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The Arctic is experiencing rapid reductions in sea ice, affecting all ice-dependant species. In the
present study we examine interannual seasonal movements and habitat use in relation to sea ice
coverage for one of the Arctic endemic marine mammals. We tagged 40 male walruses (Odobenus
rosmarus) in the Svalbard Archipelago with custom-designed tusk-mounted GPS loggers. Twelve of
these animals provided tracks that lasted 1-6 years. Eleven of the walruses displayed clear seasonal
migratory behaviour between summer foraging areas and winter breeding areas. Individuals showed
high inter-individual variation, but clear site fidelity, using the same areas in consecutive years despite
variable sea ice conditions. The walruses swam 5225-10,406 km per year and travelled remarkably
similar distances between years on an individual basis. The phenology of migration was not impacted
by sea ice concentrations or daylight length but was consistent at the individual level, suggesting
endogenous drivers. Sea ice concentrations influenced movement behaviour with animals showing
more tortuous paths when in areas with heavy sea ice, possibly searching for polynyas where females
reside. Ongoing climate change is expected to drastically change walrus habitat, and it remains to be
seen if walruses will be able to shift from their fixed seasonal migratory routines.

The Arctic is changing rapidly due to global warming with declines in sea ice being one of the most visible and
notable results!. Given that all Arctic endemic marine mammals depend on this substrate for most or part of
their life cycle, it is essential to study their behaviour to understand how the changes to their habitat are affect-
ing populations. Walruses (Odobenus rosmarus) are endemic to Arctic and sub-Arctic regions. They are benthic
foragers that feed mainly on bottom-dwelling invertebrates in relatively shallow waters>’. Walruses occur as two
distinct subspecies: the Pacific walrus (O. r. divergens) which occurs in the Arctic and sub-Arctic waters of the
Chukchi, Bering and Laptev seas (USA and Russia)* and the Atlantic walrus (O. . rosmarus), which inhabits
coastal areas in north-eastern Canada, Greenland, Svalbard (Norway), and the Barents and Kara Seas (western
part of Arctic Russia)®. The walruses inhabiting Svalbard and Franz Josef Land (Russia) are a genetically distinct
population®. This population was at the verge of extinction before it became protected from hunting in 19527. A
marked recovery has taken place since then and aerial surveys of the Svalbard fraction of the population have
documented that numbers have increased from 2629 (CI: 2318-2998) in 2006° to 5503 (CI: 5031-6036) in 2018°.
The Svalbard fraction of the population is heavily dominated by males', although the number of mother-calf
pairs has been increasing recently in Svalbard, particularly in north-eastern areas within the archipelago''.

In the winter period, walruses undertake seasonal migrations to traditional mating areas'>"'>. While they
generally follow the advance and retreat of sea ice formation'é, they are also able to occupy areas deep into ice-
covered waters'’"%, although winter/breeding sites are often associated with less dense sea ice, such as polynyas'”.
Previous tracking studies conducted in Svalbard have demonstrated that male walruses migrate from various
islands in the archipelago eastward to Kviteya, Victoria Islands and Franz Josef Land (Fig. 1) in the autumn/
winter'>%, to overlap with the female component of this population. Based on interpretation of tracks and
diving information, several breeding areas deep into the ice between Svalbard and Franz Josef Land have been
identified'>".

Although the walrus population in Svalbard is increasing following protection from hunting, it is likely to
be negatively impacted by the changes that diminishing sea ice is having on the ecosystem. Thus, information
on current habitat use, and the range of individual behavioural plasticity, of walruses is essential. However, such
information is currently very limited. A few long-term (> 1 year) tracking data sets from Svalbard indicate that
animals return to more or less the same foraging grounds in the summer". However, to what extent this is a
general phenomenon and whether they return to same summering and wintering grounds over several years
is not known.
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Figure 1. Map of Svalbard and eastern Franz Josef Land. Place names, tagging sites and locations of receiver
stations are indicated. The map was generated in Esri ArcMap v10.8.1, https://desktop.arcgis.com/en/arcmap/
index.html.

Walruses are unique among pinnipeds in having tusks that afford a solid attachment site for biologging
instruments'”!?->!. However, the deployment of various biologgers on walruses has proven to be rather chal-
lenging, mainly due to problems with the chemical immobilisation and an associated high risk of mortality?*-2>.
Recent improvements in chemical immobilization®® and biologging now allow for multi-year tracking of walruses,
offering insight into stability of behaviour over time and how individuals may react to environmental drivers.

In this study we deployed custom-designed tusk-mounted GPS loggers that were designed to collect data
over a five-year period, with the intention of studying seasonal movements and habitat use by walruses in rela-
tion to environmental drivers.

Methods
Tag specifications
Custom-designed Global Positioning System (GPS) tracking devices, developed specifically for walruses in col-
laboration with Sirtrack (now Lotek.com) in Havelock North, New Zealand, were used to collect position data
for walruses instrumented in Svalbard, Norway. The electronics, including the GPS and UHF antennas, were
embedded in epoxy and encased in a stainless-steel housing to give the electronics maximum protection, and
then the casings were flooded with polyurethane. The entire logger including an extension lip at the bottom is
130 mm long and weighs 0.65 kg (Fig. 2). The extension lip is part of a baseplate that protrudes up to the end of
the stainless-steel casing. The lip has a hole in each end that accommodates a small screw that is set several mm
into the tusk to prevent the logger from shifting position. At both ends of the baseplate a small rim prevents the
hose clamps, that cover the heads of the screws and holds the tag to the tusk, from slipping off. Each tag had a
unique ID number welded onto its surface (see Fig. 2b, ID DO0) to enable individual identification if the animal
carrying the tag was resighted.

The core software and hardware used in these tracking devices is the same as that used in Lotek Fastloc 3 prod-
ucts (https://www.lotek.com/products/fastgps-series/). The loggers collect GPS position data via a ceramic patch
GPS antenna located at the head of the housing to obtain the best possible view of the GPS satellite constellation.
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Figure 2. GPS tag and tag mounted on a walrus’s tusk. Custom-designed Global Positioning System (GPS)
tracking devices, developed in collaboration between the Norwegian Polar Institute, Tromse, Norway, and
Sirtrack (now Lotek.com) in Havelock North, New Zealand, were mounted on tusks of walruses in Svalbard,
Norway. (a) front side and back view of the GPS logger. 1: Epoxy encapsulated GPS; 2: Saltwater switch; 3: holes
for screws; 4: communication port. (b) Walrus with a tusk-mounted logger with ID DO. Picture taken 1-year
post-deployment (photo by: Burney Iversen).

An onboard saltwater sensor uses conductivity readings between the two probes shown in Fig. 2a to prevent the
device from trying to acquire GPS signals when submerged. The devices were programmed to acquire a GPS
fix every hour. Only when a dry reading is obtained from the saltwater sensor is a GPS acquisition attempted.
If the sensor detects the tag is submerged it continually samples at a rate of 4 Hz until a dry reading is obtained.
If the GPS acquisition (requiring a minimum of 4 satellites) is successful, a GPS position is logged; the tag also
logs the time of attempted location fixes. The tags were fitted with primary Lithium batteries with an expected
lifetime of 5 years on this data-sampling schedule.

GPS data collected by the loggers is downloaded wirelessly to receiver stations (mobile or stationary) via UHF
at distances up to 500 m. Dynamic data download rates are used depending on the quality of the signal path
between tag and base station; data transmission is being slower at longer distances. Each logger will download
data only once to one of the receiver stations. If visiting another base station, only new data will be sent. The
loggers were configured to search for a receiver station every 30 min. The tags first listen to determine if any
other tags are already uploading data. If another UHF upload session is detected, the tag skips until the next time
check. If no other UHF session is detected, the tag will transmit to see if it receives a response from a receiver
station to initiate data upload, and if so, will start downloading data.

Stationary receiver stations were established at eight different haul-out sites for walruses in Svalbard (base
stations, Fig. 1). In addition, portable receiver stations were carried by various field parties to enable on-site
downloading from walruses observed carrying a GPS logger at sites without base stations. The receiver stations
were equipped with large primary Lithium batteries (6 D-cells a 3.9 V- SAFT LHS-20) with an expected lifetime
of at least 12 months, while the mobile receiver stations employed rechargeable Lithium Polymer batteries. The
receiver stations’ batteries were replaced annually, at which time all new data on the stations were downloaded
to a laptop. Both fixed and mobile receiver stations had the same core hardware, with each device being able to
store approximately 250,000 GPS locations between downloads. Once the data from a receiver station were suc-
cessfully downloaded to a laptop, the full memory capacity was once again available for future data downloads
from tags. The tags had capacity to store up to 60,000 locations in onboard memory, which was beyond the
expected lifetime of the tags.

Tagging procedure

A total of 40 adult male walruses were instrumented with GPS loggers during 19-25 August 2014 at Slettegya
(N'=20), 3-4 August 2015 at Sarstangen (N =4) and 8-12 August 2015 at Lageya (N =16). All of these sites are
sandy or rocky beaches where walruses routinely haulout in summer (see Fig. 1). Animals at the landside edge
of a group were selected for tagging to prevent the animal having open access to the water if frightened by the
injection dart. Animals were also chosen based on having large tusks to carry the logger and they had to be on
flat ground in an area clear of obstacles (rock or logs) that might prevent us from rolling the darted animal onto
its belly for easy access to the epidural vein for injection of the reversal agent. All walruses were darted with a
CO, propelled Teledart RD 706 injection gun® in the upper thigh, or lower back muscles from a distance of
5-10 m. All animals received a standard dose of 7.8 mg etorphine hydrochloride regardless of body size?. Once
a walrus was immobilized, the GPS logger was mounted to a tusk using HI-TORQUE™ heavy-duty stainless
steel hose clamps (JCS Hi-Torque Ltd., Suffolk, England) and Sicaflex epoxy. Two small holes were drilled in the
outer enamel of the tusk. A screw with a smaller diameter than the hole was placed into each hole, with its head
secured under the hose clamp, to prevent the tag from sliding. The deployment process took on average 3 min.
When the tag was attached, the drug reversal agent, naltrexone, was injected into the epidural vein. The animals
were then intubated with a silicone endotracheal tube by manual palpation of the trachea. The cuff on the tube
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was inflated, and the animal was ventilated with 100% oxygen until it commenced breathing on its own. Once the
animal started to lift its head, the tube was removed. For more details on immobilization, see @lberg, et al.?®. The
whole process from the initial darting until the walruses were breathing on their own with a logger on their tusk
took on average of 15 min 23 s. During this period std. body length, tusk length, and tusk circumference at the
base was measured and samples of blood, blubber, skin, and whiskers were collected. No fatalities occurred. All
procedures and animal handling were approved by the Norwegian Animal Care Authority (Ref. 2013/36153-2)
and the Governor of Svalbard (Ref. 2014/00066-2 and 2015/00218) and were performed in accordance with all
relevant guidelines and regulations. We have followed and reported according to ARRIVE guidelines that are
relevant when working with animals in the wild.

Data preparation

Out of the 40 tags deployed 33 reported data to logging stations. The main purpose of the present study was to
explore the inter- and intra-individual variation in seasonal behaviours of walruses, and therefore only tracking
records that lasted at least one year were included (including one with duration of 363.5 days). As a result, data
from 12 individuals were analysed further (Table 1). All data processing was conducted using ‘R’ version 4.2.1%.

The raw positional data were initially screened for extreme outliers (assessed visually), which were removed,
and for occurrences of duplicated positions (two positions with duplicated time stamps) where the second posi-
tion was removed. The resulting number of positions ranged from 9554-31,983 per animal (Table 1).

A common issue with tracking data from marine mammals is the irregularity in the timed measurements as
they surface to breathe at irregular times. Given that a GPS position could be logged every hour if the walrus is
at the surface, and using the maximum recorded dive duration for walruses in Svalbard of 47.1 min'?, a “gap” in
the data stream was defined as more than 2 h passing between two GPS positions. To estimate locations at regular
intervals, we used the “fit_smm” function from the “aniMotum” package in R* using a state space model frame-
work. We estimated a position every 3 h using a max speed of 2 m/s as in Freitas, et al.””. We did not interpolate
across gaps of more than 96 h between two obtained positions (11 occurrences).

Data analysis

To explore core habitats and migration paths we calculated Time Spent in Area (TSA) on 3 x 3 km grids using
the R package ‘trip’. Essentially, we summed the time spent in each grid cell based on the entire tracking record
for each individual.

Seasonal migration between core areas

Previous tagging studies from Svalbard'>' have shown that male walruses migrate between areas occupied in the
summer (usually on land) and areas occupied in the winter (usually on ice). Migrations to winter habitats had
to occur sometime during the period between December to April. The start of the winter migration was defined
as being when an individual spent at least 14 days at a distance greater than a pre-defined individual threshold
from their summer area. This threshold was calculated as the mean value of the distance from the tagging site
to all 3 h interpolated positions of each animal. Any trips above the distance threshold but of less than 14 days
in duration were pooled into the summer habitat. For instance, a few of the animals made short trips to the area
they would later spend the winter in and then returned to their summer habitat before migrating to the winter
area to stay there for 2-5 months. These shorter trips are henceforth referred to as “scouting trips”

Total Mean Median/

Std. body | Tusk Tusk Tusk Transmission | number no. of % of logs | max

length length girth volume Tagging End of duration of Days with | positions | without | length of
1D Location | (cm) (cm) (cm) (cm3) date transmission | (days) positions | positions | per day position | gaps (hr)
41080 Slettegya | 335 55 18 472.7 19.07.2014 | 25.09.2017 1164 20,411 1087 11 42 3.2/1033
41033 Sletteoya | 350 50 19 478.8 23.07.2014 | 26.11.2018 1587 31,983 1570 13 36 3.0/111
41052 Sletteoya 330 45 22 577.7 23.07.2014 | 05.11.2015 468 9049 449 10 50 3.3/144
41040 Slettegya | 304 43 17 329.6 25.07.2014 | 19.08.2015 389 20,411 371 9 50 3.3/184
65296 Sarstangen | 356 47 23 659.5 04.08.2015 | 02.08.2016 363 8117 364 8 66 4.0/38
65306 Ligoya 340 47 18 403.9 08.08.2015 | 04.08.2017 726 16,378 726 16 30 2.2/25
65285 Ligaya 383 38 25 630.0 09.08.2015 | 23.12.2016 502 11,184 502 16 30 2.2/28
65294 Lagoya 315 39 16 264.8 11.08.2015 | 30.09.2017 780 16,205 777 10 52 3.2/40
65284 Ligoya 361 39 20 413.8 11.08.2015 | 30.10.2016 446 9554 443 10 55 3.1/98
65256 Ligoya 294 22 19 210.7 12.08.2015 | 10.02.2021 2008 43,589 2008 14 34 2.5/28
65301 Lagoya 340 45 20 477.5 12.08.2015 | 19.10.2021 2260 42,744 2235 9 54 3.7/343
65238 Lagoya 355 44 20 466.9 12.08.2015 | 25.12.2016 501 9554 501 17 25 2.2/15

Table 1. Tagging information and GPS data specifications collected from male walruses in Svalbard, Norway.
The mean number of positions per day is based only on days with positions. Std. body length of the walruses
was measured from the snout to tip of tail in a straight line. Tusk volume was calculated based on the formula
V=1/3 1* h where r is the radius and h is the tusk length*.
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One animal (ID 65256) travelled much longer distances than the rest, resulting in a distance threshold of
283 km (for the other walruses this threshold ranged between 90-163 km). This threshold resulted in positions
obtained from this animal north of Kviteya in Feb-May as being classified as summer habitat. This area over-
lapped the winter habitat for many other animals, (and shown as winter habitat in Freitas, et al.'), hence the
maximum distance threshold obtained from the other animals (163 km) was applied to this walrus (ID 65256).

To estimate the timing of migration between the two seasonal habitats, and the time spent in them, we defined
migration as starting when the animal left a 10 km buffer zone around a core area (described below). The animal
then had to pass the distance threshold (see above) and then enter a 10 km buffer zone around a new core area.
The summer migration of ID 65301 in 2020 was excluded as an outlier, due to this animal spending a long time
outside its identified summer core area, resulting in a migration time of 77.6 days (the second highest was 35.2
days). Timing of migration and distance covered during migration were calculated from the interpolated data
set to account for any gaps during this time. The yearly cumulative distance travelled was however based on the
raw GPS data set.

Core areas

We defined seasonal core areas as their 50% utilization distribution (UD) within each season (see above). To
calculate these UDs we used a bivariate kernel method over a grid of 500 m x 500 m and the reference bandwidth
(href) from the R package ‘adehabitatHR™!. Scouting trips to the winter areas occurring during the summer were
excluded from these calculations. Incomplete seasons were included if they contained at least one month of track-
ing data. To assess the spatial consistency of each individual between years (site fidelity), we calculated the overlap
of seasonal areas between consecutive years using the overlap index PHR,,,, which measures the probability of
seasonal habitat of year i+ 1 being located within seasonal habitat of year i*>. As PHR is not a symmetrical index
(PHR,;,, # PHR,,,;), we only calculated the one-way probability of overlap, namely whether year i+ 1 is located
within year i. PHRs were calculated for both 50% and 95% isopleths to quantify site fidelity at different scales. To
compare overlap between 50 and 95% UDs, the PHR values were rescaled to the [0, 1] interval by dividing them
by the highest possible value (0.5 and 0.95, respectively). We also extracted the area size of the seasonal 50% UD,
both for complete and incomplete seasons, and calculated a mean centroid of winter and summer areas based on
a 50% minimum convex polygon of all positions within each summer or winter period. Only complete seasons
were used for this calculation, except in the few cases where only incomplete summer period existed (ID 65285,
ID 65284), then the centroid was based on the mean of the incomplete seasons.

Environmental drivers

To explore environmental drivers in relation to walrus behaviour and core areas, we extracted the number of
daylight hours, the bathymetry and the sea ice concentration at each position. Daylight hours were extracted
using the R package ‘suncalc’®. Bathymetry was extracted from IBCAO (International Bathymetric Chart of the
Arctic Ocean, version 4.1, 2021). Daily operational sea ice charts were downloaded from the Norwegian Mete-
orological Institute®. In some cases, daily files were missing. In these cases the closest date was then used. Sea
ice concentration is given as polygons corresponding to categories. To facilitate calculation of concentrations,
we used each category’s middle value: Open water (0-1/10ths) was given an ice concentration of 5%, Very Open
Ice Drift (1-4/10ths): 25%, Open Ice Drift (4-7/10ths): 55%, Close Ice Drift (7-9/10ths): 80%, Very Close Ice
Drift (9-10/10ths): 95% and Fast Ice (10/10ths) was given 100%. To calculate the average sea ice concentration in
core area for each animal, ice layers were rasterised using the 'fasterize’ package in R** using a 0.05 x 0.05 decimal
degree resolution. Daily ice values were extracted using the ‘terra’ package?®.

To examine the effect of sea ice as a possible driver for migration, we calculated the daily mean ice concen-
tration based on the animal’s positions in the 14 days before the defined time of migration. We tested whether
the daily sea ice concentration differed between two weeks (14 to 8 days) prior to migration and the week (7 to
1 days) prior to migration using a mixed effect model (R package ‘nlme,”). ID was included as a random effect
to account for multiple measurements from the same animal. We also included an autocorrelation term and
a weighted structure (constant variance function), allowing the variance to differ between years. Initial data
exploration revealed large differences in ice concentration in the summer habitats between animals tagged in
the north and in the south, hence, these two groups were tested separately. For the test on animals tagged in the
north (Lageya), ice concentration was arcsine square root transformed for a better model fit.

The effect of environmental drivers (depth and ice concentration) on walrus behaviour was examined by
means of the time varying move persistence parameter y,, in a mixed effect model using the ‘mpmm’ package
in R*. This index ranges continuously from 0 to 1 and is based on the correlation in step lengths and turning
angles between regularized locations of a track. This index represents changes in movement patterns with low
move-persistent values corresponding to low correlation between successive locations reflecting area restricted
behaviour often associated with foraging (or breeding). Conversely, high move persistent values correspond
to high correlation between successive locations indicating directed movement associated with transiting®-.
Values of y, were modelled in a mixed effect linear framework as a function of ice and depth, where depth was
log-transformed. Due to possible differences in seasonal habitat selection and the lack of framework for including
factors or interactions in the model, we used separate models for winter and summer. We specified each year as
separate tracks (“tid” identifier) for each individual. Ice and depth were allowed to vary per individual to assess
individual variability in habitat use. Nine candidate models were evaluated as combinations of the full model:

logit(y;) = ice + depth (ice + depthIid)

Model selection was based on differences in AIC and likelihood ratio (LR).
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Results

Tag performance

Track duration of the twelve individuals included in the study ranged from 363 to 2260 days (1-6.2 years, Table 1,
Fig. 3a) with an average of 933 days (SD =668). Not all days in the tracking period contained positions, but at least
one position was obtained in 93-100% of all days and on average 12 positions (8-17, Table 1) were obtained per
day with at least one GPS position. The tags did not manage to fix a GPS position at every attempt, 25-66% of all
attempts resulted on only time being logged (Table 1). Hence, gaps between consecutive GPS positions occurred
regularly throughout the datasets. The longest gap between two positions was 1033 h (43 days) (Table 1, Fig. 3),
but most gaps were of short duration (median gap length 2.2-4 h, Table 1).

Migration characteristics

Eleven of the 12 tagged individuals exhibited seasonal migratory behaviour, moving significant distances away
from the summer area where they were instrumented, during the winter period (Fig. 4, 5). The non-migratory
individual had the shortest tracking duration and was the only animal instrumented at Sarstangen on the west
side of Svalbard (Fig. 41). Regardless of their tagging locations, all migratory individuals moved in a northeast
(Fig. 4a-d), or easterly direction (Fig. 4f-k) and 10 individuals spent the winter between Nordaustlandet and
Franz Joseph Land above 80° North. The last individual migrated in the same general direction as the others but
spent four consecutive winters further south, in the vicinity of Kong Karls Land (Fig. 4b).

The summering areas were more widely spread out than the wintering areas. The four individuals tagged at
Slettegya, in the south of Svalbard (Fig. 1), all returned to the south each summer, to areas around Tusengyane
and Hopen (Figs. 4a-d, 6a—d). Their migration paths followed direct routes from Kviteya/Victoria Island to Kong
Karls Land and to the eastern coastline of Edgegya or towards Hopen in more open waters. Migration duration
varied between 6 and 17 days (mean =10, SD =4) and the migration distances ranged between 226-665 km
(mean =416, SD =108). The distance between individuals’ summer and winter core areas, ranged between 256
and 425 km (mean =366, SD=75).

The seven walruses tagged at Lagoya, in the north of Svalbard (Fig. 1), all returned west in the summer, mainly
staying in the northern parts of Svalbard (Figs. 4e-k, 6e-k). Migration paths between winter and summer areas
varied between being relatively coastal, with animals travelling along the north coast of Nordaustland (Fig. 4f),
to more offshore routes (Fig. 4h,k). Migration duration varied between 1 and 35 days (mean=10, SD=9) and
migration distances ranged from 93-1066 km (mean =370, SD =264). Distance between seasonal core areas
ranged between 171 and 401 km (mean =274, SD=73).

The yearly cumulative distances travelled for all animals ranged between 5225-10,406 km, with a mean of
7893 km (SD =1308) in the first year of tracking (Table 2). However, at the intra-individual level, the cumulative
distance travelled varied relatively little between consecutive years, with a mean difference of 427 km (27-1196
km, SD =390, Table 2).

The timing of migration to the winter areas varied considerably between individuals (Fig. 5). Animals tagged
at Sletteoya in the south of Svalbard (Fig. 5a—d) left their summer core areas between 29 Dec-6 Feb, which was
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Figure 3. Tracking durations for 12 male walruses instrumented on Svalbard in 2015 and 2016. (a) time spent
in the wintering areas (thick blue lines) and in summering areas (red lines). Numbers above the line indicate the
number of days spent in each seasonal areas. (b) comparison of duration of stay in the summer and winter areas
based on tagging location.
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Figure 4. Time spent in area (TSA) by male walruses in Svalbard, Norway. TSA values are displayed as
percentiles of the distribution of the values for each individual. Warmer colours reflect the highest percentile of
the distribution. For each plot the total number of tracking days is noted as well as the 99th percentile value of
TSA (in hours). Tagging location: (a-d) Sletteoya, (e-k): Lagoya, (I): Sarstangen. The maps were generated in
Esri ArcMap v10.8.1, https://desktop.arcgis.com/en/arcmap/index.html.
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well into the Polar Night and even close to the return of daylight in one case (ID 41052, Fig. 5d). These walruses
stayed between 55-84 days (median 71) in their winter core habitat (Fig. 3b). For most animals tagged at Lagoya
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Figure 5. Longitudinal positions for 12 male walruses tagged in Svalbard, Norway vs daylength. Colours
indicates the season, red for summer and blue for the winter. Scouting trips are marked in light purple. The
number of daylight hours are plotted in yellow on the right axis, based on the individual animal’s locations in the
first year of tagging.

in the north (Fig. 5f-k), migration to winter areas occurred between 27 Oct-13 Jan, 1-2 months earlier than for
animal tagged in the south. They stayed 26-264 days (median 105) in their core winter habitat (Fig. 3b).

The intra-individual timing of winter migration was consistent between years. For walruses tagged at Slettegya
in the south, the annual intra-individual variation in migration timing was on average 10 days (5-17 days, SD=5,
Fig. 5a-b). For walruses tagged at Lagoya in the north, the annual intra-individual variation was on average 30
days (9-48 days, SD =11, Fig. 5e-1).

Five animals made early, short trips to the winter areas (scouting trips), returning to their summer area for
a period before again migrating to their winter area for an extended period of time (light purple, Fig. 5c,e-h).
These individuals were among the youngest animals based on tusk volume at the time of tagging (210.7-477.5
cm?, Table 2).

There was a lot of variation in the timing of individual returns to the summering grounds but none of the
animal left the winter area before the return of daylight. The migration to summering grounds happened when
daylength reached approximately 12 h, in March-April, for approx. half of the animals (Fig. 5a—c,f,g,k), whereas
the other half returned during the midnight sun period in May (Fig. 5d,e,h—j). Individuals returned to their
summer ranges at relatively consistent times over multiple tracking seasons (annual intra-individual variation
being 1-60 days, mean =15, SD = 15, Fig. 5a-b,e-h).

Site fidelity

All individuals exhibited clear site fidelity to previously used areas (Fig. 6). The overlap in interannual 95% utili-
sation distributions for animals with multiple seasons suggests very strong seasonal site fidelity both in summer
and winter (80-85%, Fig. 7a). Overlap of core areas, defined as the 50% utilization distribution areas, was on
average 55% between years in summer and 75% overlap on average in winter (Fig. 7a), though it must be noted
that there were large variances because of the strong individual patterns displayed by the animals.

The size of core areas (50% UD) was in general larger in the winter (~3700 km?, only complete seasons,
Fig. 7b) than in summer (~ 1000 km?, only complete seasons, Fig. 7b). This was especially evident for ID 65256
who had the largest wintering area. This animal was the only individual that travelled westward all the way to
Franz Josef Land (Fig. 4e); it was also the youngest individual based on tusk volume (Table 1).

Environmental characteristics of seasonal habitat
All core areas were located on the continental shelf. However, summer core habitats were characterised by shal-
lower water depths (median 18-89 m, Supplementary Fig. S1) compared to winter areas (median 91-144 m).
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Figure 6. Core areas occupied by 12 male walruses in Svalbard, Norway. Core areas are based on 50%
utilisation distribution. Red indicates summering areas and blue indicates wintering areas. The total number of
seasons included for the specific animal is given in the text. Tagging location: (a-d) Sletteoya, (e-k) Lagoya, (1)
Sarstangen. Notice that the distance indicator varies between plots. The maps were generated in Esri ArcMap
v10.8.1, https://desktop.arcgis.com/en/arcmap/index.html.

Sea ice concentration varied considerably between years and between core areas, but the winter areas gener-
ally had higher sea ice concentrations compared to summer areas (Fig. 8). Summer core areas were ice-covered
at the start of the summer regardless of their location but were largely ice-free by the end of the summer season.

Sea ice concentrations in winter core areas of animals tagged in the south ranged from 39-94% coverage
(Fig. 8a-d). Animals tagged in the north (Fig. 8e-k) experienced highly variable sea ice concentrations during
their winter periods, ranging from 16 to 88%.
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ID Year1 | Year2 |Year3 |Year4 |Year5 | Year6
41080 | 7209 7955 8357
41033 8196 7154 7127 6263
41040 | 7540
41052 10,137
65256 | 9284 9484 9540 8822 8541
65301 | 6465 6802 6494 6569 6475 6314
65306 | 10,406 | 9210*
65294 | 7661 8283

65238 8801
65285 5225
65284 8350

65296 6731**

Table 2. Yearly cumulative distances travelled by walruses equipped with GPS loggers in Svalbard, Norway,

in 2014-2015. A whole year is defined from the time of instrumentation (except for ID 41080, where the start
time was set to 9 Aug, due to a 43-day gap in the beginning of the data set). *Cumulative distance based on 360
days. **Cumulative distance based on 363 days.

Drivers of migration
Changes in sea ice concentration were not linked to the departure date of migrations to the winter grounds. There
were no significant differences in sea ice concentration along the tracks of the walruses between two weeks prior
vs one week prior to winter migration (Table 3). Sea ice concentration was however considerably lower along
the tracks of animals migrating from Lagoya, in the north of Svalbard, compared to sea ice concentration along
the tracks of animals migrating from Slettegya in the south (Supplementary Fig. S2).

For all the animals, the sea ice concentration was generally high in the weeks prior to the onset of migration
towards the summering areas (Fig. 8, Supplementary Fig. S2). Differences in ice concentration were not tested
among the two weeks prior to the onset of summer migration due to poor model fit.

Habitat use

Movements of walruses represented by the move persistence index y, were analysed for the summer and winter
seasons separately. For both seasons the most parsimonious model included both ice and depth as fixed terms
and allowed for random slopes for depth (Table 4). Model results showed a clear tendency for more tortuous
movements (low move persistence) in shallow areas and more directed movement (higher move persistence)
in deeper areas in both seasons (Fig. 9). There was also a tendency for more tortuous movements when ice con-
centrations were high, in both summer and winter.

Discussion

Successful acquisition of long-term positional data sets for Svalbard walruses was accomplished with tusk-
mounted, custom-designed GPS tracking devices. Out of 40 tag deployments, 12 tags transmitted data for
more than one year and in six cases the transmission records lasted between two and six years. This is, to our
knowledge, the first time that positional data have been obtained for any marine mammal for six consecutive
years based on a single deployment event.

Obtaining long term tracking data is a compromise between acquiring detailed data on dives and haul out
behaviour and longevity of the tag containing a single D-cell battery. The tags developed for use in this study
transmitted only position data to maximize the lifetime of the tag. The two longest data sets—2008 days (5.5
years) and 2260 days (6.2 years)—exceeded the expectation of the battery-life (approx. 5 years).

In seven of the 40 deployed tags, no data were received at all and for 21 tags the data collection took place
for 1-162 days. Whether these short, or null, data sets were due to tag failure, tag loss, or these animals not
returning to an area with a logging station is not known. The tags must come within approx. 500 m of a receiver
station for the data to be transmitted/downloaded. However, walruses are known to be quite rough on deployed
instruments, and hence, early transmission stops could be due to instruments breaking or falling off. One of the
tagged walruses (ID 65296) was observed with the tag missing the lower clamp and one animal was observed
with just a hose clamp hanging loose on the tusk (C. Lydersen pers. obs. a few summers after the deployments).
Still, as demonstrated here and in earlier studies'®?!, tusk deployment is the most robust deployment method to
collect long-term tracking data from walruses.

The tags were programmed to acquire a GPS fix every hour when the animal was at the surface. Yet, across the
12 data sets analysed in detail herein, only the time of a GPS attempt was logged and not a position in 25-66% of
all sampling hours. The reason for unsuccessful position acquisition could be low satellite coverage (a constella-
tion of minimum four is needed to acquire a meaningful position) or the sky-view being blocked in some manner
(the animal lying on top of the tag or other animals being in the way). Some long periods without a GPS fix did
occur while the walruses were migrating over long distances. Hence, the position of the tag on the tusk likely
also affects successful position fixing while animals are swimming. Walruses often swim at the surface without
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Figure 7. Site fidelity and area size of seasonal home ranges of male walruses in Svalbard, Norway. (a) Spatial
consistency measured as the year-to-year overlap of 50% and 95% utilization distributions using the PRH
index. The number of overlap values included in each boxplot is indicated above each box. The ALL value is
based on the mean of individuals (with the number of individuals included on top). (b) Area of 50% utilization
distributions for summer (red) and winter (blue). Two boxplots are given per ID if incomplete seasons could be
excluded. Hence, in the first boxplot all seasons are included and in the second only complete seasons if min.
one full season remained. Numbers of seasons in each animal’s data set are given above each box.

exposing their tusks when travelling, whereas when they are foraging, they tend to come up more vertically to
breathe at the surface before diving again (C. Lydersen pers. obs.). Hence, both behavioural aspects and varying
satellite coverage likely influence the rate at which successful GPS positions are obtained by tusk-mounted tags.

All walruses in this study showed clear site fidelity to previously used summer and winter habitats in consecu-
tive years. It was assumed that the tagging sites were within summer feeding grounds and that migrations were
undertaken to the winter/breeding grounds every year. Such directed movements were performed seasonally
by all but one animal tagged on the west coast of Spitsbergen. After the winter, all migrating animals returned to
the same general area in which they had been tagged in the summer and the multiyear data sets demonstrated
a return to same wintering grounds for several consecutive years. While general utilisation distributions (95%
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Figure 8. Average daily sea ice concentration in core areas of male walruses in Svalbard, Norway. Daily ice
concentrations in kernel areas were extracted from a 0.05x 0.05 decimal degree analysis grid of operational sea
ice charts. The colours indicate the season, red for summer and blue for winter. The shaded area behind the lines
illustrates the range of ice concentrations encountered each day within core areas (50% UD). Above each season
the mean sea ice concentration is given. Animal ID is inserted in the top right corner of each panel.

UD) were largely overlapping, the core areas (50% UD) shifted for some animals between two or three areas.
Such shifts may reflect a response to shifting prey abundance or a response to interannual sea ice variability. The
interannual overlap in area usage was in general larger in winter than in summer, which in turn may indicate
that male walruses target specific areas where females are known to occur.

The distinct fidelity to previously occupied areas by male walruses in Svalbard was documented by Freitas,
et al.'’, where the data allowed for analysis of overlap in the month of August between two consecutive years
for five individuals. In four out of five animals, there was considerable spatial overlap in area usage after return-
ing from their winter grounds. In NE Greenland, a single walrus was caught several times and tracked during
four seasons in 1989, 1990, 2000 and 2001". This individual showed clear homing behaviour, returning to the
same haul-out site and using the same foraging grounds each summer. This animal followed an almost identical
migration path each year and it appeared to use the same polynya each winter. It also arrived and departed at
consistent times every season and its movements were relatively independent of annual variations in ice and
temperature regimes. Thus, strong fidelity to previously occupied areas seems to be a general trait for walruses
and they appear to be robust to dynamic environmental variables such as sea ice.

There was consistency among animals in their departure times from the winter areas in spring, while the tim-
ing of migration from the summering areas to wintering areas was more variable. This was especially the case for
animals conducting scouting trips to the winter areas. Wiig et al.?* suggested that some long-range, round-trip
movements by male walruses from southern areas of Svalbard, observed during autumn, were not directly con-
nected with breeding activity, but rather a sort of reconnaissance in search of females. Jay and Hills?' suggested
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Predictor | Value SE df | t-value | p-value

Intercept 0.114 0.040 |236 | 2.855 |0.005
Year 2017 —-0.095 0.037 |236 | -2.551 |0.011
Year 2018 0.235 0.108 |236 | 2.187 |0.030
Tagged at Lagoya Year 2019 | -0.067 0.073 |236 | -0.924 |0.356
Year 2020 0.286 0.162 | 236 1.772 0.078
Year 2021 0.060 0.067 |236 | 0.892 |0.373
Period -0.006 0.015 | 236 | -0.371 |0.711

Intercept 57.873 | 11.028 | 118 5.248 | 0.000
Year 2016 | —59.669 | 8.001 | 118 | —7.458 | 0.000
Tagged at Slettegya | Year 2017 | —43.697 | 11.193 | 118 | —3.904 | 0.000
Year 2018 | —25.147 | 13.297 | 118 | —1.891 | 0.061
Period 8.627 5.036 | 118 1.713 | 0.089

Table 3. Model coefficients for linear mixed effect model of ice concentrations before winter migration. The
model was tested on two periods 14-8 vs 7-1 days before migrating to the wintering areas and was applied
separately for the walruses tagged at Lagoya (northern Svalbard) and at Slettegya (southern Svalbard).

Season Model formula df | AAIC ALR
~ice * depth + (depth | id) 7 -423,976.4 | 211,995.2
~ice+depth+(1 | id) 5 74.49 39.25
~depth + (depth | id) 7 | 184.52 92.26

Summer | ~depth+(1]id) 5 [253.93 126.96
~ice+ (ice | id) 7 1062.31 573.99
~ice+(1]id) 5 1143.98 531.15
~1+(1]id) 5 | 1164.06 585.03
~ice * depth + (depth | id) 7 -163,578.2 | 81,794.83
~ice+depth+ (ice +depth | id) |10 | 8.50 1.25
~ice * depth+ (1| id) 5 |7647 40.23
~ice+depth + (ice | id) 7 |77.56 38.78

Winter ~depth + (depth | id) 7 |123.15 61.57
~depth+(1 | id) 5 199.08 101.54
~ice+(1]id) 5 874.96 439.48
~ice+ (ice | id) 7 875.14 437.57
~1+(1]id) 5 950.24 477.12

Table 4. Model ranking of the move persistence mixed effect models based on tracking data for male walruses
tagged in Svalbard, Norway. Separate models were applied to winter and summer. Model ranking is based

on changes in the Akaike information criteria (AAIC) and likelihood ratios (ALR). The most parsimonious
models, indicated in bold, show the AIC (not AAIC) and LR (not ALR) values. Models that did not converge
are now shown.

that similar behaviour existed in walruses from the Bristol Bay, Alaska, where some individuals travelled to their
breeding area as early as November, although breeding does not occur until January. Only one individual in
Freitas, et al.!” conducted such an early season trip. In the present study, five out the twelve animals undertook
such roundtrips to their winter grounds before spending significant periods in them.

Lowther, et al.”® inferred that male walruses in Svalbard initiate breeding migrations close to the onset of the
Polar Night and return to foraging grounds towards the peak of the midnight sun period. This pattern was not
consistently the case for all animals in the present study, where individuals tagged in the south of Svalbard initi-
ated migration to winter (breeding) habitats one-two months into the Polar Night and in one case even close to
the return of the sun (ID 41052). In general, animals tagged at Slettegya in the south migrated one-two months
later than animals tagged at Lageya in the north, and although daylight disappears approximately 10 days later
in the south of Svalbard, the difference in day light is not sufficient to explain the difference in the timing of
migration. Other factors such as the advance of sea ice formation may explain such differences. Both in Green-
land and Alaska, abandonment of foraging grounds and coastal haul-out sites is prompted by the development
of sea ice formation'®'7?!, Sea ice occurs earlier in the north of Svalbard, compared to the south. However, for
animals tagged at Lagoya (north), there was little or no sea ice present in their summer habitats preceding the
winter migration, likely because of the earlier departure undertaken by the animals in the north. Some sea ice
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Figure 9. Environmental drivers for male walruses’ behaviour in Svalbard, Norway. Graphs are based on results
of the most parsimonious move persistence mixed effect model for the summer (a) and winter (b) seasons. The
panels illustrate individual random effects relationships (brown lines) and fixed effects (blue line) responses to
ice concentration (0-100%) and depth (notice the logarithmic scale, larger values indicate deeper depths). For
both seasons the most parsimonious model is represented by logit(y,) =ice + depth + (depth | id).

was present at the time of migration for animals tagged at Slettegya (south), although we did not find a significant
increasing trend in sea ice immediately prior to migration.

In general, it seems that individual animals have different space use strategies from one another. Differences
may be linked to age and experience. Indeed, we found that the youngest animals performed scouting trips, sug-
gesting that they lack experience in locating females at the right time. We also found that the youngest animal
(ID 65265) migrated much earlier in the year and was the only one that that travelled all the way to Franz Josef
Land (mainly in the first years of his data record). In Freitas, et al.'’, a few of the animals tagged in the south
of Svalbard did not migrate in winter, and one individual went to the southwest coast of Spitsbergen in winter.
Freitas, et al.'® speculated that these animals were relatively young (based on tusk volume). Yet, in the current
study, animals that were of similar size to those studies by Freitas, et al.’ showed clear migration patterns. Which
parameters drive the different migration strategies is not entirely clear.

The oldest animal based on tusk volume (ID 65296) was the only animal that did not migrate during the
winter. This was also the only animal tagged at Sarstangen, on the west side of Svalbard. This area contains far
fewer animals in the winter compared to the east side of the archipelago. However, with the increasing number
of walruses in Svalbard, more females are now also being observed here (C. Lydersen pers. obs.), potentially
making it an attractive site to stay in winter for an old male, where competition from other males might be low.

Identified winter habitats were somewhat overlapping with the winter areas identified in Freitas, et al.’®, with
a clear hot spot north of Kviteya and Victoria Island. It is presumed that the walruses migrate to these areas to
find females as Atlantic walruses mate between January and April'>!®. Calves have been spotted in these areas
in summer in recent years''. Lowther, et al.”®, showed that male walruses that migrated to these offshore sites in
winter did more shallower dives in this period, with almost no benthic diving, suggesting that little foraging took
place and that the dive behaviour was likely associated with mating activity, as described by Sjare and Stirling"’.

Ice concentrations in the winter areas varied significantly between years, ranging from 16 to 94% across years
and areas. The walruses associated with a specific area, as opposed to a specific ice concentration. The move
persistence mixed model showed a tendency for more tortuous movements at higher ice concentrations, which
might suggest that heavy ice is important for breeding and as resting platform, and that this is where females
are found in winter. Alternatively, the walruses might have to navigate a more complex path to find open areas
for breathing in heavy ice. Atlantic walrus females have been shown to be closely associated with ice'?, but they
must also select wintering areas that provide sufficient access to open water and predictable food resources. As
discussed in Lowther, et al.'*, the wintering areas found around Kviteya and Victoria Island are likely associated
with persistent polynyas®* that would allow female walruses to find enough food resources and yet have reli-
able ice in winter for hauling out. However, the winter core areas found here were often more than 100 m deep.
If female walruses are indeed foraging in this area, it is not known what type of prey they might be targeting at
these depths.

Summer habitats were very coastal and occurred in shallow areas. Movements were clearly more restricted in
shallower waters, indicative of foraging and resting. The strong fidelity to previously occupied summer habitats
suggests that food resources in these areas are predictable and likely abundant.

The Svalbard walrus population has recovered markedly since their protection in 1952, when only a few hun-
dred individuals remained at a handful of sites’. Surveys indicate an increasing presence of female walruses with
calves and previously utilized sites are being reclaimed as the walrus population expands across the archipelago''.
These positive developments are occurring despite a likely overall decrease in the region’s capacity to support
walruses, owing to declining sea ice and concomitant impacts on the benthic community*!. Historical records
indicate that the animals in Svalbard were 33% females (at Tusengyane) 100 years ago*®. If females are increas-
ingly returning to the Svalbard area, future migration patterns of males will likely change, although both sexes
might migrate between summer and winter areas.
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Although the population show signs of recovery, climate change is occurring in the Arctic at an unprecedented
rate, with inevitable effects on walruses in Svalbard, given their dependence on sea ice as a winter breeding and
resting platform’. Breeding females are likely also dependent on sea ice for protection of their calves during
winter storms and for protection from open water predators such as killer whales (Orcinus orca). Hence, if sea
ice recedes further and further north during winter (breeding time), the females are likely to follow it until the
shelf edge is reached. At some point when sea ice only extends over the deep Arctic Ocean, they will no longer be
able to forage in the vicinity of the winter ice. Svalbard walruses might be forced to rest and breed on land, which
will limit their foraging range and force females to increasingly use terrestrial haul out sites, similar to what has
already been observed in the Pacific Arctic***%. Massive onshore, mixed sex haulouts in the Pacific population
have recently experienced increased mortality of young walruses due to crushing during rushes to the sea*>*,

Loss of sea ice will also have indirect effects on walrus ecology, via effects on pelagic-benthic coupling whereby
the vertical flux of sympagic fauna supports benthic production*>, thus potentially reducing the prey-base for
walruses. The increasing warming and increased inflow of Atlantic water is additionally altering the distribution
and abundance of prey species in the Arctic ecosystem, Atlantifying the northern Barents Sea region®’. All of
the concomitant changes may force walruses to adjust their foraging patterns and might result in reduced prey
abundance.

While strong site fidelity may be linked to reproductive successes and survival®s, disruption of traditional
breeding sites and foraging habitats may impact the viability of the population if it is unable to adapt fast enough.
Hence, strong site fidelity can make the walruses vulnerable to changes in their ecosystem. Continuous climate
warming and the impact on the Arctic ecosystem may affect the predictability of the resources that are vital to
walruses. Therefore, continuous monitoring of walruses in Svalbard will be important in coming years to assess
their adaptability to environmental changes. Long-term tracking offers a valuable opportunity to study their
behavioural flexibility in response to shifting ecosystems.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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