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As top predators, leopard seals (Hydrurga leptonyx) have a key role in Southern Ocean ecosystems. 
For example, this species has driven the local collapse of Antarctic fur seals (Arctocephalus gazella) at 
Cape Shirreff, in the northern Antarctic Peninsula. However, little is known about leopard seal haul 
out site fidelity and social behavior. Here, we employ “genomic tagging” and relatedness analyses 
from a genome-wide single nucleotide polymorphism (SNP) dataset obtained from 88 leopard seal 
tissue samples to investigate patterns of seasonal haul out site fidelity and social structure at Cape 
Shirreff, a leopard seal hotspot during austral summers. Although many seals were observed only 
once, some females had remarkably high site fidelity returning to the same location across timeframes 
of up to eight years. Most leopard seals were unrelated, but we identified a trio of closely related 
females, including a mother-daughter pair, indicating that seasonal site fidelity can span generations. 
Interestingly, the mother leopard seal identified through our relatedness analyses is a foraging 
specialist that targets Antarctic fur seal pups; her diet changed very little over the past decade. Our 
findings suggest high individual variability in leopard seal behavior regarding site fidelity and social 
structure. Such flexibility may play a key role in this species’ responses to environmental change.
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Decadal shifts in the behavior and diet of large marine predators can profoundly transform ecosystems through 
cascading predator–prey interactions1–3. The Southern Ocean supports one of the largest communities of seabirds 
and marine mammals in the world4,5, and many of those populations are changing rapidly in the warming 
climate6–9. Our understanding of these community level changes depends upon long-term observations of 
predator populations. In particular, behavior and demographic data derived from known individuals are critical 
for contextualizing regional patterns (e.g.,10–13). However, acquiring long-term data for individuals is challenging 
for solitary, long-lived species that occur at low population densities14. Most assessments of social structure and 
kinship associations have focused on social species despite the fact that most carnivores are solitary (defined 
as individuals spending more than 50% of the time sleeping or foraging alone, and sexes meeting mainly for 
mating15). For solitary species, a combination of approaches is typically needed to acquire knowledge on habitat 
use, dispersal patterns and social systems16.

Site fidelity is the tendency of individuals to return to a particular location over time and is commonly 
observed in gregarious pelagic sea birds and pinnipeds (seals, sea lions and walruses;17). Individual site fidelity 
associated with foraging, resting or molting (hereafter “site fidelity”) shapes population dynamics by accelerating 
specialization and regulating intraspecific competition18. Most importantly, site fidelity allows individuals to gain 
familiarity with locally available resources and environmental conditions19, which can increase reproductive 
success and lifespan (e.g., southern elephant seals, Mirounga leonina;20). Nevertheless, site fidelity can be variable 
in populations due to intrinsic factors, such as age and sex. Specifically, adults tend to have greater site fidelity, 
while younger animals are often more exploratory (e.g., southern elephant seals21; Weddell seals, Leptonychotes 
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weddellii; 22; northern gannets, Morus bassanus23). The two sexes can also have contrasting site fidelity patterns. 
For example, post-breeding sex-specific segregation is observed in the Pacific walrus (Odobenus rosmarus 
divergens); after winter breeding, females and juveniles migrate to the Chuckchi Sea while males remain in the 
Bering Sea24. In contrast, site fidelity can remain stable over many generations in some species (e.g., short-tailed 
albatross, Phoebastria albatrus25), making them highly susceptible to rapid changes in their environment. Notably, 
a mix of weak and strong individual site fidelity strategies can lead to long-term benefits at the population level. 
In northern elephant seals, Mirounga angustirostris, individuals with weak fidelity had higher energetic rewards 
in positive Pacific Decadal Oscillation years while individuals with strong fidelity had lower variability in mass 
across years, so both strategies were equally successful over a decade26. Understanding patterns of site fidelity is 
critical to revealing population dynamics that can inform species conservation strategies, particularly for long-
lived vertebrates vulnerable to decline27,28.

Social structure is directly linked to site fidelity. Social interactions are more common among individuals 
over time if they consistently occupy the same area. In highly social Galapagos sea lions (Zalophus wollebaeki), 
fine-scale site fidelity and space use can promote bonds between individuals, leading to community-level social 
structure29,30. There is also mounting evidence that sociality does not exclusively occur in group-living species31. 
Indirect, non-visual social signals (e.g., scent), for example, appear to determine the home ranges of many solitary 
mammals, including the puma (Puma concolor32), slender mongoose (Galerella sanguinea33), and brown bear 
(Ursus arctos34). In fact, some carnivore matrilineal societies observed today (e.g., lions, Panthera leo, and spotted 
hyenas, Crocuta crocuta) likely evolved from proximity tolerance among female kin and nepotistic transmission 
of critical resources from one generation to the next, leading to enhanced overall population fitness35.

Leopard seals (Hydrurga leptonyx) are solitary Southern Ocean top predators, with a circumpolar distribution 
around the Antarctic pack ice36, but the species also occurs north of the Antarctic Convergence, in Australia, 
New Zealand and Chile37–40. Breeding occurs in the austral spring with a peak of births reported between the 
months of September and December38,41. During the austral summers leopard seals are often observed foraging 
near large breeding aggregations of penguins and seals42,43. This is also the time of the year when leopard seals 
spend the greatest number of hours hauled out44 and are accessible to researchers for studies involving tagging 
and capture. One of the locations visited by leopard seals in the summers is Cape Shirreff, located in Livingston 
Island (South Shetland Islands), northern Antarctic peninsula. At this location, no breeding or mating have been 
observed. Instead, leopard seals are seen hunting near shore or resting on beaches.

Leopard seals forage across a range of trophic levels from mesopredators (e.g., penguins and seals) to fish 
and krill36,45. They can rapidly restructure prey populations through top-down forcing46,47. For example, at Cape 
Shirreff leopard seals decimated South Shetland Antarctic fur seals in just over two decades by consuming nearly 
70% of pups born annually since 2010 (this population surpassed 40,000 in 2002 but it has declined by 86% in 
15 years)47. While they had intermittently been present, the number of seasonally resident leopard seals rose 
rapidly in the early 2000s at the largest breeding colony in the northern Antarctic peninsula region. Leopard seal 
numbers quickly increased by two orders of magnitude39 as they preyed on seasonally available, easy-to-target 
pups. After the South Shetland Antarctic fur seal population crashed and this resource became scarce, leopard 
seal numbers decreased just as rapidly48, although they are still observed at Cape Shirreff annually. The foraging 
species-level plasticity of leopard seals allowed them to maximally exploit this prey resource. However, there is 
insufficient behavioral and ecological data to explain how these solitary predators could respond so quickly at 
the population level to change their seasonal site fidelity.

Since 2008, a concerted effort was made to attach unique ID flipper tags to the most accessible hind 
flippers of leopard seal individuals hauled out at Cape Shirreff. Leopard seals in this area are often resighted 
repeatedly (seasonal residents; hereafter defined as “residents”), while a few are only seen once (hereafter 
seasonal “transients”). A large logistical effort is required to visually survey the > 10 km Cape Shirreff coastline 
for leopard seal individuals by foot, leading to incomplete tagging re-sight data. A seasonal survey of phocids, 
including leopard seals, is done weekly rather than daily at Cape Shirreff (census methods are described in detail 
by Woodman et al., 202449). Therefore, tagged animals may be missed and this survey effort is likely further 
hindered by tag loss. Genomic analyses can be used to identify individuals over time and provide an assessment 
of tag loss, while allowing for the examination of social structure via the quantification of patterns of relatedness 
and inbreeding. Here, we leveraged more than ten years of sampling effort at Cape Shirreff and used genome-
level data obtained via double digest restriction-site associated DNA (ddRAD) sequencing to confidently match 
individuals sampled over time while quantifying long-term individual site fidelity. This dataset also allowed 
us to conduct a detailed assessment of social structure via relatedness analyses among leopard seals detected 
at a single summering location. Based on opportunistic observations of tagged individuals at Cape Shirreff, 
we hypothesized that genomic matching would reveal long-term site fidelity for some individuals. We also 
hypothesized a general lack of social structure in leopard seals due to their solitary nature.

Results
To detect genetic matches and to characterize patterns of social structure and kinship, we ddRAD sequenced 88 
leopard seal samples collected over a decade (2008 — 2018) from Cape Shirreff (Supplementary File A, Table 
S2). Most samples were obtained from animals fitted with flipper tags (n = 85, 96%), which allowed them to 
be roughly classified as either seasonal transients (n = 38) or residents (n = 47) according to census data. Most 
sampled animals were adult females (n = 70, 79%).

A total of 270,738,652 single-end 95 bp Illumina sequencing reads were generated and mapped to the leopard 
seal reference genome, with an average mapping rate of 96.5% ± 16.5. The aligned reads were then used to call 
a total of 465,523 raw SNPs. Following quality filtering, our dataset consisted of 79 samples representing 71 
unique individuals (see results for genetic matches below) genotyped at 10,555 SNPs. The genotyping error rate 
estimated using genomic matches was low at 0.2% ± 0.3.
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Detection of genetic matches/replicates
In our final sample dataset, we identified 10 individuals (9 females and 1 male) that were sampled more than 
once (Fig. 1). In turn, we failed to genetically match one individual that should have matched another based on 
flipper tag identification (biopsy sample ID 159,909 should have matched seal tag #100 based on field data). We 
attribute this to a likely mislabeling error in the laboratory or field.

The genetic matches revealed seasonal site fidelity at Cape Shirreff for several years (mean = 3.5 years; range 
1–8 years) and detected seven flipper tag loss events. Specifically, four seals were unknowingly retagged and 
resampled in the field due to loss of the original flipper tag (Fig. 1). In one case, this happened twice to the same 
seal: original seal tag #48, was retagged as #84 two years later and retagged as #133 four years later. Incidental re-
tagging/re-sampling occurred between one and seven years apart. Formal tag loss rates could not be accurately 
quantified for this dataset due to its small sample size and because the sampling was opportunistic.

Social structure and relatedness
The PCA analyses did not reveal any obvious clustering of individuals or differences between resident and 
transient seals, regardless of their sex (Fig. 2 c-f). Accordingly, the majority of leopard seals at Cape Shirreff were 
genetically unrelated (Fig. 2 a-b). However, both pairwise relatedness (GCTA) and kinship coefficient (KING) 
analyses revealed 3 closely related pairs of samples among the 71 individuals (Fig. 3a, b): seals tag # 397 (Fig. 4 
a, b) and tag # 146 were identified as mother-daughter pair and a third female (tag # 127) was found to be the 
second-order relative (half-sibling, avuncular or grandparent–grandchild; rxy = 0.21) of seal tag # 397 (these 
animals were identified as 3rd degree relatives according to KING coefficients). Finally, our analyses indicated a 
distant relationship between seals tag # 146 and tag # 127 (rxy = 0.095), confirming kinship among three female 
leopard seals. All three seals (tag # 397, tag # 146 and tag # 127) shared the same mtDNA control region haplotype 
(GenBank accession # OQ451785.1; Bender et al., 2023), confirming their matrilineal kinship. Tissue sampling 
of the three related seals occurred in the month of January spanning five years. Notably, leopard seal tag # 127 
was also found to be inbred (section below). Seals tag # 397 and tag # 127 were classified as residents, while seal 
tag # 146 was a transient (it is possible that she lost her tag).

Genetic diversity and inbreeding
Measures of multilocus heterozygosity (MLH) and inbreeding (Fhat 3) revealed that most leopard seals (n = 68; 
95.77%) sampled at Cape Shirreff were not inbred; inbreeding was centered around zero; Fig. 5). The genomic 
inbreeding coefficient Fhat3 was negatively correlated with genome-wide heterozygosity (b = -0.7, p < 0.001, 
R2 = 0.77). Three leopard seals had higher levels of inbreeding: “Untagged” (Fhat3 = 0.07), tag # 127 (Fhat3 = 0.1) 
and tag # 124 (Fhat3 = 0.17; Fig.  5). No differences in inbreeding levels were detected between resident and 
transient seals (Supplementary File B, Figure S1).

Discussion
Documenting patterns of site fidelity and social structure are crucial to our understanding of population 
dynamics, yet both are rarely studied in solitary mammals. This has led to a considerable gap in our understanding 

Fig. 1.  A total of 79 leopard seal samples were analyzed using genomic data to determine identical matches. 
This analysis revealed several instances of tag loss, which are indicated by one seal having multiple Tag IDs 
listed. Tagging/ sampling events are shown in the order in which they occurred. All seals matched were 
identified as females, except seal tag # 120 (male).
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of the potential ecological impacts of the behavior of large predators. A decade-long sampling and tagging effort 
at Cape Shirreff provided a rare opportunity to uncover key aspects of the behavior of leopard seals. Our effort 
revealed that long-term seasonal site fidelity was highly variable among individuals: although most seals were 
seasonal residents (57%), there was large number of transients (43%). Genomic matching revealed that among 

Fig. 2.  Principal component analyses of individual leopard seal genomic variation. The first principal 
component reveals the three related individuals detected in this study (a-b). No significant portion of variance 
is explained by identifying leopard seals as females or males (c-d) and estimating their status as seasonal 
residents or transients (e–f).
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the residents, seven individuals displayed remarkable site fidelity, including one leopard seal re-sampled three 
times in eight years. Genomic analyses also uncovered a case of transgenerational site-fidelity that spanned at 
least two generations of leopard seals. Leopard seals have had a key role in re-shaping trophic dynamics in the 
northern Antarctic peninsula and our results provide further behavioral context for their impacts on local prey 
populations.

The majority of leopard seals visiting Cape Shirreff were adult females returning to the area at least once during 
our study period; a few seals were re-sampled after nearly a decade. For seven individuals, our genomic dataset 
revealed substantially longer site fidelity to Cape Shirreff than was originally inferred from tag resighting data 
alone, indicating that tag loss is not negligible in this species as previously thought50. Flipper tags were generally 
resighted weekly, while the summer average haul-out period is less than one day51. Therefore, it is possible that 
resident animals were not seen and misclassified as transients, so this area may have more returning seals than 
we estimated. Regardless, our findings of long-term site fidelity at Cape Shirreff and the large proportion (79%) 
of adult females found there, contrast patterns observed at other locations such as Tasmania52 and Bird Island, 
South Georgia, where transient juvenile leopard seals are more frequently observed44,53,54. At face value, this 

Fig. 4.  Leopard seal tag # 397. Note the tag attached to the animal’s hind flipper used for visual identification. 
(a) Seal tag # 397 photographed on Feb 01, 2010 at Cape Shirreff (photo credit: C. Bonin; (b) Seal tag # 397 
photographed on Dec 21, 2021 at Cape Shirreff (photo credit: D. Krause).

 

Fr
eq

ue
nc

y

0
10

0
20

0
30

0
40

0
50

0

a)

−0.1 0.0 0.1 0.2 0.3 0.4 0.5
Genetic relatedness

0.00 0.01 0.02 0.03 0.04 0.05

−0
.2

−0
.1

0.
0

0.
1

0.
2

Proportion of 0 IBS

KI
N

G
 K

in
sh

ip
 c

oe
ffi

ci
en

t

b)

Fig. 3.  Relatedness and kinship coefficients estimated for leopard seals sampled at Cape Shirreff. (a) Pairwise 
relatedness (rxy; GCTA) distribution indicates three relationships identified (arrows) among leopard seals; 
(b) KING kinship coefficient estimation for leopard seals (dots): colored dots indicate first (orange) and third 
(green) order relatives in the dataset, while purple dots indicate more distantly related pairs (greater than 
3rd degree relatedness, which cannot be confidently inferred by KING) and unrelated individuals. Dashed 
horizontal lines show the threshold KING kinship coefficient values separating kinship classes.
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is consistent with a pattern of post-breeding segregation that is possibly driven by intraspecific competition. 
Food-related aggressive encounters among leopard seals have been reported, including kleptoparasitism, when 
larger females steal prey from smaller conspecifics43. Another study at Cape Shirreff reported that the majority 
of leopard seals had wounds/scars on their bodies, which were likely the result of aggression; females had four 
times more scars than males55. This species is also sexually dimorphic, with females being at least 1.5 times 
larger than males41 and feeding at higher trophic levels56. In fact, large females at Cape Shirreff dominate the 
consumption of Antarctic fur seal pups and when female densities are high, there are several lines of evidence 
to suggest that smaller conspecifics (e.g., males) are excluded from prime hunting areas near Antarctic fur seal 
colonies56. Notwithstanding, inference about post-breeding segregation should be made with caution because 
significant heterogeneity exists throughout the species’ range. Notably, leopard seal males and females are both 
seasonal residents in Chile40 where there is no clear evidence of age/sex segregation. Therefore, our findings lend 
further support to the argument that substantial regional variability exists in the behavior of this species.

Behavioral variability in leopard seals allows for high levels of specialization in some individuals. This has 
been consistently revealed in key aspects of leopard seal behavior, such as diet57,58, prey handling/foraging43,51,59 
and movement55. The female leopard seal that we identified as a mother (tag # 397; Fig.  4 a, b) has been 
coincidentally observed in several studies at Cape Shirreff and epitomizes specialization. Seal tag # 397 is a large 
female, that grew considerably since it was first captured (2014 mass = 386 kg; 2014 length = 287 cm56 ; 2018/19 
mass range = 486/494 kg; 2018/19 standard length range = 298/ 300 cm55; Fig. 4 a, b). This seal is a specialist 
predator of Antarctic fur seal pups, feeding mostly at the top of food chain57 with a diet that has varied little over 
ten years58. Primarily using ambush tactics, seal tag # 397 has an exceptional capture rate of 2.43 pups/hour and 
processes a pup carcass for consumption in approximately 10 min43. This leopard seal was tracked during the 
2018 and 2019 austral fall when she travelled 512 km and 878 km respectively; this study also showed that seal 
tag # 397 does not typically dive deep (mean depth 29 ± 8 m, duration 3.0 ± 0.7 min55). In fact, while at Cape 
Shirreff for the summers, seal tag # 397 mostly follows the coastline, hunts at the two most dense Antarctic fur 
seal breeding beaches and processes her kills away from the shore 43. It is not surprising that seal tag # 397, 
having optimized her hunting skills, has been returning annually for the summers and it is possible that social 
cues have led her kin to also identify Cape Shirreff as an ideal site for exploiting food resources.

Our discovery of three related female leopard seals at Cape Shirreff suggests that kin associations occur in 
this sparsely distributed, solitary species. In terrestrial, solitary carnivores such as brown bears, home range 
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Fig. 5.  Individual genetic diversity measures for leopard seals sampled at Cape Shirreff, Antarctica. Values for 
multilocus heterozygosity (MLH) and the inbreeding coefficient Fhat3. Each grey dot represents an individual.
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overlap is positively correlated with relatedness14,60 and black bear mothers (Ursus americanus) shift and reduce 
their home range to accommodate their daughters61. In polar bears (Ursus maritimus), females tend to show 
circannual movement patterns with site fidelity specific to each season62, kin structuring is stronger among 
females63, and offspring exhibit similar navigational patterns to their mothers64. One key caveat of comparing 
bears and leopard seals is the amount of maternal care: unlike bears, there is no evidence of post-weaning 
maternal care in leopard seals. Instead, lactation in phocids is typically short (e.g., 5–6 weeks in Weddell seals, 
Leptonychotes weddellii65; post-weaned pups tend to leave their natal area66). However, the first observations of 
leopard seals mating in the wild were only recently published67, and there have been no studies regarding post-
weaning dispersal, so inferences regarding the mechanisms that determine learned behaviors remain largely 
undefined.

Alternatively, it is plausible that Cape Shirreff ’s abundant prey resources (e.g., fur seals and penguins) 
attract leopard seals broadly, and the presence of related individuals there is coincidental. There is growing 
evidence that solitary carnivores are more tolerant of competition when resources are abundant. In these cases, 
increasing opportunities for social interactions exist but they are not necessarily associated with relatedness 
(e.g., carcass sharing in felids32,68). The high abundance of resources at Cape Shirreff attracts many animals from 
the region. Peak densities of leopard seals hauled out at Cape Shirreff between 2009 and 2014 were up to two 
orders of magnitude higher than those reported in other studies (22.7- 54.5 seals/nautical mile2 vs. 0.01—0.521 
seals/nautical mile2, 43,49). Nevertheless, leopard seals are a highly mobile44,55 and comparatively abundant69 
circumpolar Antarctic top predator. The species is also broadly distributed across the Southern Ocean, occurring 
in low densities throughout the pack ice during the breeding season70, so we argue that there is a low likelihood 
that the three related females detected in our study were coincidentally found at Cape Shirreff. Our data suggest 
that, although rare, social structure occurs in this solitary Southern Ocean species. However, further studies 
of leopard seal behavioral ecology, particularly regarding breeding, parental care and weaning are needed to 
understand the factors that influence post-breeding movements and foraging site fidelity and should help predict 
alterations of habitat use and species adaptability to environmental change, particularly ice loss.

Ice-dependent species such as Antarctic ice-breeding seals, including leopard seals, appear to have suffered 
recent alterations in their abundance and distribution7,71. Sea ice loss has accelerated over the past two decades72,73 
and although Antarctic krill (Euphausia superba) abundance trends remain uncertain74 a southward shift in its 
distribution range75 is impacting its dependent predator populations in the northern Antarctic peninsula. More 
specifically, the Antarctic fur seal population that consistently attracted leopard seals in high densities for the 
past 20 years has recently collapsed47 and local penguin populations are also declining there6,10,76. These meso-
predator populations no longer attract many apex predators, as evidenced by the lower density of leopard seals 
in this area during the past four years40. It is difficult to predict how mesopredator and apex predator populations 
will respond to drastic changes observed at lower levels of the food chain in this area. This dynamic region is 
currently undergoing a unique natural trophic cascade experiment and detailed knowledge of the ecology and 
behavior of its component species, such as the leopard seal, will be crucial for the effective management of this 
ecosystem.

Conclusion
Our genomic dataset revealed the presence of seasonal resident seals over nearly a decade, significantly 
extending the site fidelity duration obtained via tag resight data alone. Most importantly, it also revealed for the 
first time, social structure among leopard seals and foraging site fidelity to one location spanning at least two 
generations. The northern Antarctic peninsula ecosystem is undergoing dramatic changes in the availability of 
prey resources: large breeding aggregations of Antarctic fur seals are no longer available to leopard seals there. 
Further knowledge of leopard seal behavioral ecology will be necessary to help predict how this predator and 
their prey will respond to these changes.

Methods
Ethics statement
Leopard seal sampling and observations were conducted in austral summers from 2008 — 2018 in compliance 
with United States National Marine Fisheries Marine Mammal Protection Act permits 774–1847, 16,472, 20,599 
and 25,786. Institutional approval for this work was obtained through the Institutional Animal Care and Use 
Committee of the National Marine Fisheries Service (IACUC numbers SWPI2011-02, 2014–03, and 2017–03). 
Adhering to both the Marine Mammal Protection Act and the IACUC protocols, ensured ethical treatment 
of animals, samples, and data. Furthermore, the following key components of the ARRIVE guidelines were 
scrutinized, monitored and periodically reported to the IACUC members and in permit reports and renewals. 
Each of the ARRIVE guidelines is specifically addressed by: (1) the experimental unit in this study is a single 
animal (collected in series and analyzed in aggregate), (2) samples sizes were determined by the opportunistic 
sampling of wildlife rather than by the controlled experimentation with laboratory animals, (3) 88 tissue samples 
were obtained and 9 individuals were excluded from genomic data analysis due to low sequencing yield or 
missing genotypes, (4) randomization was not needed because no treatment and control groups exist within 
these naturally occurring vertebrates that were opportunistically spotted and studied, (5) to prevent inadvertent 
bias, sample metadata (e.g., date of sampling, age class, sex) was masked/blinded during laboratory processing 
and from the coauthor that performed genomic analyses until the completion of the analyses (6) the disposition 
(e.g., continuous bloodwork, cell assessment, biomarker panels) of each sampled individual was not monitored 
beyond the period of sampling (< 10 min) because researchers minimize time and maximize distance in the 
presence of wildlife per permitting and IACUC protocols, (7) a priori assumptions about the number of samples 
needed to address the research questions of interest were not evaluated because of the designed opportunistic 
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sampling of large wild animals. All that could be sampled, were sampled, and still the sample sizes remain small 
compared to a pre-clinical study of laboratory animals. Therefore, statistical power and significance estimates 
were obtained post hoc using molecular data and software packages described elsewhere in the methods section, 
(8) all sampled individuals were leopard seals (Hydrurga leptonyx), and the strain/substrain category is not 
applicable, while the age, sex, and developmental stage of each individuals was collected (refer to Supplementary 
File A, TABLE S2), (9) leopard seals were opportunistically sampled to obtain a 2 mm-size skin sample. No 
anesthetics were used to reduce the pain and discomfort because these large animals (> 300  kg) were not 
restrained. The tagging efforts were limited to a single attempt to minimize the handling time and reduce the 
stress experienced by each seal. No individual was sampled twice within the same week, although one animal 
was unknowingly sampled twice in the same season, (10) detailed descriptive summary statistics were calculated 
using genomic data including standardized measures of genetic diversity, such as inbreeding and heterozygosity. 
We confirm that the sampling and observations of leopard seals were performed in accordance with relevant 
guidelines and regulations. The study conducted did not include any in vivo animal experiments, or human 
clinical samples/data.

Leopard seal tagging and sampling
Leopard seals were tagged and tissue sampled at Cape Shirreff (62 ̊28S; 60 ̊47’W), Livingston Island, in the 
northern Antarctic peninsula (Fig. 6). The U.S. Antarctic Marine Living Resources Program (U.S. AMLR) has 
conducted long-term monitoring of pinniped and penguin populations at Cape Shirreff for more than 30 years. 
Focused on Antarctic fur seals, gentoo (Pygoscelis papua) and chinstrap (Pygoscelis antarctica) penguins, U.S. 
AMLR provides essential data for ecosystem indicator species identified by Commission for the Conservation 
of Antarctic Marine Living Resources (CCAMLR; 43). Other species, including leopard seals, have been part of 
ancillary studies and their sampling has been more opportunistic. When researchers observe an unidentified 
leopard seal on shore, attempts are made to identify, flipper tag, and sample the individual. Additional dedicated 
studies involving captures have also been conducted at Cape Shirreff during select seasons43,55.

Cape Shirreff is a peninsula that is ice-free during austral summers and has a permanent glacier on its 
southern edge. The area has several beaches surrounded by rocky outcrops. Leopard seals are found there in the 
austral summers (Nov-Mar), with the highest density of seals recorded in January and February43. Leopard seals 
are usually observed lying on beaches alone or swimming in areas occupied by penguins or Antarctic fur seals.

Fig. 6.  Cape Shirreff (black dot in insert), in the northern Antarctic eninsula, where the leopard seals were 
sampled for this study.
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When leopard seals are hauled out on land it is possible to approach them on foot, without visibly disturbing 
them and apply a flipper tag. Flipper tagging consisted of applying an ID-tag (Dalton Jumbo-rototag or Allflex 
ear tags) to the outer inter-digital webbing of the seal’s most accessible hind flipper while the seal was resting 
on shore. For this study, tissues from leopard seals were collected by two routes: by collecting the waste tissue 
that remained in the pliers used for fixation of a tag, or by using a 2 mm sterile biopsy punch to obtain a small 
skin plug (Miltex). Samples were stored in 95% ETOH and then kept frozen at -20 °C until processing. Once 
tagged (e.g., Fig. 4 a, b), individual leopard seal resightings were opportunistically recorded in each subsequent 
year. Resightings were also systematically recorded during weekly phocid censuses during the summers, which 
consisted of trained observers counting all phocids on shore at Cape Shirreff and categorizing them by species 
and age class. These censuses are described in detail in Woodman et al., 202449 and were conducted during this 
study’s period. Seal tag IDs were identified using handheld binoculars.

Using tag resighting data obtained via censuses, we categorized leopard seals as either residents (animals 
tagged at Cape Shirreff and resighted at least once across years) or transients (animals that were tagged at Cape 
Shirreff but never resighted). Note that both tagging and tag resight data were opportunistic and some of the 
“transient” seals may still have been present at Cape Shirreff but not observed by the researchers. We therefore 
used this classification to guide only one aspect of our data analyses, which was to verify whether the groups 
“transient” or “resident” help explain genetic data variance.

Sample preparation and ddRAD sequencing
Leopard seal genomic DNA was isolated from 89 skin samples including one technical replicate (DNA was re-
extracted and added to the plate). We used a commercial kit (DNeasy tissue and Blood kit, Qiagen) and assessed 
sample DNA quantity and quality with a Nanodrop spectrophotometer (ThermoFisher Scientific) and by running 
a subset of the samples on a 2% agarose gel. After selecting high quality DNA extracts, we submitted ~ 1,000 ng 
of DNA from each sample to Floragenex (Beaverton, Oregon) for ddRAD library preparation and sequencing.

Genomic DNA was digested with the restriction endonucleases PstI and MseI and processed into SBG libraries 
according to previously described methods77. Briefly, ~ 125 ng of genomic DNA was digested for 120 min at 
37 °C in a 20 μL reaction with 20 units (U) of PstI and 2.75 U of MseI (New England Biolabs). After digestion, 
the samples were heat-inactivated for 10 min at 80 °C followed by the addition of 2.5 μL of 1 μM P1 and 0.1 μL 
of 250 μM MseI adapters. PstI P1 adapters each contained a unique multiplex sequence index (barcode; first five 
nucleotides). P1 and P2 adaptors were added to each sample along with 1 μL RL Buffer A (Keygene), 0.83 μL RL 
Buffer B (Keygene), 0.5 μL 10 mM ATP, T4 DNA Ligase (high concentration, Enzymatics, Inc), 0.3125 U MseI, 
0.25 U PstI in a final reaction volume of 25 μL, which was then incubated at 37 °C for 180 min. Next, the samples 
were diluted 1:10 in water and 2.5 μL of this product was used in a PCR amplification using the following 
reagents: 10 × PCR Buffer 1 (Applied Biosystems), 0.2 U AmpliTaq DNA Polymerase (Applied Biosystems), 0.1 
μL 20 nM dNTP mix, 0.3 μL of 50 ng/μL MseI primer, 0.05 μL of PstI primer, and 6.01 μL water. The following 
PCR cycling protocol was employed: 2 min 72 °C, followed by 13 cycles of: 30 s 94 °C; 2 min 67 °C, decreasing 
-0.7 °C per cycle; 2 min 72 °C and then 37 cycles of: 30 s 94 °C; 2 min 58 °C; 2 min 72 °C and a final hold at 4 °C. 
The PCR product obtained from each sample was pooled and 125 μL was purified with a MinElute Enzymatic 
Reaction Cleanup Kit (Qiagen), eluted and run on a 1.5% agarose gel. DNA bands appearing at 300 bp to 800 bp 
were excised from the gel and purified with the MinElute Gel Extraction Kit (Qiagen).

The used ddRAD protocol has been extensively described elsewhere (e.g.,78–80). In brief, the excised DNA was 
subjected to restriction digestion with SgrAI. Then, individual barcodes and sequence adapters were ligated to 
the genomic DNA. The barcoded samples were pooled, and fragments were sequenced to obtain 100 bp single 
end reads in a HiSeq 2000 platform (Illumina). The reads were de-multiplexed and barcodes were trimmed 
resulting in final DNA fragment lengths of 95 bp.

ddRAD data processing
We determined the quality of the demultiplexed sequencing reads using FastQC (​h​t​t​p​:​/​​/​w​w​w​.​b​​i​o​i​n​f​o​​r​m​a​t​i​c​​​s​.​b​a​
b​r​a​h​​a​m​.​​a​c​​.​u​k​/​p​r​o​j​e​​​c​t​s​/​f​a​s​t​q​c​/). Three samples were excluded from further analyses due to low numbers of reads 
(< 1,000,000, Supplementary File A, Table S1). The remaining sequences were then aligned to the leopard seal 
reference genome (NCBI GenBank accession #JBJQNM000000000;81) using BWA MEM v0.7.1382 with default 
parameters. The resulting alignment files were used as input within the ref_map.pl tool of the Stacks pipeline83 for 
SNP calling and genotyping. Next, we filtered the raw genotypes to retain only SNP calls with genotype quality 
and depth of coverage ≥ 10 using VCFTools84. The remaining SNP genotypes were further filtered to exclude 
SNPs with genotyping rate below 90% and depth of coverage larger than twice the mean coverage of the dataset 
using VCFTools. The latter step was implemented to remove potentially paralogous loci. Furthermore, we used 
PLINK85 to remove SNPs with minor allele frequency < 0.01 and any loci showing significant departures from 
Hardy–Weinberg Equilibrium using a p-value cut-off of 0.001 after applying mid-p correction86. Importantly, 
the technical replicate was not used to calculate summary statistics used during quality filtering of SNPs. As a 
final filtering step, we removed any individual with a genotyping rate lower than 80%. Next, we used the software 
KING87 to determine if any genomic matches were present within our dataset. As the presence of duplicated 
samples within a dataset can bias the calculation of summary statistics used for SNP filtering, such as minor 
allele frequency, we removed all duplicated genotypes (by randomly selecting one) from the raw unfiltered SNP 
dataset before repeating our filtering strategy. Finally, we used data from all genetically matched individuals, to 
estimate the genotyping error rate within our dataset.

Social structure (kinship)
To test for population structure within our sample of individuals from Cape Shirreff, we subjected our SNP 
dataset to a principal component analysis (PCA) using the R package adegenet88. We searched for patterns by 
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dividing samples based on the approximate classification of resident vs. transient individuals as well as sex. 
Next, we used KING87 to infer whether any related individuals, up to and including 3rd degree relatives, were 
present within our sample set. This software returns the KING-robust kinship coefficient, which is independent 
of sample composition or population structure, and allows for the confident detection of parent–offspring pairs, 
full- and half-siblings, and third-degree relatives. In addition, we used GCTA89 to estimate pairwise relatedness 
values (rxy) between all pairs of samples.

Individual genetic diversity
We estimated each individual leopard seals’ genome-wide level of inbreeding by calculating multi-locus 
heterozygosity (MLH) using the R package inbreedR90 and the inbreeding coefficient Fhat389 using PLINK.

Data availability
The code used to analyze the ddRAD sequencing data and for downstream analysis is available at: ​h​t​t​​​​p​s​:​​/​​/​g​
i​t​h​u​b​​.​c​o​m​/​D​​a​​v​i​d​V​e​n​d​r​a​m​i​/​L​e​o​p​a​r​d​S​e​a​l​s​_​d​d​R​A​D​. Raw sequence files and sample metadata were deposited 
in NCBI SRA under BioProject ID: PRJNA1234666 and BioSample accession numbers SAMN47306572—
SAMN47306651.
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