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Abstract

Background Monitoring polar bears is logistically challenging and expensive. Traditionally, reproductive history

has been assessed using permanent marks from physically captured individuals, which requires assumptions about
reproductive history based on their status at the time of capture. This is often supplemented with economically costly
satellite telemetry (ST) collars restricted to adult females, which yield data on space use and reproductive history.

Methods This study assesses the potential of adapting light-level geolocation (Global location sensing or GLS) tags,
developed for birds and fish, to estimate life history metrics for polar bears. Traditionally, GLS uses light intensity and
time of day to estimate approximate twice-daily locations. This information, combined with temperature data, can be
used to assess approximate locations of maternity denning events, denning timing, general space use, and popula-
tion connectivity.

Results Adult females (n=54) were equipped, some several times, with a total of 103 GLS in Svalbard and Greenland
from 2012 to 2021. Of these, 44 were also equipped with 80 ST collars during this period. This yielded GLS and ST data
records for each individual up to 9.4 years (mean (&) 4.0 years) and 5.1 years (J 1.5 years), respectively. Combined
with capture information, the GLS and ST collars were used to score reproductive history (determined presence or
absence of maternity denning events) for 72-54% of bear winters during this period, respectively. Using GLS yielded
on average 4.3 years of unbroken reproductive history records (up to 8 years for some individuals) including denning
phenology and age at first reproduction. Additionally, geographic locations could be estimated during spring and
autumn (when twilight was present) with an average daily accuracy of 93 km (4-1042 km) and 58 km (5-550 km)
when aggregating by season.

Conclusions This study establishes GLS as a powerful, low-cost method for polar bear population monitoring that
can provide data on reproductive history, including age at first reproduction, and maternity denning location and
phenology in programs with ongoing recapture. GLS can also be used to monitor males and immatures that cannot
wear ST collars.
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Introduction

Ecological monitoring is important for addressing funda-
mental questions related to the conservation and man-
agement of species which includes evaluating population
trends [1]. For vertebrates, traditional direct (e.g., man-
ual counts, captures) and indirect monitoring methods
(e.g., fecal, snow track or burrow counts) are often lim-
ited by their cost and logistical challenges, and frequently
provide only localized snapshot of data in space (where
the fieldwork took place) and time (when the fieldwork
took place). In recent years, technological advancements
have ameliorated some of these challenges by allowing
researchers to track wildlife with remote sensing (e.g., [2,
3]), tracking devices (e.g. [4],) and camera traps (e.g., [5]).
Cost-effective, scalable monitoring techniques are ever
more important in light of global declines in biodiversity
[6].

A particularly logistically challenging vertebrate species
to study is the polar bear (Ursus maritimus). This arctic
apex predator is a sea ice-associated species and particu-
larly vulnerable to the effects of climate change due to the
recent dramatic losses of Arctic sea ice and warming of
their environment in general [7]. Since the 1980s, the use
of satellite transmitter tracking devices (ST), in particu-
lar through deployment of collars on adult females, has
led to invaluable knowledge about polar bear ecology,
including demography and space use [4]. A critical aspect
of polar bear life history is the use of over-winter mater-
nity dens, typically dug into snow drifts, to give birth to
and protect altricial cubs from the harsh environmental
conditions [8—10]. Only pregnant females enter a den for
a prolonged period, while males, subadults, or non-preg-
nant females might enter a shelter den for shorter periods
often to avoid harsh conditions [11]. ST collars are a pow-
erful but costly tool that allows for identifying the loca-
tion of a den and the timing of entrance and emergence
to monitor reproduction (e.g., [12—15]). However, ST col-
lars do not fit adult males (neck is wider than the skull)
and are not suited for subadults (still growing). Several
alternative tag types have been used, including glue-on or
ear-attachment with a smaller size and a smaller battery
(40-70 g). These ST tags typically last only a few months
and have, in some cases, led to tissue damage [4, 16].

ST devices require relatively large amounts of power
compared to smaller environmental sensing archival data
loggers because they must radio communicate with satel-
lites. Hence, they require greater battery capacity and are
larger and heavier. GLS data loggers (historically known
as Global Location System, Global Location Service and
Global Location Sensing as well as light-level geoloca-
tors) have been developed as small, archival, light-weight,
and low-cost, but low accuracy global tracking devices
[17]. The light intensity data recorded by these devices
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are extracted upon retrieval and processed to recon-
struct daily positions using astronomical equations. So
far, this technology has primarily been used to determine
movements of vertebrate species such as marine mam-
mals [18], sea turtles [19], seabirds [20], passerine birds
[21], waders [22], and fish [23]. In addition, some non-
geolocating studies have used GLS to investigate animal
behaviour [24] and phenological plasticity [25, 26] in
small animals (for further comparison between tracking
technologies see [27]).

Here, we illustrate the potential of GLS as a powerful,
long-term, and low-cost monitoring tool for polar bears.
Specifically, we develop methods to identify maternity
denning events and their phenology, as well as seasonal
space use using a specially adapted long life GLS design
recording light intensity, time, temperature, and saltwater
immersion events, built as a small ear-tag.

Method

Data collection

Fieldwork was conducted in the Archipelago of Sval-
bard (74—82°N, 10-—35°E) and East Greenland
(60 — 84°N, 74 —12°W) in the European Arctic as part
of the ongoing polar bear monitoring by the Norwe-
gian Polar Institute and Greenland Institute of Natural
Resources during 2012-2021 (Fig. 1). Capture of polar
bears followed standard protocols [28]. Morphometric
measurements and reproductive state (presence and
age of cubs) were recorded. Age of bears was estimated
reading cementum growth layers in an extracted vestig-
ial premolar, unless age of the bear was known based on
a first capture as a juvenile [29, 30]. Starting in 2012, all
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Fig. 1 Study area and its location globally (inset). Red dots illustrate
capture locations of GLS-equipped polar bears in Svalbard and
Greenland (inset). Location of the weather station in Longyearbyen
shown in yellow. Projection: Azimuthal Equidistant centred on 78°N

and 30°E
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female bears in Svalbard except cubs of the year (COY)
that were captured received an ear-tag GLS logger
(Intigeo-PB, Migrate Technology Ltd, Cambridge, UK,
Fig. 2). The GLS ear-tags weighed 5.9 g, with a diam-
eter of 20 mm and a total length of 31 mm, not substan-
tially bigger than the traditional ear-tag weighing 2.6 g,
with a diameter of 16 mm and a total length of 28 mm,
deployed on polar bears across the Arctic and used for
harvest recoveries. They were also attached using the
same methods as used for the traditional ear-tags [31].
The price tag of a single GLS tag was~93% less than
for a conventional ST collar. Most captures took place
in March and April (88%), but some loggers were also
deployed in September (12%). Tags were retrieved in
subsequent years during opportunistic recaptures. Two
GLS loggers were deployed and retrieved in southeast
and northeast Greenland during 2016-2018 (Fig. 1).
The loggers regularly measured and recorded light
intensity, temperature, and saltwater immersion with
time. Light data were interpreted directly to indicate
shading by den cover, and to establish latitude (using
day/night length) and longitude (using time of local
noon/midnight) positioning twice daily when possi-
ble [17]. Compromises in the design of the GLS logger
favoured long-term deployment such that many years
of data could be recorded. Light intensity was sam-
pled every minute with the maximum value recorded
in each 10 min period (range 1 to 563 lx). Temperature
(0.125 °C resolution,£0.5 °C accuracy) was sampled
every 10 min with maximum and minimum recorded
every four hours. In addition, every four hours, four
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consecutive 10 min temperature samples were recorded
in a ‘burst! The communication contacts on the log-
ger had a second function to detect whether the logger
was in saltwater or not (Fig. 2). This wet/dry saltwater
immersion check was performed every 30 secs and a
count of 'wets’ recorded. Due to memory limitations,
the maximum count of ‘wets’ in any four hours was
three and not 120.

During the study period, several adult females in Sval-
bard were also fitted with ST collars (TGW-4678-3 and
TGW-4678-4, Telonics, AZ, USA), recording GPS loca-
tions (accurate to within a few metres) every two hours.
Further, these ST collars also recorded temperature
(instantaneously every second hr) as well as bear activ-
ity (number of seconds a bear movement exceeded an
accelerometer threshold, within each 2-h period). These
data were transmitted via the Iridium satellite network.
The two Greenland bears equipped with GLS loggers
were also fitted with ST collars (TAW-4610, Telonics,
AZ, USA) but, rather than recording GPS locations and
transmitting the data via satellite, these were Argos PTTs
(Platform Transmitter Terminals) and their location
determined using the Doppler method every four days by
the ARGOS satellite network (Collecte Localisation Sat-
ellites). In contrast to GPS, ARGOS locations are accu-
rate to a few km [32]. In this manner, 22 adult females
were double-tagged with both ST collars and GLS log-
gers during 2013-2020 (some several times) and, where
GLS loggers were later retrieved, the collar data provided
accurate location and reproductive history to compare
with GLS derived data.

Fig. 2 aIntigeo-PB ear-tag GLS logger and b the GLS equipped on the ear of an adult female polar bear
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Classifying reproduction and denning phenology
Reproduction events for female adult polar bears were
systematically classified as maternity denning (hereafter
“denning’, or D1) or non-denning (hereafter D0), for each
winter period when data were available. We used three
different data sources: (1) capture event information,
(2) ST collars, and (3) GLS loggers. Maternity denning
was assumed to occur sometime between 15 September
and 15 May, based on earlier phenology studies across
the Arctic [9, 11, 12, 14, 33-36]. Cubs are born in mid-
winter, by mid-January [11, 37]. Short periods of up to a
few weeks in a den were assumed to be temporary shel-
ter denning, and thus unless denning events were longer
than 2 months, we assumed no reproduction (D0) for
that winter.

The presence of COYs or yearlings during capture
was used to classify recent reproductive history of adult
females as maternity denning or non-denning [38].
Females have an assumed 3-year reproductive cycle,
weaning cubs at the age of 2 years and 3—4 months in
most Arctic areas, including Svalbard [11]. They are
assumed to not enter a den for a prolonged period when
with older cubs. The presence of COYs signifies that the
female was in a maternity den the previous winter (D1),
while the presence of yearlings signifies that the female
was in a maternity den two winters ago (and therefore
did not den (DO) last winter). If a female was lactating
and alone in spring when captured, proving she nursed
cubs at some stage, but at the same time capture or sen-
sor data proves she never reproduced until a year before
capture, we know she gave birth (and lost COYs) the win-
ter before capture (and was denning, D1). The typical age
of first reproduction for female polar bears in Svalbard is
6 years [39].

Denning history estimation using ST collars followed
methods in previous studies [9, 12-15, 40]. Denning
events as well as denning phenology (timing of den entry
and exit) were assessed using movement behaviour as
well as temperature and activity profiles throughout the
winter months [41].

A similar approach was used to identify denning events
using GLS loggers. Here, light, temperature and saltwa-
ter immersion data were used to classify winter behav-
iour and denning phenology. The light data signature of a
denning bear (entering a dark den) is characterized by an
early abrupt seasonal drop and/or late abrupt increase in
estimated daylength and mean and max daily light inten-
sity recorded compared to the expected seasonal light
curve at the last capture latitude (Fig. 3). This was supple-
mented with daily mean 4-h minimum temperature data.
A denning event could be clearly identified by an increase
(at start) and later decrease (at emergence) in recorded
temperature and concurrent diversion from ambient

Page 4 of 11

temperature as recorded at Longyearbyen airport (yel-
low square in Fig. 1). Temperature profiles for Longyear-
byen airport have been downloaded from the Norwegian
Meteorological Institute (frost.met.no, accessed 23 June
2022). Further, saltwater immersion records corrobo-
rated light and temperature information as bears showed
no indications of being in saltwater when denning but
did so during other times of the year, likely because of
occasional swimming and diving (head and thus GLS
submerged) in the sea (Fig. 3). Other causes might also
produce a "wet" signal such as sweat, saliva or other con-
ductive liquids deposited between the contacts of the
logger. The ‘burst’ mode temperature record in the log-
ger was analysed but did not yield more information than
using daily mean 4-h minimum temperature records to
establish denning information and was not used in fur-
ther analyses.

Scored denning events (D1 or DO) using ST collars and
GLS information were validated with each other, and
by visual observation of bears during subsequent cap-
ture (e.g., presence of COYs), where possible (Additional
file 1: Fig. S1).

Location estimation
Location estimation using light-level geolocators requires
the determination of discrete twilight events as defined
by dawn and dusk light thresholds. Initial twilight event
timings for all bears were determined from log-trans-
formed recorded light intensities and time using the
function twilightCalc and a threshold of 3.1 Ix (Geo-
Light package [42]). This threshold value was used for all
deployments. During several autumn (August to Novem-
ber) and spring seasons (February to April) identification
of these twilight transitions was challenging due to noisy
light data, likely as a consequence of the bears’ behaviour
(e.g., in den, dirty). These instances of noisy data were
identified using twilightEdit (TwGeos package [43]), a
function designed to identify likely erroneous events in
consecutive days, using a 4 day window, a 30 min outlier
threshold and a 15 min stationary site variation.
Locations based on twilight transitions were calculated
with the threshold method [44] using the thresholdLo-
cation function (SGAT package [45]), a calibrated solar
angle of — 3.5°, and a tolerance of 0.18. The tolerance
chosen relates to the strength of the rejection of latitude
results close to the equinoxes when the solar declination
is near zero and hence latitude estimates are extremely
sensitive to errors. The solar angle corresponding to the
twilight light threshold was determined using “in-habi-
tat” calibration of all 2533 sets of twilight transitions in
seasons with less than 30% likely erroneous seasonal data
(as identified with twilightEdit, Additional file 1: Fig. S2)
and during days at which ST collar GPS locations were
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(a) Non-denning

Light intensity

(b) Maternity denning
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(c) Shelter denning
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Fig. 3 Examples of GLS data signatures for three winters: a non-denning (D0), b maternity denning (D1), and ¢ short shelter denning (D0). Top:
Daily mean (black) and maximum (grey) light intensity (on an arbitrary scale of 0 to 1) as measured by the GLS is shown with ideal day length at
the last capture location (yellow, scaled to 0 to 1). Middle: Mean daily in-ear logger temperature (as minimum record every 4 h; black) is plotted
together with its daily range (grey) and surface air temperature at Longyearbyen airport, Svalbard (yellow, Fig. 1). Bottom: Daily count of ‘wet’
recordings (maximum of 18 =count of 3 during all six 4-h periods during a day) the logger registered using a conductivity switch (black). Vertical
stippled and dotted red lines denote behaviour classified as den entry, first den opening and den exit

also available across all individuals (Additional file 1: Fig.
S3 [44]). Location accuracy of GLS logger derived posi-
tions was quantified for all double tagged individuals as
great circle distance to ST collar derived positions twice
daily as well as between seasonal median locations. All
analyses were conducted in R 4.1.2 [46].

Results

In total, 271 GLS loggers were deployed in Svalbard
from 2012 to 2019 (33 on immature bears 1-4 years of
age). Of these, 117 were retrieved in 2013 to 2021 (43%
recovery rate, 4 from immature bears), while 7 were
identified to have been lost upon recapture (3%, 0 from
immature bears). We retrieved on average 1.8 years
of data (range 0.2-5.4 years) from 103 recovered GLS

loggers (88% of retrieved tags) equipped to 54 differ-
ent adult females (several were fitted with ear-tags
multiple times). Two GLS tags deployed in Green-
land were retrieved and also yielded data. During the
study period, we also collected data from 80 ST collars
equipped to 44 adult females (several of the bears were
fitted with collars multiple times). Of these, 25 indi-
viduals were double tagged with GLS and ST collars
simultaneously for a period. The periods with GLS data
for adult females varied from 0.9 to 9.4 years (mean (Q)
4.0 years), compared to 0.2-5.1 years (@ 1.5 years) for
ST collars. Individual GLS loggers and ST collars col-
lected data over a period of 0.1-5.0 years (@ 1.6 years),
and 0.1-2.2 years (@ 0.8 years), respectively.
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Classifications of winter denning

All tagged individuals in Svalbard combined were known
to be alive for 265 winters during 2012/13 to 2019/20. A
third (32%) of these winters could be classified as den-
ning (D1) or non-denning (DO0) events using capture
event information such as the presence of cubs of the
year (COY) or yearlings (Table 1). Similarly, 28% of win-
ters could be classified as DO or D1 using ST collar only
and 61% of winters could be classified as DO or D1 using
GLS logger data only. Winter classifications reached 54%,
72% and 84%, when ST data were combined with cap-
ture data, GLS data with capture data, and all three data
sources combined, respectively (Table 1). Depending on
data sources (captures, ST collars or GLS loggers), on
average, 1.2—4.3 years of unbroken reproductive history
records were collected, while 8-year unbroken records
were obtained for 7 individuals (Table 1, Fig. 4). Simi-
larly, age at first reproduction was determined for four
females where the age was certain based on first capture
as dependent cubs (Table 2). In total, 19 (25%) and 56
winters (35%) classified using ST collars and GLS log-
gers respectively, could be confirmed with capture event
information with no inconsistencies. Similarly, for all 26
winters where classification was made using both ST col-
lars and GLS logger independently (but without capture
information) there were no contradictions (D1 n=9, DO
n=17).

Locations

In Svalbard, twilight transitions were only registered
during spring (February — April) and autumn (August
— November) at times of the year when the archipel-
ago was not in polar night or midnight sun (Fig. 5).
This resulted in ~ 80 days of twilight transitions during
each spring or autumn season. Of those, the latitudinal
aspect of location estimation was not affected by equi-
nox periods for ~ 38 days. This resulted in, on average,
100 longitude (range: 2-251) and 19 latitude (range:
0-56) estimates per bear per season. Fewer latitudes
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Fig. 4 Frequency of twilight events recorded by all GLS in Svalbard
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(southern edge of Spitsbergen). Hatched areas illustrate times of the
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or fall (orange) equinox. Number of days when location estimation is
possible (and potentially affected by equinoxes) throughout the year
are shown on top

could be estimated during spring seasons follow-
ing maternity denning events with, on average, 5 esti-
mates (range: 0-35). At the more southerly locations
in Greenland, positions could be estimated also during
summer and, in parts, during winter (Additional file 1:
Fig. S4). Consequently, a bear’s general space use could
be quantified during up to 11% (38% using only longi-
tudes, Fig. 5) and 43% (68% using only longitudes) of the
year in Svalbard and Greenland, respectively. Median
twice daily as well as median seasonal location accuracy
in Svalbard was estimated at 90 km (range: 4—2943 km,
n=2818) and 48 km (range: 1-516 km, n=61), respec-
tively. Similar accuracies are found for the two
females tagged in Greenland (twice daily accuracy:

Table 1 Reproductive events (D1 =maternity den, DO=not in maternity den) classified for all 52 adult females in Svalbard which at
some point had a GLS logger during winter seasons 2012/13 to 2019/20

Data source Denning classified n

Percent classified of all 265 bear winters Mean (max for n ind)

(D1/D0) during this period% years with unbroken
record
Capture events 86 (45/41) 32 15(,n=2)
ST collars 75 (36/39) 28 124, n=1)
GLS 162 (76/86) 61 318,n=2)
Capture events+ ST Collars 142 (72/70) 54 248,n=2)
Capture events + GLS 192 (90/102) 72 38(8,n=3)
Capture Events 4+ GLS + ST COLLARS 222 (108/114) 84 43(8,n=7)
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Table 2 Four instances where data from GLS ear-tags together with capture data (CAP) enabled the determination of age at first
reproduction. These females were captured first as COYs, providing known age. The first reproduction attempt is highlighted in bold

for each individual. D1 = denning, DO = non-denning

Age Bear A Bear B Bear C Bear D
4 (GLS) DO (GLS) DO No information No information
5 (GLS) D1 (GLS) DO (CAP) Never lactated (CAP) Never lactated
6 (GLS) DO (CAP) Lactating (GLS) DO (GLS) DO
7 (GLS) D1 No information (GLS) D1 (GLS) DO
8 No information No information (GLS) DO (GLS) D1
i Discussion
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[@ spring
[ capture
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Fig. 5 Examples of multi-year tracks, based on GLS data, of
consecutive seasonal centroids and capture locations of four females
denoted with different symbols. Lines illustrate extreme sea ice
extends during autumn (2014 & 2018, orange) and spring (2016 &
2020, blue). Projection: Azimuthal Equidistant centred on 78°N and
30°E

median=83 km, range=12-366 km, n=65; sea-
sonal accuracy: median=43 km, range=9-1609 km,
n=_8). This way, seasonal centroids accurately inform
about overall female space use and seasonal movement
(Fig. 6). This includes general denning locations with a
median accuracy of 215 km (range=18-516 km, n=6,
Additional file 1: Fig. S5).

(See figure on next page.)

In this study, we established the use of small GLS ear-
tags as a powerful and low-cost method for long-term
monitoring of polar bear populations, with the ability
to provide data on polar bear reproduction and general
space use. We demonstrated that GLS loggers can even
be applied in the high Arctic Archipelago of Svalbard as
well as in lower latitudes in eastern Greenland. At more
southerly latitudes, due to the nature of light-level geolo-
cation, location data can be acquired for significantly
longer periods compared to higher latitudes. This is the
case for most of the 19 Arctic polar bear populations,
being located further south than Svalbard [11].
Reproductive history (denning/no denning) could
be determined for more than 72% of bear winters dur-
ing an eight-year period among adult females where
GLS tags were retrieved. This presents a significant
improvement in estimating actual reproductive history
of polar bear females compared to traditional methods
such as capture-recapture and ST collars alone. Thus,
we show that in populations with a capture-recapture
programme, GLS can be an important asset in stud-
ies on reproductive success, and reproductive ecology
in general, e.g., to identify deviations from, or showing
variation in, the reproductive cycle. Using capture and
GLS ear-tag data, we also identified a specific case of a
female mating when having yearlings alive, rather than
one year later, as is the assumed norm in most polar
bear populations [11]. Thereby, we could show that

Fig. 6 Example of eight years of unbroken reproductive history information, general space use and yearly light profiles for an adult female polar
bear in Svalbard. Reproductive history: Winter classification as maternity denning (D1) or non-denning (D0) was based on capture information
(CAPTURE), ST collar (ST) and GLS logger data (GLS). Captures with cubs of the year are shown as COY (indicating D1). This female was tagged with
her first GLS at capture in 2012, and a new one at each subsequent capture. Thus, the data shown are from three GLS tags, with 4, 1, and 3 years
of data. She received a ST collar in 2017 that provided data for one year. General space use: Seasonal centroids (autumn (Aug-Nov) in orange and
spring (Feb—Apr) in blue) and capture locations (white diamond) are plotted for each winter on a longitude-latitude grid. Stippled vertical and
horizontal lines denote mean seasonal longitudes and latitudes while density plots on each axis correspond to distribution from estimated twice
daily light locations. ST collar GPS tracks are added when available (color-coded by season and black if outside these seasons). Yearly light profile:
Black and white denote time of day with recorded darkness and light, respectively. Rug plots at the bottom of each panel depict successful location
estimates. Hatched areas illustrate latitudes affected by equinox periods during spring (blue) and autumn (orange). Curved yellow lines illustrate
the change in timing of twilight (approx. sunrise and sunset) at the most recent capture location throughout the year. Capture event timings are
depicted as‘C'in white diamonds and with additional arrows if they occurred outside the plotting region
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required assumptions about reproductive history based
on an adult female’s status at the time of capture are
not always valid and more complete records of repro-
ductive history are necessary. While ST collars can only

25°N  35°N

be deployed safely on adult females [4], we deployed
GLS ear-tags on all females one year or older. Thus, we
can also obtain reproductive data for the early years
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of females recaptured as adults, including age at first
reproduction.

We showed that GLS loggers, like ST collars, pro-
vide data on denning phenology and general space use.
Because these small GLS ear-tags can be deployed also on
adult males and all younger bears of both sexes, they are
well suited for studies on shelter denning behaviour, dis-
persal and movement behaviour and how this may vary
among age classes, sexes and individuals [11]. Although
smaller ST devices (at 40 — 70 g; still considerably larger
than the 5.9 g ear-tags used here) with varying attach-
ment methods have been used for males and young bears
earlier, these have in several cases been less optimal both
due to tissue damage and short battery life [16]. Based on
deviations and break points in measured light levels and
temperatures, and supplemented with an activity proxy,
our approach could be widely generalized to other chal-
lenging to monitor denning species such as wolverines
(Gulo gulo) [47] or arctic foxes (Alopex lagopus) [48].

The GLS loggers also come with disadvantages. Being
archival, they must be retrieved during a subsequent
physical recapture of the tagged individual as there is no
remote data telemetry, unlike with ST collars. Hence, this
approach will be less useful for roaming or pelagic bears
inhabiting the pack ice [49], or in subpopulations where
there is less monitoring effort. Also, spatial location
accuracy and precision using GLS is far lower than using
ARGOS PTT [50] or GPS tracking [51] due to the inher-
ent nature of location estimation using ambient light [52].
However, our calculated median 43—-90 km error rate for
estimated polar bear location was significantly lower than
that reported for flying birds (~100 s of kms) [50, 51,
53]. Potential reasons for this include, lower spatial den-
sity of location fixes for fast moving birds compared to
walking bears, and increased variability in ambient light
attenuation with birds due to the attachment method, the
animal’s behaviour as well as its habitat. Another disad-
vantage is that GLS have only sparse positional coverage
at high latitudes. The twilight events required to esti-
mate locations are not available during times of midnight
sun and polar night, while latitude cannot be estimated
during spring and fall equinox [52]. Consequently, loca-
tion estimation is often not possible after maternity den
emergence at high latitudes, where females may exit dens
during spring equinox or in midnight sun conditions
[9, 11, 12, 14, 33-36]. With recent advances in location
estimation using GLS incorporating both new sensors
(e.g., pressure [54]) and new methods (geolocation in
24-h daylight [55]) positional coverage and accuracy may
improve.
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Conclusion

We have shown that GLS loggers are a powerful
method to monitor polar bear populations, even at high
Arctic latitudes, which are the extreme limit for light-
level geolocation. In long-term monitoring programs
with ongoing capture-recapture, this approach provides
valuable knowledge on polar bear reproductive history
and general space use. In studies that span only a few
years, requiring accurate location estimates, or those
with low recapture probability, use of ST collars would
be a better tool. Of note, GLS ear-tags record data up
to about 5 years and can be retrieved years after that,
making them a valuable long-term monitoring tool
also in areas with low recapture probability as long as
monitoring is ongoing. The use of GLS may also lead to
new knowledge about immature polar bears and adult
males, which cannot be tracked with any other cur-
rently available method.
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