56

US Geological Survey/Environment and Climate Change Canada/Government of
Northwestern Territories

Convergent
Ice

NB 980 30/0 21/0 9/0 17/0 Environment and Climate Change Canada/Government of Northwestern Territories

EG Unknown – 9/0 13/16 71/12 Greenland Institute of Natural Resources/Norwegian Polar Institute
Archipelago KB 357 – 14/0 – 20/14 Government of Nunavut/Greenland Institute of Natural Resources

NW 203 – 4/0 – – Government of Nunavut
LS 2541 – 51/0 – – Government of Nunavut
VM 161 7/0 11/0 – 22/0 Government of Nunavut/Government of Northwestern Territories/Environment and

Climate Change Canada
MC 284 – 1/0 – – Government of Nunavut
GB 1592 – 8/0 – – Government of Nunavut

Seasonal
Ice

BB 2826 – 44/0 5/6 37/30 Government of Nunavut/Greenland Institute of Natural Resources

DS 2158 – 24/9 4/0 – Government of Nunavut/University of Saskatchewan/Environment and Climate Change
Canada

FB 2585 – – 60/5 – Government of Nunavut/University of Alberta
SH 780 – 24/0 37/0 22/0 Government of Ontario
WH 842 38/0 199/0 112/0 151/

45
Environment and Climate Change Canada/University of Alberta/Government of Manitoba

Arctic Basin AB Unknown – 4/0 4/0 2/0 Greenland Institute of Natural Resources/US Geological Survey/University of
Saskatchewan

SUM 282/0 753/
20

617/
36

809/
223
Females andmales include both adults and subadults. AB, Arctic Basin; BB, Baffin Bay; BS, Barents Sea; CS, Chukchi Sea; DS, Davis Strait; EG, East Greenland; FB, Foxe Basin; GB, Gulf
of Boothia; KB, Kane Basin; KS, Kara Sea; LP, Laptev Sea; LS, Lancaster Sound; MC, M’Clintock Channel; NB, Northern Beaufort Sea; NW, Norwegian Bay; SB, Southern Beaufort Sea;
SH, Southern Hudson Bay; VM, Viscount Melville Sound; WH, Western Hudson Bay.
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release mechanisms, and tags that serve as alternatives to collars
for short-term data collection, are all useful areas of development
(e.g., Wiig et al., 2017). Several such efforts have occurred in
recent years but continued technological advances warrant
ongoing investment in methods for tracking polar bears.
Although much of the current understanding of movements of
polar bears comes from the deployment of ST collars on adult
females, development of SLRTs that enable the tracking of adult
males and juvenile bears for a year or more, would greatly
improve knowledge.

Finally, we recommend continued use of field data and
modern analytical methods to investigate the potential effects
of chemical immobilization and collaring on polar bears. While
most studies of capture effects have found no long-term impacts
on fitness, the potential for such impacts should be revisited over
time. Meta-analyses of data from multiple subpopulations could
increase statistical power. For subpopulations with a long history
of capture-recapture studies, it is possible to fit models that
include “trap effects” (e.g., Regehr et al., 2007; Kéry and Schaub,
2012), which are specifically designed to identify temporary
effects on reproduction, survival, or other demographic
parameters following capture.
6 CONCLUSION

In this paper, we review how ST data have contributed to polar
bear management and conservation and discuss their increasing
importance to address current and future challenges. Climate
warming is shifting the geographic ranges of bears, inside and
outside of historical subpopulation boundaries, resulting in altered
metapopulation dynamics and the appearance of bears in new
areas. With an ice-free Arctic expected within decades (Wang and
Overland, 2009; IPCC, 2019), it will be critical to understand how
bears redistribute. Some subpopulations may become genetically
or demographically isolated (Maduna et al., 2021), with
ramifications for population viability (i.e., as a function of
health, energetics, human-caused removals, and contaminant
exposure) and sustainable use. Further, increasing development
in the Arctic (e.g., new shipping routes, resource extraction) will
Frontiers in Marine Science | www.frontiersin.org 17
require access to contemporary ST data to meet legal requirements
for environmental assessments and monitoring. There are vast
areas where few or no ST data are available from polar bears due to
lack of research efforts, including most of the Russian Arctic, the
Arctic Basin, and the Last Ice Area, the latter of which is predicted
to be a long-term refuge for the species (Moore et al., 2019). ST
data from these regions and their respective subpopulations will be
critical to conservation and management of the species. In
summary, ST provides critical data that allow managers to make
informed management and regulatory decisions and ST will be
vital to the conservation of polar bears in the 21st century.
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