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Detailed knowledge of habitat use by marine megafauna is critical to understand their ecological 
roles and for the adequate management of marine resources. Antarctic fur seals (Arctocephalus 
gazella) inhabiting the Atlantic sector of the Southern Ocean prey largely on Antarctic krill (Euphausia 
superba) and play a central role in managing the krill fishery. Here, we assessed the demographic 
structure of three post-mating, early moult male haul-outs in the South Shetland Islands in early 
March and calculated the relative contribution of juveniles (1–4 years old) and sub-adult males 
(5–6 years) to the population remaining in maritime Antarctica after the breeding season. We also 
satellite tagged 11 juvenile males and four sub-adult males to analyze their movements and develop 
a species distribution model including both age classes. Our results highlighted the dominance of 
young individuals in the male population, revealed that they do not behave as central place foragers 
and identified key environmental drivers that affected their distribution at-sea throughout winter. 
Predicted potential foraging habitat overlapped highly with the known distribution of Antarctic krill, 
and identified the waters off the western Antarctic Peninsula and the Scotia Sea as the core of the 
distribution area of juvenile and sub-adult male Antarctic fur seals in winter. This pattern is similar to 
that of adult males but totally different from that of adult females, as the latter overwinter in areas 
at latitude 45–55° S. This segregation has implications for the ecology and management of the krill 
fishery.

Polar marine ecosystems are unique because of their extremely high degree of seasonality, low temperatures, 
strong oceanic currents and extensive seasonal sea ice cover1,2. Short days, extensive sea ice cover and the 
accumulation of snow on the ice severely limit primary productivity in winter, whereas dense phytoplankton 
populations develop in summer, as sea ice breaks up and melts. Increased summer primary productivity trig-
gers the arrival of migratory seabirds and marine mammals, which in Antarctica prey largely on Antarctic krill 
(Euphausia superba)1,3. Nevertheless, krill abundance decreases dramatically in winter in most areas4–6, and 
most warm-blooded krill predators leave Antarctica at that time7. Only penguins, crabeater seals (Lobodon car-
cinophaga) and Antarctic fur seals (Arctocephalus gazella) remain in large numbers during winter in maritime 
Antarctica (i.e. the part of the Southern Ocean closer to the Antarctic continent and limited to the sea ice)6,8–11.

The Antarctic fur seal (Arctocephalus gazella) is the only polar species from the family Otariidae, although 
most of the breeding colonies are found in islands close to the Antarctic Polar Front12. Satellite tracking and 
stable isotope analysis demonstrated that the winter at-sea habitats of adult female Antarctic fur seals breeding 
both close to the Antarctic Polar Front and in the South Shetland Islands are usually located at latitude 45–55° 
S13–21. Models of habitat suitability for female Antarctic fur seals have identified oceanographic variables such 
sea surface temperature, sea surface height, wind velocity and the concentration of chlorophyll-a as the major 
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habitat determinants, although their relevance varies idiosyncratically17 and distance to the colony is sometimes 
the major determinant of winter foraging grounds20.

Little is known about the winter habitat of male Antarctic fur seals and no habitat suitability model has been 
developed for them. The Antarctic fur seal is often qualified as ice-tolerant, but not ice-dependent22, and some 
authors have characterized adult males as ice-free oceanic foragers23,24. However, ship surveys have identified sea 
ice concentration as one of the major determinants of male Antarctic fur seal distribution off the South Shetland 
Islands and the Bransfield strait in winter6. Furthermore, males occuring at the South Orkney immediately after 
the breeding season remain in maritime Antarctica throughout winter11 and males breeding at islands close to 
the Antarctic Polar Front overwinter in maritime Antarctica11,13–16,21,23,24, which they do first from 2 to 3 years 
old21,25. Antarctic fur seals are highly sexually dimorphic26–30 and differences between sexes in winter habitat 
use could be related to differences in body mass, which in turn is a major determinant of their thermoregulatory 
skills and diving performance31,32. The study of juvenile and immature males, whose body mass is in between 
that of adult females and adult males, can be particularly useful to improve our understanding of habitat use by 
male Antarctic fur seals in winter.

Antarctic krill (Euphausia superba) is the staple food of Antarctic fur seals in the Atlantic sector of the 
Southern Ocean and the western Antarctic Peninsula33–40 and there is an urgent need to better understand the 
interactions between krill, their predators and the krill fisheries3. As already reported, most of the research on 
the spatial ecology of Antarctic fur seals has focused on females and the environmental monitoring program of 
the Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) focuses exclusively on 
females and their pups. However, juvenile and sub-adult males are the age classes with the highest krill consump-
tion of the overall population41 and are therefore of particular interest for the management of the krill fishery.

Here, we study the population structure at three male haul-outs at Deception Island (South Shetland Islands), 
to assess the relative contribution of juveniles and sub-adults to the overall male population remaining in Ant-
arctica after the breeding season. Furthermore, we use the data from 15 satellite tagged juvenile and sub-adult 
male Antarctic fur seals to develop a species distribution model and identify potential environmental drivers 
of their habitat use.

Methods
Study area.  Fieldwork was done at Deception Island (62.963 S, 60.624 W), which hosts several major haul-
outs used by several thousands of male Antarctic fur seals at a time. Sampling was carried out during the 2019 
austral summer season, from late-February to early-March. Males arrive at Deception Island for their annual 
moult in mid-February, once the breeding season at Cape Shirreff (Livingston Island, South Shetland Islands) is 
over, and last until late March.

Demographic structure at haul‑outs.  We completed two visual censuses at three haul-outs (Fig.  1). 
Seven 10 m wide, parallel transects were done in each census at each haul-out. Transects run from the innermost 
part of the beach to the shore and transect length ranged from 15 to 230 m, depending on beach morphology. 
Transects were spaced 50 m apart. All seals in each transect were counted, sexed and classified as juveniles, sub-
adults or adults according to body size and pelage coloration42.

Animal capture and instrumentation.  Antarctic fur seals were captured from February 20th to March 
2nd, 2019 at Collins Point (Fig. 1) and instrumented with satellite tag linked platform terminal transmitters 
(PPTs) KiwiSat STANDARD series (model K2G 276A with wet/dry sensor; size: 78 × 43 × 27 mm, weight: 95 g) 
or KiwiSat DIVE series (model K2G 276A with depth sensor; size: 78 × 43 × 27 mm, weight: 95 g), manufactured 
by Sirtrack (Havelock North, New Zealand). KiwiSat STANDARD PTTs (n = 10) collected and transmitted loca-
tion using ARGOS satellite service. KiwiSat DIVE PTTs (n = 5) also recorded dive data. The duty cycle was 24 h 
on every day and tags did not stop transmitting when hauled out. Juvenile males (n = 11) were captured using 
a hoop net and restrained in the same net while instrumented. The largest, sub-adult males (n = 4) were chemi-
cally restrained with a combination of midazolam (a benzodiazepine with sedative or tranquilizing action) and 
butorphanol (a synthetic agonist–antagonist opioid with analgesic action) remotely administered using a dart 
(5 ml) shot by means of a CO2 Dan-Inject JM rifle (Børkop, Denmark), with a dosage of 0.3 mg/kg and 0.2 mg/
kg, respectively43–45. We chose this combination of drugs because both midazolam and butorphanol can be fully 
reversed with flumazenil and naloxone, respectively, and have a wide safety margin44,46.

Each individual was measured (nose to tail) and fitted with a PTT glued to the fur on the mid dorsal region 
between the scapulae, using AralditeTM quick set epoxy resin13. The entire operation lasted less than 18 min, 
from immobilization to release. Chemically restrained animals were also weighed on a scale, injected with the 
corresponding reversal agents (dosage flumazenil 0.003 mg/kg and naloxone 0.01 mg/kg) intramuscularly in 
the gluteal region, and released into a cage and monitored until they recovered. Details of the instrumented 
individuals are shown in Table 1.

Foraging trip and dive analysis.  Pearson’s correlation coefficient was used to explore the relationship 
between the duration of the foraging trips and daylength. A General Linear Mixed Model (GLMM), with month 
as a fixed effect and individual seal identity as a random effect, was used to assess the existence of monthly 
changes in the deepest daily dive, from March to May, of the four seals instrumented with depth sensors. IBM 
SPSS v. 25 was used for both analyses.

Location data processing.  Individual seal trajectories were visually inspected to identify haul-out events 
and trim tracks into individual trips (i.e. ocean tracks in between haul-outs). Near-duplicate positions, defined as 
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animal positions that occurred 2 min or less after an existing position fix from the same animal, were removed47. 
Argos data were then filtered using a speed, distance and angle filter48 that removed all location class Z values 
and points with unrealistic swimming speeds (> 3 m s−1)49,50 or unlikely turning angles (all spikes with angles 
smaller than 15 or 25 degrees were removed if their lengths were greater than 2.5 or 5 km, respectively) using 
the “argosfilter” R package48. Tracks with data gaps in excess of 7 days were broken up for separate modelling 

Figure 1.   Study area and individual trajectories of juvenile and sub-adult male Antarctic fur seals. Deception 
Islands is denoted by the green symbol. Map inset shows the three haul-out locations where transect surveys 
were conducted at Deception Island (Satellite imagery from Landsat 8). Antarctic male fur seals were captured 
and instrumented at Collins Point. Map was generated using R version 4.0.2 (https://​www.r-​proje​ct.​org/). NASA 
Earth Observatory image by Lauren Dauphin, using Landsat data from the U.S. Geological Survey.

Table 1.   Animal tagging data. Trip duration is reported as mean and range, in days.

ID Standard length (cm) Weight (kg) Tag type Deployment date Track duration (days) Trips Trip duration

64487 148 60 Standard 20/02/2019 108 22 2.4 (0.1–17.4)

64488 142 – Standard 02/03/2019 197 25 1.2 (0.1–30.9)

64490 145 – Standard 27/02/2019 124 29 0.5 (0.1–23.9)

64491 137 62 Standard 21/02/2019 41 15 0.4 (0.1–4,5)

64492 152 65 Standard 21/02/2019 42 7 3.2 (0.1–13.6)

64515 140 – Standard 26/02/2019 26 7 1.6 (0.4–2.8)

64519 146 58 Standard 20/02/2019 102 24 0.5 (0.2–28.7)

64520 132 – Standard 26/02/2019 49 12 1.0 (0.2–7.5)

64525 137 – Standard 27/02/2019 33 7 2.6 (0.1–5.8)

64527 141 – Standard 05/03/2019 154 22 1.6 (0.1–27.4)

64528 139 – Dive 01/03/2019 72 21 0.6 (0.2–19.4)

64537 133 – Dive 01/03/2019 84 13 2.6 (0.1–36.6)

64529 145 – Dive 28/02/2019 2 0 0

64538 141 – Dive 01/03/2019 30 16 0.4 (0.1, 3.1)

64555 128 – Dive 28/02/2019 78 23 1.5 (0.1–14.4)

https://www.r-project.org/
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(i.e. each portion of the track was treated independently). A state-space model (SSM) was used to estimate loca-
tions at regular time intervals (6 h) and account for measurement error in the original observations using the 
“foieGras” R package51,52. We fitted the SSM using a correlated random walk model with the Template Model 
Building (TMB) for fast estimation. After checking for convergence, all tracks were retained for further analyses.

Pseudo‑absences.  Satellite tracks represent presence only data. In order to use a binomial response in 
the habitat model (i.e. presence and absence), we followed a two-step approach to generate pseudo-absences. 
First, we generated simulated tracks to represent the available habitat (i.e. where the animals could go given 
their movement characteristics and duration of the track). For each real track, we simulated 50 pseudo‐tracks 
by fitting a first‐order vector autoregressive model characterized by the step lengths and turning characteristics 
of the observed track19,23. The number of simulations was selected as a compromise between computational cost 
and the amount of generated locations for further random sampling (see habitat model section). Simulations 
were generated using the “availability” R package (https://​github.​com/​Austr​alian​Antar​cticD​ivisi​on/​avail​abili​ty). 
For each simulation, we fixed the initial location (i.e. the first track location) and restricted the following loca-
tions to the sea by defining a custom land mask of the study area using the GEBCO bathymetry (www.​gebco.​
net). Such simulations recreate the movement characteristics of the original tracks, taking into account their 
autocorrelations structure53, but are independent of the underlying environment. However, simulated tracks can 
generate replication at the same locations of the real track, hence leading to contradictory information in bino-
mial models (i.e. same location and date defined as either presence and absence) and potentially reduce model 
performance54. To reduce the amount of pseudo-replication and prevent overlap between real and simulated 
tracks, we gridded all presence and pseudo-absence locations per individual at 0.1 degrees on a daily basis and 
filtered out pseudo-absences that were adjacent to any presence grid cell (i.e. all individuals considered) within 
a temporal window of 2 days.

Environmental data.  A set of 13 environmental covariates were matched to estimated locations and 
pseudo-absences to analyze the habitat use of Antarctic fur seals (Table  2, Supplementary Fig.  S1). Covari-
ates were chosen on the basis of biological relevance and spatial and temporal resolution. Two static variables 
included bathymetry (GEBCO 2014 Grid, https://​www.​gebco.​net/), and slope of the seabed. Bathymetry deter-
mines whether the water column can be stratified and whether air-breathing predators can access the seabed, 
whereas the slope of the seabed has a strong influence on current velocity and direction and processes such 
upwelling. Dynamic variables were sourced from daily fields from physical and biogeochemical data-assimila-
tive numerical models (Copernicus Marine Environment Monitoring Service, https://​marine.​coper​nicus.​eu/). 
Sea surface temperature and salinity are useful to characterize distinct water masses and sea surface temperature 
is also critical for thermoregulation. We derived their gradients, as they can help to identify transition areas 
between distinct water masses. Sea ice fraction, distance to the ice edge and sea ice thickness determine largely 
the accessibility of air-breathing marine mammals to the seasonal sea-ice region and its associated prey. The sea 
ice limit was set where the sea ice fraction was 15%55,56. Sea surface height and eddy kinetic energy are proxies 

Table 2.   Environmental variables used as predictors in the habitat suitability model.

Abbre-viation Description Unit Spatial resolution Temporal resolution Data source/calculation method

BAT Bathymetry m 0.0083° Static Extracted from GEBCO 2014 Grid, https://​www.​gebco.​net/

SLP Slope ° 0.0083° Static Derived from BAT calculating the slope with the “terrain” function 
in the “raster” R package

SIC Sea ice area fraction 1 0.083° Daily Extracted from the Global Ocean Sea Physical Analysis and Forecast-
ing Product https://​marine.​coper​nicus.​eu/

EDGE Distance to ice edge km 0.083° Daily Derived from SIC after calculating distance to sea ice concentra-
tion > 15%, using the “gridDistance” function in “raster” R package

SIT Sea ice thickness m 0.083° Daily Extracted from the Global Ocean Sea Physical Analysis and Forecast-
ing Product https://​marine.​coper​nicus.​eu/

SST Sea surface temperature °C 0.083° Daily Extracted from the Global Ocean Sea Physical Analysis and Forecast-
ing Product https://​marine.​coper​nicus.​eu/

SSTg Sea surface temperature gradient ° 0.083° Daily Derived from SST calculating the slope with the “terrain” function in 
the “raster” R package

SAL Salinity PSU 0.083° Daily Extracted from the Global Ocean Sea Physical Analysis and Forecast-
ing Product https://​marine.​coper​nicus.​eu/

SALg Salinity gradient ° 0.083° Daily Derived from SAL calculating the slope with the “terrain” function in 
the “raster” R package

SSH Sea surface height m 0.083° Daily Extracted from the Global Ocean Sea Physical Analysis and Forecast-
ing Product https://​marine.​coper​nicus.​eu/

EKE Eddy kinetic energy m2 s-2 0.083° Daily Derived from sea water velocity extracted from Global Ocean Sea 
Physical Analysis and Forecasting Product as EKE = 0.5(U2 + V2)

CHL Chlorophyll a concentration mg m-3 0.25° Daily Extracted from the Global Biogeochemical Analysis and Forecasting 
Product https://​marine.​coper​nicus.​eu/

MLD Mixed layer depth m 0.083° Daily Extracted from the Global Ocean Sea Physical Analysis and Forecast-
ing Product https://​marine.​coper​nicus.​eu/

https://github.com/AustralianAntarcticDivision/availability
http://www.gebco.net
http://www.gebco.net
https://www.gebco.net/
https://marine.copernicus.eu/
https://www.gebco.net/
https://marine.copernicus.eu/
https://marine.copernicus.eu/
https://marine.copernicus.eu/
https://marine.copernicus.eu/
https://marine.copernicus.eu/
https://marine.copernicus.eu/
https://marine.copernicus.eu/
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for the intensity of mesoscale activity. Dynamic variables included the mixed layer depth, with a critical role in 
determining vertical mixing and the intensity of primary productivity. Chlorophyll-a concentration was a proxy 
for primary productivity. Chlorophyll-a concentration and eddy kinetic energy were highly right skewed and 
were log (x + 1) transformed prior to analysis. All covariates were bilinearly interpolated to a common extent 
(i.e. encompassing all observed and simulated tracks) and resolution (0.1° × 0.1° pixel size). Each presence and 
absence location was temporally (i.e. same day) and spatially matched to environmental data by averaging their 
values within a 15 km radius, hence accounting for uncertainty in covariate data arising from observation error 
and filling missing data. Across all covariates, there were only a few missing values in chlorophyll-a concentra-
tion (0.63%); thus we retained all covariates for further analyses.

Habitat suitability model.  We developed a species distribution model using boosted regression trees 
(BRT), a machine-learning method commonly used to model animal tracking data57,58. BRT performs better 
using the same number of pseudo-absences as available presences; we used a stratified random subsampling of 
pseudo-absence data to select the same number as presence observations per day and per individual. This 1:1 
ratio was recommended for machine-learning methods59, and applied in species distribution models of ani-
mal telemetry53,57. Although collinearity between environmental variables does not affect BRT predictions, it 
can affect the interpretation of the model60. Therefore, we assessed collinearity among variables calculating the 
Spearman pairwise correlation coefficient. Most predictors were uncorrelated (Spearman correlations < 0.7) and 
only sea ice thickness (highly correlated with sea ice fraction) was discarded from further analysis (Supplemen-
tary Fig. S2).

We used the “dismo” package in R61 to fit the BRT using a Bernoulli family, appropriate to the response vari-
able of presence (1) and absence (0). BRT requires the optimization of four parameters62: the number of trees 
(boosting iterations), tree complexity, the learning rate (shrinkage) and the bag fraction (proportion of data 
randomly selected at each iteration). We created combinations for potential values: number of trees = 50–10,000 
in 50 tree increments; tree complexity = 1, 3 or 5; learning rate = 0.005, 0.001, 0.05, 0.01; and bag fraction = 0.5, 
0.6 or 0.7. Following previous recommendations62, we selected the combination with > 1000 trees that minimized 
the area under the receiver operating characteristic curve (AUC, a measure of model predictive performance) 
during cross-validation. In case of ties, we prioritized models with larger learning rates, smaller tree complexi-
ties and fewer number of trees to reduce overfitting. In order to account for the repeated-measures structure 
derived from telemetry data, we incorporated a block factor in the cross-validation process19,63. We used indi-
vidual seals as folds in a leave-one-out cross-validation, meaning that all data from a given seal (both observed 
and simulated locations) were excluded from the training dataset and used to validate the model. After running 
the parameter optimization (Supplementary Table S1), we selected these parameters (number of trees = 1050, 
tree complexity = 5, learning rate = 0.01, bag fraction = 0.5) to fit the final model. Variable selection in BRT is 
achieved because the model largely ignores non-informative predictors when fitting trees62. However, to drop 
unimportant variables the model included an additional variable, with a random number between 1 and 100, 
to serve as an indicator for variables that have influence greater or less than random64. All environmental vari-
ables had influence greater than the random number variable and were included in the final model. Finally, we 
used the fitted model to generate spatial predictions of the habitat suitability for the entire study region on a 
daily basis. To account for model stochasticity and estimate the uncertainty associated with these predictions, 
we used a bootstrap approach57,62. We fitted the model 50 times by sampling half the data (with replacement) to 
map daily predictions, using the median, for the study region58. As a measure of uncertainty, we calculated the 
95% confidence interval range of the 50 values in each cell. In order to summarize seasonal trends, we generated 
monthly averages from daily predictions.

Accessibility model.  The modelling approach described above estimates habitat suitability of a given loca-
tion based on its environmental characteristics. However, it does not consider the accessibility of a given cell. 
Following previous works, we used a second set of models to account for this factor19,58. Given that tagged 
individuals did not behave as central place foragers (see “Results” section), we modelled accessibility of a given 
grid cell as a function of distance beyond the ice edge (15% ice concentration) using a binary response58: acces-
sible (1) (i.e., cells with any observed or simulated location), non-accessible (0) (i.e., cells with no observed or 
simulated locations). We fitted binomial models with a smooth, monotonic decreasing constraint using the 
“scam” R package65, under the assumption that accessibility should decrease with the distance to the ice edge. 
We also assumed that sea ice concentrations > 15% were not accessible to Antarctic fur seals. Similarly to the 
habitat model, we used a bootstrap approach to account for model uncertainty and fitted the model 50 times by 
sampling half the data (with replacement). Predictions from the habitat suitability were then weighted by the 
predictions of the accessibility model.

Code availability.  All analyses and plots were undertaken using the R programming language66. The code 
will be made available upon publication at Github (https://​github.​com/​dmarch/​agaze​lla).

Ethics statement.  All animal handling procedures in this study were reviewed and approved by the Ethics 
Committee in Animal Experimentation of the University of Barcelona and the Government of Catalonia (pro-
ject No 10292) in accordance with relevant guidelines and regulations. The procedures adhered to the ARRIVE 
guidelines and requirements of the ethics committee of the Spanish Polar Institute that approved all our field-
work under the permit No: CPE-2018-4.

https://github.com/dmarch/agazella
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Results
Demographic structure.  A total of 542 male fur seals were counted in the surveys, resulting in an aver-
age density of 99.3 ± 34.5 seal ha−1. Adults represented 13.7 ± 2.4% of the surveyed animals, whereas sub-adults 
contributed 36.5 ± 8.0% and juveniles 49.7 ± 8.7% to the total count (mean ± SD). The population make-up was 
similar at the three haul-out sites (Fig. 2).

Seal movements.  The instrumented male Antarctic fur seals ranged 128–152 cm in length (Table 1) and 
were likely 2–5 years old26. One of the KiwiSat DIVE PTTs (#64529) transmitted for only 48 h and was not 
considered in further analyses. The other 14 PPTs transmitted for 26–197 days (Table 1) and most of the seals 
were tracked through early (March–May) and mid-winter (June–August). During that period, their movements 
ranged from the northern part of the Bellingshausen Sea, to the south, to the South Georgia Island, to the north 
(Fig. 1 and Supplementary Fig. S3).

The instrumented seals departed from haul-out sites in the evening and hauled-out again in the morning 
(Fig. 3a), but they seldom engaged in round trips, as they returned to the same haul-out only in 35 out of 243 
trips (Supplementary Fig. S4). Until March 21st (fall equinox), most trips were nocturnal and lasted less than 
12 h, although trips lasting up to 5 days were not uncommon (Fig. 3b; Supplementary Fig. S4). Trips lasting a 
single night became uncommon and trips lasting more than 10 days increased in frequency after the fall equinox 
(Fig. 3b and Supplementary Fig. S4). As a result, the duration of the foraging trips was negatively correlated with 
daylength (r = − 0.472, p < 0.001, n = 243).

The 14 tagged male Antarctic fur seals remained off the South Shetland Islands or between the archipelago 
and the western Antarctic Peninsula (i.e. the Bransfield Strait) until mid-March, when five of them headed south 
(Fig. 1). Two other individuals moved south in mid-April. As a result, six of the eight instrumented Antarctic 
fur seals with active PTTs on May 1st have reached Marguerite Bay or the northern limit of the Bellingshausen 
sea and only two other individuals remained in the Bransfield Strait. Nevertheless, the individuals foraging off 
Marguerite Bay headed north during the first week of May, as sea ice spread into the area. They reached the 
Bransfield Strait on June 1st, when one of the individuals, which had remained there since tagging, headed to the 
South Orkney Islands. After a few days off the South Orkney Islands, the specimen moved to the South Georgia 
Islands, traveling back south to the sea ice limit in early August. Finally, the last two individuals left the Bransfield 
strait immediately after the winter solstice, heading to Elephant Island. One of them moved later to the South 
Georgia Islands where it remained until September 2019. No obvious differences were observed between the 
movement patterns of sub-adults and juveniles (Supplementary Fig. S3): one sub-adult (#64,491) and five juve-
niles (#64515, 64525, 64527, 64538 and 64520) remained within the Bransfield Strait, two sub-adults (#64487 and 
64519) and three juveniles (#64488, 64528 and 64537) engaged in a round migration from the Bransfield Strait 
to Marguerite Bay and the northern Bellingshausen sea and one sub-adult (#64492) and two juveniles (#64555 
and 64492) moved south after tagging but transmission ceased before they reached the northern Bellingshausen 
Sea. As a result, we modelled juveniles and sub-adults together.

Seal dives.  None of the four juvenile male Antarctic fur seals instrumented with DIVE PTTs was tracked 
beyond mid-May. The deepest recorded dive was 180 m, although the average depth of the deepest daily dive of 
the four tracked individuals increased significantly as winter advanced: 40.7 ± 3.4 m in March, 54.0 ± 13.4 m in 

Figure 2.   Demographic structure of the male Antarctic fur seal at haul-outs in Deception Island in early March 
2019. Vertical bars denote standard deviation of two samples. Total number of seals: Baily Head: 103, Collins 
Point: 281, Whalers Bay: 158.
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April and 72.5 ± 19.3 m in May (Fig. 4; GLMM: month, df = 2, Chi-square = 53.081, p < 0.001; seal identity: df = 1, 
Chi-square = 5.73, p < 0.017). Variability between individual seals explained 17% of the observed variance.

Habitat suitability.  Model assessment using cross-validation procedures suggested a good fit to the 
observed data, with the model explaining 38% of the cross-validated deviance and having a high predictive 
performance (cross-validated AUC score = 0.88; Supplementary Table S1). See Table 2 for variable definition and 
their acronyms. A static variable (BAT) and a set of dynamic variables (SAL, CHL, EDGE, and SST) were found 
amongst the top predictors (Fig. 5), exhibiting non-linear response curves (Fig. 6). Conversely, derived gradients 
(SSTg, SALg) and indicators of mesoscale activity (EKE) were weaker predictors. According to the model, the 
tagged juvenile and subadult males preferred areas less than 1000 m deep at 200–250 km from the ice edge, with 
low salinity (31–33 PSU), and very cold water (SST < 2 °C). Predicted habitat suitability averages on a monthly 
basis (February-September) together with their uncertainty estimates are shown in Fig.  7. Predicted habitat 
suitability changed seasonally, showing a southward expansion towards the Bellingshausen Sea during April and 
May, followed by a northward expansion towards the South Georgia Islands from June onwards.

Discussion
This work provides new insights from the early life stages of Antarctic fur seals, a keystone species in the Southern 
Ocean and major consumer of Antarctic krill. Here, using visual surveys and satellite telemetry we have assessed 
the demographic structure at haul-outs after the breeding season and analysed the habitat use of juvenile and 
sub-adult males present in maritime Antarctica in winter. Our results highlighted the dominance of these early 
life stages in the male population and identified key environmental drivers that affect their distribution at-sea. 
Such contributions could benefit marine conservation in Antarctica, with a major interest for the management 
of the krill fishery.

Figure 3.   Foraging trips of juvenile and sub-adult male Antarctic fur seals. (a) Histogram of departure and 
arrival times. (b) Relationship between day length and trip length.
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Sea surface temperature, bathymetry, primary productivity, wind speed and distance to the ice edge are often 
the most important predictors of habitat preference by air-breathing marine predators in the Southern Ocean, 
although the relative importance of each parameter varies across species10,18–20,58. Consistently, our modelling 
approach identified bathymetry, sea surface temperature, salinity, concentration of chlorophyll-a, and distance 
to the ice edge as the most relevant predictors of habitat preference for juvenile and sub-adult male Antarctic fur 
seals. In late summer and early winter, suitable habitat spanned along the western Antarctic Peninsula, from the 
Bransfield Strait to the Bellingshausen Sea. In mid-winter and late-winter, suitable habitat displaced northward, 
from the South Georgia Islands to Adelaide Island. Overall, the habitat suitable for juvenile and sub-adult male 
Antarctic fur seals matched the known distribution of Antarctic krill4,5,67, which is their main prey in that sector 
of the Southern Ocean33–40.

Figure 4.   Daily maximum depth of four juvenile male Antarctic fur seals instrumented with depth sensors.

Figure 5.   Relative influence of environmental variables used to model the habitat suitability of juvenile and 
sub-adult Antarctic fur seals. Dots represent medians and lines represent the 95% confidence interval range of 
the bootstrap predictions (n = 50). BAT: bathymetry, SAL: salinity, CHL: log-transformed (x + 1) concentration 
of chlorophyll-a, EDGE: distance from the sea ice limit, SST: sea surface temperature, SIC: sea ice fraction, SSH: 
sea surface height, MLD: mixed layer depth, SLP: slope, SSTg: sea surface temperature gradient, SALg: salinity 
gradient, EKE: eddy kinetic energy.
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Sea surface temperature and surface salinity play a relevant role in the model because they delineate success-
fully the water masses north and south to the Antarctic Polar Front (Supplementary Fig. S1). Likewise, bathym-
etry and distance to the ice edge had relevant contributions to the model because they characterized a region of 
open water immediately off the sea ice edge (Supplementary figure Fig. 1S). Finally, chlorophyll-a concentration 
was retained in the model because it is a major determinant of krill distribution. We did not incorporate distance 
to haul-out because juvenile and sub-adult male Antarctic fur seals did not behave as central place foragers dur-
ing the tracking period, as demonstrated by the very low proportion of foraging trips departing and arriving to 
the same haul-out (Supplementary Fig. S4).

Model results suggest that Antarctic fur seals are strongly affiliated with both static (e.g. bathymetry) and 
dynamic (e.g. distance to ice edge) environmental variables. In particular, the association with dynamic vari-
ables reinforces using contemporaneous daily products from numerical models. Numerical models offer new 
opportunities to circumvent the limitation of in situ observations and satellite remote sensing (e.g. cloud cover, 
variable resolution, sub-surface data) and facilitate prediction across large dynamic seascapes64,68,69. However, 
numerical models can have errors, which should be considered when interpreting the results. For example, 
sea ice concentration is overestimated in Antarctica during austral winter and underestimated during austral 
summer in the model used here70, albeit the general dynamic is consistent with previous works71. Refinement of 
data-assimilative models in polar regions can be challenging due to undersampling from traditional observing 

Figure 6.   Partial dependence plots of the top five variables from the BRT model. Relative contribution in 
percentage is provided between parentheses for each variable. BAT: bathymetry, SAL: salinity, CHL: log-
transformed (x + 1) concentration of chlorophyll-a, EDGE: distance from the sea ice limit, SST: sea surface 
temperature. The shading shows the 95% confidence intervals estimated from 50 bootstrap samples of the data 
set.
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platforms, but a new generation of ice-capable Argo floats and animal-borne sensors offers new opportunities 
for further enhancement of models72,73. In addition, two major caveats should be kept in mind when interpret-
ing the results reported here. First, all individuals were tagged from the same location, thus biasing the study to 
individuals already present in the Bransfield Strait and from the same haul-out. Second, tag durations ranged 
widely, with only five individuals tracked beyond May and two beyond August, thus further biasing our results 
during mid and late winter.

Previous research based on ship surveys identified distance to land as a major determinant of at-sea fur seal 
density in the Bransfield Strait and adjoining areas during the summer months74. This is because male Antarctic 
fur seals haul-out frequently in summer at the South Shetland Islands to molt75 and make short, nocturnal for-
aging trips (Fig. 3a). However, our study indicates they haul-out only sporadically as winter advances (Fig. 3b). 
In fact, winter ship surveys identified sea-ice concentration and krill biomass as the major habitat determinants 
of habitat use during winter at the Bransfield strait6. This agrees with the habitat suitability model developed 
here, relying largely on the distance to the ice edge and bathymetry, chlorophyll-a concentration and sea surface 
temperature, the four latter strongly related to the distribution of Antarctic krill4,5.

According to our results, the South Shetland Islands and the Bransfield Strait represent the core of the dis-
tribution area of juvenile and sub-adult male Antarctic fur seals in the western Antarctic Peninsula in winter. 
This conclusion is in accordance with previous ship surveys6,74 and satellite telemetry data11, although previous 
ship surveys did not asses the abundance of Antarctic fur seals south to the South Shetland Islands and did not 
assess either sex or age class of the spotted individuals. The Bransfield Strait and the South Shetland Islands were 
indeed included in the list of Antarctic areas of ecological significance in a recent study58 and are also a hotspot 
for Antarctic krill year-round4–6,67.

The overall evidence demonstrates that juvenile, sub-adult and adult male Antarctic fur seals overwinter 
consistently in maritime Antarctica13–16,19,21,23,24. According to the evidence from stable isotope ratios in vibris-
sae, most male Antarctic fur seals born at islands close to the Antarctic Polar Front overwinter in maritime 
Antarctica for the first time when they are 2 or 3 years old21,25. Younger juveniles often exhibit distinct stable 
isotope ratios in their vibrissae21,25, either because they use foraging grounds at much lower latitude due to poorer 

Figure 7.   Predicted habitat suitability of juvenile and sub-adult Antarctic fur seals for February—September 
2019. (a) Monthly average of daily predictions (median of the bootstrap predictions, n = 50). (b) Monthly 
average of daily uncertainty estimates (95% confidence interval range of the bootstrap predictions, n = 50). Maps 
were generated using R version 4.0.2 (https://​www.r-​proje​ct.​org/).

https://www.r-project.org/
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thermoregulatory skills in very cold water76, they fast for a long period after weaning77,78 or both. There are no 
published stable isotope data from males born at the South Shetland Islands to date, but the data reported here 
and a recent study11 suggest that males present in the South Orkney and the South Shetland Islands immediately 
after the breeding season remain in maritime Antarctica throughout winter and likely occur in large numbers 
in the region year-round.

Antarctic fur seals are sexualy dimorphic, with adult males reaching 120–140 kg and adult females 25–50 
kg26–30. A larger body mass improves thermoregulation in cold environments31 and the thermal insulation of adult 
male Antarctic fur seals is further improved by a thicker blubber compared to that of adult females (14 mm vs. 
8 mm)26. Moreover, the body fat reserves of females might be depleted after the breeding season, thus turning 
females more sensitive to low sea surface temperature in early winter than in summer. If so, females might need 
to forage on energy rich prey at lower latitude to replenish their body fat reserves. However, thermoregulation 
is not necessarily the main reason why females do not overwinter in maritime Antarctica. Young males, which 
overwinter in maritime Antarctica (this study and previous studies11,21,25), have a blubber thickness similar to 
that of adult females26 and the sea surface temperature of the summer foraging grounds of the females breeding 
at the South Shetland Islands17 is not different from the sea surface temperature of the foraging grounds used 
throughout the present study by juvenile and subadult males.

Changes in the vertical distribution of Antarctic krill in winter could be the main reason why adult females 
do not overwinter in maritime Antarctica. The highest biomass of Antarctic krill in the whole Southern Ocean is 
observed at night in the top 50 m of the water column during the summer months4,5, which is why adult female 
Antarctic fur seals breeding in the South Georgia Islands, the South Shetland Islands and Buovetøya Island for-
age primarily at night during the breeding season and usually dive less than 50 m27,32,79,80. The aforementioned 
is also true for the juvenile males present in the Bransfield Strait in late summer and early winter (Figs. 3 and 4). 
On the contrary, adult males are more flexible and forage frequently deeper and during the day at South Georgia 
Islands in summer32. Increased body mass results in larger oxygen stores that allow adult male Antarctic fur 
seals diving deeper (100 m vs. 39 m) and longer (231 s vs. 83 s) than adult females and hence access the krill that 
moves to deeper water during the day32.

In winter, the biomass of Antarctic krill declines markedly and concentrates in shelf areas, usually deeper 
than 100 m4–6,81. Adult, sub-adult and juvenile males inhabiting the Atlantic sector of the Southern Ocean and 
the western Antarctic Peninsula respond by diving deeper as winter advances (Fig. 4 and a previous study11). 
However, Antarctic krill is mostly out of reach of adult female Antarctic fur seals in winter, as they seldom dive 
deeper than 100 m29,30,32,50,80,82. This would explain why females breeding at the South Shetland Islands migrate 
to northern foraging grounds and why those breeding in islands close to the Antarctic Polar front remain close 
to their breeding grounds in winter, contrary to males13–21. The possible role of intraspecific competition between 
sexes in a scenario of decreased krill availability remains to be tested.

Independently on the actual reason why adult females leave maritime Antarctica in winter, the year-round 
presence of males in the region suggests that they are responsible for most of the krill consumption by the whole 
Antarctic fur seal population in the Atlantic sector of the Southern Ocean11. Juvenile and sub-adult males are 
of particular interest because they prevail in the population at the South Georgia Islands26,32,41 and Deception 
Island (Fig. 2). A previous study41 demonstrated that juvenile and sub-adult males contributed to more than 
half the overall consumption of Antarctic krill by the South Georgia population. This suggests that juvenile and 
sub-adult Antarctic fur seals would be the major contributors to the overall consumption of Antarctic krill by 
the Antarctic fur seal population if the demographic structure of other major haul-outs in the South Orkney and 
South Shetland Islands matches that reported for Deception Island and the South Georgia islands.

The western Antarctic Peninsula and the Atlantic sector of the Southern Ocean are experiencing accelerated 
warming83, which will certainly impact the distribution of wildlife. Historically, the Scotia Sea supported a dense 
population of adult Antarctic krill due to the advection of larvae from the Antarctic Peninsula, with a secondary 
maximum in the Bransfield Strait5,67. This probably explains why the South Georgia Islands supported the larg-
est breeding population of Antarctic fur seals during the second half of the twentieth century12. However, krill 
distribution in the Atlantic sector of the Southern Ocean has contracted southwards as a result of decline in the 
duration and extent of sea-ice and currently the highest krill abundance in summer is observed in the Bransfield 
Strait and Marguerite Bay4,67. This explains why the Bransfield Strait is currently the core of the distribution of 
juvenile, sub-adult and adult Antarctic fur seals in the Atlantic sector of the Southern Ocean (this study and 
previous work11). Declining abundance of Antarctic krill in the Scotia Sea has also resulted in a decrease in the 
reproductive success of female Antarctic fur seals breeding at the South Georgia Islands84,85. Such decline has not 
been balanced by improved reproductive success at the South Shetland Islands, because of an increased predation 
of pups by leopard seals86. Likewise, increased biomass of krill at Marguerite Bay is unlikely to be demographically 
relevant for Antarctic fur seals in the absence of any nearby colony, although juveniles and sub-adults exploit 
the area in late summer and early winter, as revealed here. It should be noted that Antarctic fur seals breed in 
colonies and are highly philopatric87, with distance to the colony often found as a major determinant of female 
habitat use, even in winter17,18,20. In this scenario, the demographic response of the population to improved habitat 
conditions in distant areas is expected to be delayed, even if males take advantage of the new resources available. 
This probably explains the extended delay in the recovery of the breeding colonies at the South Georgia and the 
South Shetland Islands after the cessation of sealing26,88.

In conclusion, juvenile, sub-adult and adult male Antarctic fur seals occur year-round in maritime Antarctica 
and should be incorporated into any ecological model aiming to manage the Antarctic krill population and to 
manage the fishery in a sustainable way.



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22234  | https://doi.org/10.1038/s41598-021-01700-w

www.nature.com/scientificreports/

Data availability
The authors declare that the tracking data from this study will be made publicly available at OBIS-SEAMAP. 
Correspondence and requests for materials should be addressed to L.C.

Received: 8 June 2021; Accepted: 2 November 2021

References
	 1.	 Knox, G. A. Biology of the Southern Ocean (CRC Press, 2006). https://​doi.​org/​10.​1201/​97814​20005​134
	 2.	 Thomas, D. N. et al. The Biology of Polar Regions: The Biology of Polar Regions (Oxford University Press, 2008).
	 3.	 Trathan, P. N. & Hill, S. L. The Importance of Krill Predation in the Southern Ocean. In Biology and Ecology of Antarctic Krill (ed. 

Siegel, V.) 321–350 (Springer, 2016). https://​doi.​org/​10.​1007/​978-3-​319-​29279-3_9.
	 4.	 Atkinson, A. et al. Oceanic circumpolar habitats of Antarctic krill. Mar. Ecol. Prog. Ser. 362, 1–23 (2008).
	 5.	 Siegel, V. & Watkins, J. L. Distribution, biomass and demography of antarctic krill, Euphausia superba. In Biology and Ecology of 

Antarctic Krill (ed. Siegel, V.) 21–100 (Springer, 2016). https://​doi.​org/​10.​1007/​978-3-​319-​29279-3_2.
	 6.	 Reiss, C. S. et al. Overwinter habitat selection by Antarctic krill under varying sea-ice conditions: Implications for top predators 

and fishery management. Mar. Ecol. Prog. Ser. 568, 1–16 (2017).
	 7.	 Andrews-Goff, V. et al. Humpback whale migrations to Antarctic summer foraging grounds through the southwest Pacific Ocean. 

Sci. Rep. 8, 12333 (2018).
	 8.	 Ribic, C. A., Ainley, D. G. & Fraser, W. R. Habitat selection by marine mammals in the marginal ice zone. Antarct. Sci. 3, 181–186 

(1991).
	 9.	 Takahashi, A. et al. Migratory movements and winter diving activity of Adélie penguins in East Antarctica. Mar. Ecol. Prog. Ser. 

589, 227–239 (2018).
	10.	 Hückstädt, L. A. et al. Projected shifts in the foraging habitat of crabeater seals along the Antarctic Peninsula. Nat. Clim. Change 

10, 472–477 (2020).
	11.	 Lowther, A. D., Staniland, I., Lydersen, C. & Kovacs, K. M. Male Antarctic fur seals: Neglected food competitors of bioindicator 

species in the context of an increasing Antarctic krill fishery. Sci. Rep. 10, 18436 (2020).
	12.	 Forcada, J. & Staniland, I. J. Antarctic fur seal Arctocephalus gazella. In Encyclopedia of Marine Mammals (eds Perrin, W. F. et al.) 

36–42 (Academic Press, 2009).
	13.	 Boyd, I. L., McCafferty, D. J., Reid, K., Taylor, R. & Walker, T. R. Dispersal of male and female Antarctic fur seals (Arctocephalus 

gazella). Can. J. Fish. Aquat. Sci. https://​doi.​org/​10.​1139/​f97-​314 (1998).
	14.	 Cherel, Y., Kernaléguen, L., Richard, P. & Guinet, C. Whisker isotopic signature depicts migration patterns and multi-year intra- 

and inter-individual foraging strategies in fur seals. Biol. Lett. 5, 830–832 (2009).
	15.	 Kernaléguen, L. et al. Long-term species, sexual and individual variations in foraging strategies of fur seals revealed by stable 

isotopes in whiskers. PLoS ONE 7, e32916 (2012).
	16.	 Kernaléguen, L., Arnould, J. P. Y., Guinet, C. & Cherel, Y. Determinants of individual foraging specialization in large marine 

vertebrates, the Antarctic and subantarctic fur seals. J. Anim. Ecol. 84, 1081–1091 (2015).
	17.	 Arthur, B. et al. Winter habitat predictions of a key Southern Ocean predator, the Antarctic fur seal (Arctocephalus gazella). Deep 

Sea Res. Part II Top. Stud. Oceanogr. 140, 171–181 (2017).
	18.	 Arthur, B. et al. Managing for change: Using vertebrate at sea habitat use to direct management efforts. Ecol. Indic. 91, 338–349 

(2018).
	19.	 Reisinger, R. R. et al. Habitat modelling of tracking data from multiple marine predators identifies important areas in the Southern 

Indian Ocean. Divers. Distrib. 24, 535–550 (2018).
	20.	 Wege, M., de Bruyn, P. J. N., Hindell, M. A., Lea, M.-A. & Bester, M. N. Preferred, small-scale foraging areas of two Southern Ocean 

fur seal species are not determined by habitat characteristics. BMC Ecol. 19, 36 (2019).
	21.	 Jones, K. A. et al. Intra-specific niche partitioning in antarctic fur seals, Arctocephalus gazella. Sci. Rep. 10, 3238 (2020).
	22.	 Siniff, D. B., Garrott, R. A., Rotella, J. J., Fraser, W. R. & Ainley, D. G. Opinion: Projecting the effects of environmental change on 

Antarctic seals. Antarct. Sci. 20, 425–435 (2008).
	23.	 Raymond, B. et al. Important marine habitat off east Antarctica revealed by two decades of multi-species predator tracking. Ecog-

raphy 38, 121–129 (2015).
	24.	 Bestley, S., Jonsen, I. D., Hindell, M. A., Harcourt, R. G. & Gales, N. J. Taking animal tracking to new depths: Synthesizing hori-

zontal–vertical movement relationships for four marine predators. Ecology 96, 417–427 (2015).
	25.	 Kernaléguen, L. et al. Early-life sexual segregation: Ontogeny of isotopic niche differentiation in the Antarctic fur seal. Sci. Rep. 6, 

33211 (2016).
	26.	 Payne, M. R. Growth in the Antarctic fur seal Arctocephalus gazella. J. Zool. 187, 1–20 (1979).
	27.	 Costa, D., Goebel, M. E. & Sterling, J. T. Foraging energetics and diving behavior of the Antarctic fur seal, Arctocephalus gazzella 

at Cape Shirreff, Livingston Island. In Antarctic Ecosystems: Models for Wider Ecological Understanding (eds Davision, W. et al.) 
77–84 (New Zealand Natural Science Press, 2000).

	28.	 Staniland, I. J. et al. Geographical variation in the behaviour of a central place forager: Antarctic fur seals foraging in contrasting 
environments. Mar. Biol. 157, 2383–2396 (2010).

	29.	 Blanchet, M.-A. et al. At-sea behaviour of three krill predators breeding at Bouvetøya—Antarctic fur seals, macaroni penguins 
and chinstrap penguins. Mar. Ecol. Prog. Ser. 477, 285–302 (2013).

	30.	 Jeanniard-du-Dot, T., Trites, A. W., Arnould, J. P. Y. & Guinet, C. Reproductive success is energetically linked to foraging efficiency 
in Antarctic fur seals. PLoS ONE 12, e0174001 (2017).

	31.	 Favilla, A. B. & Costa, D. P. Thermoregulatory strategies of diving air-breathing marine vertebrates: A review. Front. Ecol. Evol. 8, 
292 (2020).

	32.	 Staniland, I. J. & Robinson, S. L. Segregation between the sexes: Antarctic fur seals, Arctocephalus gazella, foraging at South Georgia. 
Anim. Behav. 75, 1581–1590 (2008).

	33.	 Reid, K. The diet of Antarctic fur seals (Arctocephalus gazella Peters 1875) during winter at South Georgia. Antarct. Sci. 7, 241–249 
(1995).

	34.	 Kirkman, S. P., Wilson, W., Klages, N. T. W., Bester, M. N. & Isaksen, K. Diet and estimated food consumption of Antarctic fur 
seals at Bouvetøya during summer. Polar Biol. 23, 745–752 (2000).

	35.	 Casaux, R., Baroni, A., Arrighetti, F., Ramón, A. & Carlini, A. Geographical variation in the diet of the Antarctic fur seal Arcto-
cephalus gazella. Polar Biol. 26, 753–758 (2003).

	36.	 Casaux, R., Baroni, A. & Ramón, A. Diet of Antarctic fur seals Arctocephalus gazella at the Danco Coast, Antarctic Peninsula. Polar 
Biol. 26, 49–54 (2003).

	37.	 Davis, D., Staniland, I. J. & Reid, K. Spatial and temporal variability in the fish diet of Antarctic fur seal (Arctocephalus gazella) in 
the Atlantic sector of the Southern Ocean. Can. J. Zool. https://​doi.​org/​10.​1139/​z06-​071 (2006).

https://doi.org/10.1201/9781420005134
https://doi.org/10.1007/978-3-319-29279-3_9
https://doi.org/10.1007/978-3-319-29279-3_2
https://doi.org/10.1139/f97-314
https://doi.org/10.1139/z06-071


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:22234  | https://doi.org/10.1038/s41598-021-01700-w

www.nature.com/scientificreports/

	38.	 Casaux, R., Juares, M., Carlini, A. & Corbalán, A. The diet of the Antarctic fur seal Arctocephalus gazella at the South Orkney 
Islands in ten consecutive years. Polar Biol. 39, 1197–1206 (2016).

	39.	 Tarroux, A., Lowther, A. D., Lydersen, C. & Kovacs, K. M. Temporal shift in the isotopic niche of female Antarctic fur seals from 
Bouvetøya. Polar Res. 35, 31335 (2016).

	40.	 Garcia-Garin, O. et al. No evidence of microplastics in Antarctic fur seal scats from a hotspot of human activity in Western Ant-
arctica. Sci. Total Environ. 737, 140210 (2020).

	41.	 Boyd, I. L. Estimating food consumption of marine predators: Antarctic fur seals and macaroni penguins. J. Appl. Ecol. 39, 103–119 
(2002).

	42.	 Wilson, D. E. & Mittermeier, R. A. Handbook of the mammals of the world : vol. 4 : Sea mammals. (2014).
	43.	 Melin, S. R. et al. Reversible immobilization of free-ranging adult male California sea lions (Zalophus californianus). Mar. Mammal 

Sci. 29, E529–E536 (2013).
	44.	 Pussini, N. & Goebel, M. E. A safer protocol for field immobilization of leopard seals (Hydrurga leptonyx). Mar. Mammal Sci. 31, 

1549–1558 (2015).
	45.	 Spelman, L. H. Reversible anesthesia of captive California sea lions (Zalophus californianus) with medetomidine, midazolam, 

butorphanol, and isoflurane. J. Zoo Wildl. Med. Off. Publ. Am. Assoc. Zoo Vet. 35, 65–69 (2004).
	46.	 Cook, T. A. Butorphanol tartrate: An intravenous analgesic for outpatient surgery. Otolaryngol. Head Neck Surg. J. Am. Acad. 

Otolaryngol. Head Nexk Surg. 91, 251–254 (1983).
	47.	 Ropert-Coudert, Y. et al. The retrospective analysis of Antarctic tracking data project. Sci. Data 7, 94 (2020).
	48.	 Freitas, C., Lydersen, C., Fedak, M. A. & Kovacs, K. M. A simple new algorithm to filter marine mammal Argos locations. Mar. 

Mammal Sci. 24, 315–325 (2008).
	49.	 Bonadonna, F., Lea, M.-A., Dehorter, O. & Guinet, C. Foraging ground fidelity and route-choice tactics of a marine predator: The 

Antarctic fur seal Arctocephalus gazella. Mar. Ecol. Prog. Ser. 223, 287–297 (2001).
	50.	 Lea, M.-A. & Dubroca, L. Fine-scale linkages between the diving behaviour of Antarctic fur seals and oceanographic features in 

the southern Indian Ocean. ICES J. Mar. Sci. 60, 990–1002 (2003).
	51.	 Jonsen, I. D. et al. Movement responses to environment: Fast inference of variation among southern elephant seals with a mixed 

effects model. Ecology 100, e02566 (2019).
	52.	 Jonsen, I. D. et al. A continuous-time state-space model for rapid quality control of argos locations from animal-borne tags. Mov. 

Ecol. 8, 31 (2020).
	53.	 Hazen, E. L. et al. Where did they not go? Considerations for generating pseudo-absences for telemetry-based habitat models. 

Mov. Ecol. 9, 5 (2021).
	54.	 O’Toole, M., Queiroz, N., Humphries, N. E., Sims, D. W. & Sequeira, A. M. M. Quantifying effects of tracking data bias on species 

distribution models. Methods Ecol. Evol. 12, 170–181 (2021).
	55.	 Lee, J. F., Friedlaender, A. S., Oliver, M. J. & DeLiberty, T. L. Behavior of satellite-tracked Antarctic minke whales (Balaenoptera 

bonaerensis) in relation to environmental factors around the western Antarctic Peninsula. Anim. Biotelemetry 5, 23 (2017).
	56.	 Labrousse, S. et al. Under the sea ice: Exploring the relationship between sea ice and the foraging behaviour of southern elephant 

seals in East Antarctica. Prog. Oceanogr. 156, 17–40 (2017).
	57.	 Hazen, E. L. et al. A dynamic ocean management tool to reduce bycatch and support sustainable fisheries. Sci. Adv. 4, eaar3001 

(2018).
	58.	 Hindell, M. A. et al. Tracking of marine predators to protect Southern Ocean ecosystems. Nature 580, 87–92 (2020).
	59.	 Barbet-Massin, M., Jiguet, F., Albert, C. H. & Thuiller, W. Selecting pseudo-absences for species distribution models: How, where 

and how many?. Methods Ecol. Evol. 3, 327–338 (2012).
	60.	 Dormann, C. F. et al. Collinearity: A review of methods to deal with it and a simulation study evaluating their performance. 

Ecography 36, 27–46 (2013).
	61.	 Hijmans, R. J., Phillips, S. & Elith, J. L. dismo: Species Distribution Modeling. (2020).
	62.	 Elith, J., Leathwick, J. R. & Hastie, T. A working guide to boosted regression trees. J. Anim. Ecol. 77, 802–813 (2008).
	63.	 Roberts, D. R. et al. Cross-validation strategies for data with temporal, spatial, hierarchical, or phylogenetic structure. Ecography 

40, 913–929 (2017).
	64.	 Scales, K. L. et al. Fit to predict? Eco-informatics for predicting the catchability of a pelagic fish in near real time. Ecol. Appl. 27, 

2313–2329 (2017).
	65.	 Pya, N. & Wood, S. N. Shape constrained additive models. Stat. Comput. 25, 543–559 (2015).
	66.	 R Core Team. R: A Language and Environment for Statistical Computing. (2019).
	67.	 Atkinson, A. et al. Krill (Euphausia superba) distribution contracts southward during rapid regional warming. Nat. Clim. Change 

9, 142–147 (2019).
	68.	 Brodie, S. et al. Integrating dynamic subsurface habitat metrics into species distribution models. Front. Mar. Sci. (2018).
	69.	 Becker, E. A. et al. Moving Towards dynamic ocean management: How well do modeled ocean products predict species distribu-

tions?. Remote Sens. 8, 149 (2016).
	70.	 Lellouche, J.-M. et al. Recent updates to the Copernicus Marine Service global ocean monitoring and forecasting real-time 1∕12° 

high-resolution system. Ocean Sci. 14, 1093–1126 (2018).
	71.	 Handcock, M. S. & Raphael, M. N. Modeling the annual cycle of daily Antarctic sea ice extent. Cryosphere 14, 2159–2172 (2020).
	72.	 Smith, G. C. et al. Polar ocean observations: A critical gap in the observing system and its effect on environmental predictions 

from hours to a season. Front. Mar. Sci. (2019).
	73.	 March, D., Boehme, L., Tintoré, J., Vélez-Belchi, P. J. & Godley, B. J. Towards the integration of animal-borne instruments into 

global ocean observing systems. Glob. Change Biol. 26, 586–596 (2020).
	74.	 Santora, J. A. Dynamic intra-seasonal habitat use by Antarctic fur seals suggests migratory hotspots near the Antarctic Peninsula. 

Mar. Biol. 160, 1383–1393 (2013).
	75.	 Vergani, D. F. & Coria, N. R. Increase in numbers of male fur seals Arctocephalus gazella during the summer autumn period at 

Mossman Peninsula (Laurie Island). Polar Biol. 9, 487–488 (1989).
	76.	 Rutishauser, M. R., Costa, D. P., Goebel, M. E. & Williams, T. M. Ecological implications of body composition and thermal capa-

bilities in young antarctic fur seals (Arctocephalus gazella). Physiol. Biochem. Zool. PBZ 77, 669–681 (2004).
	77.	 Vales, D. G., Cardona, L., García, N. A., Zenteno, L. & Crespo, E. A. Ontogenetic dietary changes in male South American fur seals 

Arctocephalus australis in Patagonia. Mar. Ecol. Prog. Ser. 525, 245–260 (2015).
	78.	 Cardona, L., Vales, D., Aguilar, A., Crespo, E. & Zenteno, L. Temporal variability in stable isotope ratios of C and N in the vibrissa 

of captive and wild adult South American sea lions Otaria byronia: More than just diet shifts. Mar. Mammal Sci. 33, 975–990 
(2017).

	79.	 Costa, D. P., Gales, N. J. & Goebel, M. E. Aerobic dive limit: How often does it occur in nature?. Comp. Biochem. Physiol. A. Mol. 
Integr. Physiol. 129, 771–783 (2001).

	80.	 Biuw, M., Krafft, B. A., Hofmeyr, G. J. G., Lydersen, C. & Kovacs, K. M. Time budgets and at-sea behaviour of lactating female 
Antarctic fur seals Arctocephalus gazella at Bouvetøya. Mar. Ecol. Prog. Ser. 385, 271–284 (2009).

	81.	 Lascara, C. M., Hofmann, E. E., Ross, R. M. & Quetin, L. B. Seasonal variability in the distribution of Antarctic krill, Euphausia 
superba, west of the Antarctic Peninsula. Deep Sea Res. Part Oceanogr. Res. Pap. 46, 951–984 (1999).



14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22234  | https://doi.org/10.1038/s41598-021-01700-w

www.nature.com/scientificreports/

	82.	 Lea, M.-A., Hindell, M., Guinet, C. & Goldsworthy, S. Variability in the diving activity of Antarctic fur seals, Arctocephalus gazella, 
at Iles Kerguelen. Polar Biol. 25, 269–279 (2002).

	83.	 Vaughan, D. G. et al. Recent rapid regional climate warming on the antarctic peninsula. Clim. Change 60, 243–274 (2003).
	84.	 Forcada, J., Trathan, P. N., Reid, K. & Murphy, E. J. The effects of global climate variability in pup production of antarctic fur seals. 

Ecology 86, 2408–2417 (2005).
	85.	 Forcada, J. & Hoffman, J. I. Climate change selects for heterozygosity in a declining fur seal population. Nature 511, 462–465 

(2014).
	86.	 Schwarz, L. K., Goebel, M. E., Costa, D. P. & Kilpatrick, A. M. Top-down and bottom-up influences on demographic rates of 

Antarctic fur seals Arctocephalus gazella. J. Anim. Ecol. 82, 903–911 (2013).
	87.	 Hoffman, J. I. & Forcada, J. Extreme natal philopatry in female Antarctic fur seals (Arctocephalus gazella). Mamm. Biol. 77, 71–73 

(2012).
	88.	 Hucke-Gaete, R., Osman, L. P., Moreno, C. A. & Torres, D. Examining natural population growth from near extinction: The case 

of the Antarctic fur seal at the South Shetlands, Antarctica. Polar Biol. 27, 304–311 (2004).

Acknowledgements
This project was financed by grant CTM2017-83319-P from Ministerio de Ciencia, Innovación y Universidades 
(Spain) and supported by AEI/FEDER/UE. D. March acknowledges support from the European Union’s Horizon 
2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement (No 794938), 
and the University of Exeter’s Advanced Research Computing facilities at Penryn in carrying out this work. M. 
Drago acknowledges support from the Secretaria d’Universitats i Recerca, Generalitat de Catalunya (Spain) 
under the Beatriu de Pinós programme postdoctoral fellowship (2016 BP 00151). The authors acknowledge 
the members of the Spanish Army at the Gabriel de Castilla research station for assistance and logistic support 
during fieldwork in Deception Island. We thank two anonymous reviewers whose comments and suggestions 
contributed to improve and clarify this manuscript.

Author contributions
M.D. and L.C. conceived the project and designed the methodology; M.D., M.G., M.P., D.R. and L.C. conducted 
the fieldwork; D.M. and L.C. performed the analyses and drafted the manuscript. All authors contributed criti-
cally to the manuscript drafts and gave final approval for publication.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​01700-w.

Correspondence and requests for materials should be addressed to D.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-01700-w
https://doi.org/10.1038/s41598-021-01700-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Winter distribution of juvenile and sub-adult male Antarctic fur seals (Arctocephalus gazella) along the western Antarctic Peninsula
	Methods
	Study area. 
	Demographic structure at haul-outs. 
	Animal capture and instrumentation. 
	Foraging trip and dive analysis. 
	Location data processing. 
	Pseudo-absences. 
	Environmental data. 
	Habitat suitability model. 
	Accessibility model. 
	Code availability. 
	Ethics statement. 

	Results
	Demographic structure. 
	Seal movements. 
	Seal dives. 
	Habitat suitability. 

	Discussion
	References
	Acknowledgements


