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Leopard seals have traditionally been considered Antarctic predators with a

Southern Ocean distribution. Historically, sightings north of the Antarctic Polar

Front were considered extralimital. However, recent studies suggest a significant

presence of leopard seals in subantarctic regions. Here, we assess the spatial

occurrence, residency status, and temporal trends of leopard seals in Chile using

historical records, stranding reports, standardized monitoring data, photo-

identification (photo ID) catalogs, and sightings from four research expeditions.

We also characterize glaciers where sightings are concentrated, identifying

glaciological and geomorphic attributes that prolong iceberg residency time,

which is linked to high leopard seal concentrations. Based on these attributes, we

evaluated other potential suitable glacial habitats in Patagonia. We obtained 438

sighting records of leopard seals from 1927 to 2023. Over the last 15 years, we

documented a 4-18% annual increase in stranding events reported to national

authorities. Most sightings (75%) were concentrated in two hotspots: National

Park San Rafael Lagoon, located in Northern Patagonia, and Parry Fjord in Tierra

del Fuego. Using photo ID catalogs, we identified 19 resident leopard seals,

including 16multi-year residents observed between 2010-2023 (10 in San Rafael,

6 in Tierra del Fuego) and 3 potential residents (observed multiple months in the

same year in Tierra del Fuego). San Rafael monitoring data showed no inter-

annual trend, but seasonal trends were observed. We also provide evidence of

breeding in Chile, with records of at least 14 pups born and at least two females

giving birth in multiple years. Our habitat characterization suggests that calving

flux, fjord sinuosity, and fjord width variation are crucial for prolonging iceberg

residency in hotspot areas. Based on these attributes, we identified 13 additional

fjords in Patagonia as “very likely” suitable for leopard seals. Our study confirms
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that Patagonia is part of the species’ breeding distribution, shifting the paradigm

that leopard seals are merely visitors north of the Antarctic Polar Front. Given the

limited number of suitable glaciers in Chile and the potential impacts of climate

change, our assessment highlights glacial retreat as a major threat for the

ecosystem of this pagophilic marine apex predator in South America.
KEYWORDS

Hydrurga leptonyx, pagophilic species, Antarctic seal, Southern Ocean pinnipeds,
Patagonia biodiversity, species distribution, glaciers
1 Introduction
Apex predators significantly affect ecosystem structure and

function (Paine, 1980; Estes et al., 2011; Ripple et al., 2014).

Changes in their abundance and distribution can trigger trophic

cascades, affecting ecosystem-level processes such as prey population

dynamics and nutrient cycling (Schmitz et al., 2010; Leo et al., 2019).

Moreover, due to their high energetic demands and foraging

efficiency, a small number of apex predators can rapidly modify the

trophic composition of their habitat (Estes et al., 1998; Williams et al.,

2004). Therefore, documenting the occurrence of apex predators, as

well as monitoring changes in their populations, are crucial for

understanding the trophic dynamics and functionality of

ecosystems (Paine, 1980; Estes et al., 2011; Ripple et al., 2014).

Leopard seals (Hydrurga leptonyx, de Blainville, 1820) are one

of the most conspicuous apex predators in the Southern Ocean

(reviewed in Bester et al., 2017a). The species’ effective population

size is estimated at ~24,000 individuals (Bender et al., 2023). They

are known to have a broad, generalist diet, including both

ectothermic (e.g., krill, cephalopods, fish) and endothermic prey

(e.g., seabirds, seals; reviewed in Krause et al., 2020). As Southern

Ocean apex predators, leopard seals exert strong top-down control

on other Antarctic mesopredators, including Antarctic fur seals

(Arctocephalus gazella) and penguin species (Boveng et al., 1998;

Forcada et al., 2009; Schwarz et al., 2013; Krause et al., 2022) and are

responsible for more predation on endothermic prey than any other

pinniped worldwide (Walker et al., 1998; Casaux et al., 2009). For

instance, Krause et al. (2022) showed that a small number of

leopard seals at Cape Shirreff in the South Shetland Islands has

caused the local colony of Antarctic fur seal to collapse. Moreover,

leopard seal diet can vary according to life history traits (e.g., sex,

age, and mass; Krause et al., 2020; Sperou et al., 2023) and

seasonality (Hall-Aspland et al., 2005; Krause et al., 2020) and

they also exhibit a high degree of individual behavioral plasticity,

employing strategies such as ambush tactics, kleptoparasitism,

scavenging, and group prey processing (Krause et al., 2015;

Krause and Rogers, 2019; Robbins et al., 2019). Together, their

varied diet and behavioral plasticity likely enhances leopard seals’

resilience to changes in prey availability and abundance.
02
Historically, leopard seals have been described as an Antarctic

species predominately found in pack ice habitats around the

Southern Ocean (Southwell et al., 2008; Meade et al., 2015; Bester

et al., 2017a). In Antarctica, leopard seals are considered a

pagophilic species that rely on sea ice for breeding, molting, and

resting (Ray, 1970; Jessopp et al., 2004). However, leopard seals have

long been observed in subpolar (and even ice-free) habitats across

the South Atlantic, South Pacific, and Southern Indian Oceans,

(reviewed in Bester et al., 2017b) and extensively observed in

Patagonia (both Argentina and Chile; Rodrı́ guez et al., 2003;

Aguayo-Lobo et al., 2011; Cursach et al., 2011; Acevedo and

Martinez, 2013; Acevedo et al., 2017). In Chile, some of the

sightings have reached extreme northern latitudes such as the

Juan Fernandez Archipelago and Easter Islands (Aguayo-Lobo

et al., 2011; Hucke-Gaete et al., 2014; Stewart et al., 2020).

Generally, sightings of leopard seals outside of the Southern

Ocean have been considered as extralimital and were thought to

be rare and/or isolated events.

Recently, research on leopard seals across the southern

hemisphere has challenged the notion that leopard seals do not

reside north of the Antarctic Polar Front (Hupman et al., 2020).

Analyses combining historical records with contemporary sightings

from subantarctic locations document the year-round presence of

leopard seals in New Zealand, with more than 2,700 leopard seal

sightings over the last eight centuries (1200-2018; Hupman et al.,

2020). Furthermore, more recent data at both Marion Island—a

subantarctic South African island—and South Australia suggest an

increase in juvenile leopard seal sightings in the last two decades

(Shaughnessy et al., 2023; de Bruyn and Ross, pers. comm.)

compared to previous decades (Bester et al., 2006).

Similarly, in Chile, both historical and contemporary data

demonstrate a centuries-long presence of leopard seals (Aguayo-

Lobo et al., 2011; Torrejón et al., 2013; Stewart et al., 2020). For

instance, anthropological evidence indicates that leopard seals have

been occasional visitors to Easter Island (~3,500 km off the coast of

Chile) since the arrival of Polynesians around 800 CE (Hucke-Gaete

et al., 2014; Stewart et al., 2020). On the Chilean coast, a review by

Aguayo-Lobo et al. (2011) provided compelling evidence of a nearly

century-long periodic presence of leopard seals in Chile, documenting

118 sightings of leopard seals from 1927 to 2010. A later study
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documented a leopard seal in a Patagonian fjord of the Magallanes

region in Chile making use of this location multiple times during five

months, indicating potential residency (Acevedo and Martinez, 2013).

Furthermore, observations of leopard seals since 2012 include

sightings of adult-pup pairs and sexual behavior, indicating that

mating and parturition also occur in Chilean waters (van der Linde

et al., 2022; Kienle et al., 2024). Although these studies challenge the

traditional view of leopard seals as episodic visitors in South America,

there have been no systematic multi-year studies to examine

occurrence and residency patterns of leopard seals in Chile, nor

attempts to characterize their habitat outside Antarctica.

The main objective of this study was to determine the historical

and current occurrence of leopard seals in Chile and assess

residency patterns of individuals in areas with consistent

sightings. We hypothesized that some leopard seals exhibit long-

term site fidelity to ice-associated areas in Chile. To test this, we

analyzed data from published historical sightings records,

government reports, monitoring surveys, citizen science

initiatives, and conducted boat-based expeditions to evaluate the

spatial and temporal distribution of leopard seals from 1927 to

2023. In addition, we conducted a habitat characterization of

leopard seals in Chile along with an assessment of potential

habitats for the species across Patagonia. We hypothesized that at

least half of the marine-terminating glaciers in Chile possess similar

characteristics than those where most leopard seal sightings have

been reported and may consist of additional suitable habitat. To test

this, we characterized key glaciological and geomorphic attributes of

marine-terminating glaciers where leopard seal sightings are most

frequent and compared these with all other similar glaciers found

throughout Chile. Our study thoroughly documents leopard seal

occurrence, residency, and identify their potential habitats in Chile;

we provide baseline information on the species distribution that

would help to understand the impacts of climate change on this ice-

dependent predator.
2 Methods

2.1 Historical sighting records

We conducted a literature review of peer-reviewed publications

documenting the presence of leopard seals in Chile through Google

Scholar and Web of Science using the following search terms:

“leopard seals Chile”, “Hydrurga leptonyx Chile”, “leopard seals

South America”, “Hydrurga leptonyx South America”, “leopard

seals Patagonia”, “leopard seals Tierra del Fuego”, “leopard seals

San Rafael”, and “leopard seals Easter Island” from 2009 to 2023.

We completed literature searches in both English and Spanish. We

searched for additional peer-reviewed publications and grey

literature by reviewing the cited references of each publication.

Sightings reported before 2009 were previously reviewed and

reported by Aguayo-Lobo et al. (2011). We extracted these

sightings from Aguayo-Lobo et al. (2011) with the following

consideration: Aguayo-Lobo et al. (2011) added up the recorded

number of animals from all sightings to provide a “total number of

leopard seals” in Chile. However, their methodology could not
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determine if the same animals were counted multiple times because

seals were not tagged, nor were photo-ID methods used to avoid

duplicate counts. Therefore, here we considered every seal from

each sighting event as an independent sighting rather than

reporting the total number of animals per sighting as did

Aguayo-Lobo et al. (2011).

From each publication, we extracted all relevant biological data

reported on the individual’s life history (sex, age class, molting

status), morphometrics (length), substrate (whether a seal was on

land, ice, or in the water), location (name of the location, region,

and coordinates transformed to decimal degrees), and date. We

cross-referenced all data and identified, when possible, repeated

individuals that were reported multiple times within the same

publication or between publications. We also included any

comment reported with each sighting. All sightings from our

literature review and Aguayo-Lobo et al. (2011) are hereafter

referred to as “Historical Records”.
2.2 New sighting records

We compiled new sighting records—records that have not been

previously reported in peer-reviewed literature—and referred to as

“New Records”. These new sighting records include strandings

from government reports, monitoring data from San Rafael

Lagoon National Park, photo-identification catalogs, and

our expeditions.
2.2.1 Stranding data
Marine mammal stranding events in Chile are reported to the

National Fisheries and Aquaculture Service of Chile

(SERNAPESCA). These stranding events of dead or live animals

are reported by citizens. We compiled all leopard seal sighting data

publicly available online from SERNAPESCA (Sernapesca, 2023)

from 2009 to 2023. SERNAPESCA stranding records up to 2009

were previously reviewed by Aguayo-Lobo et al. (2011).
2.2.2 San Rafael monitoring data
The National Park San Rafael Lagoon (henceforth “San Rafael”)

located in the Aysén Region (46°40’0” S, 73°58’0” W) is

administered by the National Forestry Corporation (CONAF). It

is one of the two areas of Chile where leopard seals are frequently

observed. In 2013, CONAF began the first and only systematic

leopard seal monitoring program for leopard seals in Chile. Each

month, a boat with at least two trained observers surveyed the San

Rafael lagoon exclusively searching for leopard seals. They

documented the presence/absence of leopard seals throughout the

entire lagoon. During boat surveys, observers recorded the

following information: total number of leopard seals, geographic

coordinates, and substrate (i.e., whether each seal was on ice, land,

or in the water). When possible, age class (pup, juvenile, adult) and

sex were visually assessed. Photographs were collected

opportunistically for each seal whenever possible. Due to weather

conditions, monitoring was not consistent over time and in some

years, it was not conducted every month. The San Rafael
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monitoring program has near-monthly occurrence records for

leopard seals from January 2013 to March 2020. Monitoring was

paused after March 2020 due to the COVID-19 pandemic and

restarted irregularly in 2021. For this study, we only included data

from the period where standardized monitoring was performed

(January 2013 to March 2020).
2.2.3 Leopard seal photo-identification catalogs
Leopard seals have unique spot patterns and distinguishable

scars that facilitate individual identification from photographs, a

method called photo-identification (Photo ID; Forcada and

Robinson, 2006; Hupman et al., 2020; Visser et al., 2022;

Grabham et al., 2023). We used the photographic data of two

Photo ID regional catalogs for identifying individual leopard seals

in Chile. The first catalog was developed as part of a citizen science

initiative conducted by CONAF in collaboration with tour

operators that visit San Rafael. The second catalog was an

initiative of this study, conducted in the Magallanes y Antártica

Chilena Region of Chile to identify leopard seals in this region. To

create these regional catalogs, photographs of leopard seals were

solicited from tour operators, local scientists/conservationists, and

the general public.

The San Rafael catalog published by CONAF in 2021

(henceforth “SR catalog”) was created for leopard seals exclusively

observed in San Rafael. San Rafael is visited by hundreds of tourists

year-round traveling with local tour operators. Thus, this catalog is

the result of continuous sightings reported throughout the year and

is composed of pictures collected from tour operators and tourists

almost every month of the year.

The Tierra del Fuego catalog (henceforth “TF catalog”) was

created from leopard seals observed across the southwest portion of

Patagonia (between latitudes 48°36´S and 56°30´S and longitudes

66°25´ and 75°40´W). Although most of the sightings are

concentrated in the Coastal Marine Protected Area of Multiple

Uses (Spanish acronym: AMCP-MU) “Seno Almirantazgo”

(Almirantazgo Sound, 54°31’0” S, 69°15’0” W), some of the

sightings are outside this geographical area (but still within

western Tierra del Fuego) therefore, the entire area is henceforth

referred to as “Tierra del Fuego”.

We manually compared each leopard seal photograph to all

others in our photographic database and used unique identifying

spot patterns and scars to visually determine matches. A match was

found when the same individual seal was documented in two or

more images (or sets of images). Each image or set of images was

visually inspected and manually manipulated if needed to maximize

matching success; specifically, we cropped, and rotated each photo,

and adjusted the exposure when necessary (Acevedo and Martinez,

2013; Cheeseman et al., 2017). Manual matching was validated by a

second expert reviewer and if a disagreement occurred, a third

expert reviewer decided. When available, we then extracted the

location and dates from the metadata associated with each image

and double checked the accuracy of the dates and locations with the

photographer or project leaders of the initiatives. In pictures

without location data, we estimated the coordinates using the

location name provided by the photographer/project leaders. We
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used photographs to assign sex and age class when it was visually

possible. Age class was simplified in three categories (pup, juvenile,

adult) and estimated only when it was visually evident (pups:

presence of lanugo or next to their mothers; juveniles: with no

lanugo, unlikely to be accompanied by a mother, less than 2.0

meters, thin, and with minimum scars; and adults: over 2.5 meters

with presence of several scars. Adapted from Laws, 1957; Forcada

and Robinson, 2006; Hupman et al., 2020; van der Linde et al.,

2022). We assigned each matched seal a unique identification

number (Seal ID) and added them to each catalog. We added

unmatched seals or leopard seals that did not have any matches to

the database if there were high-quality, usable images that would

allow for manually matching of the seal in the future as additional

images are incorporated into each catalog.

We used the photographs of matched seals to identify resident

individuals at each location. We classified a seal as ‘Resident’ if it

was observed at least once per year across multiple years. We

classified a seal as ‘Potential Resident’ if it was observed multiple

months within a single year but not sighted in more than one year,

and as ‘Undetermined’ if observers confirmed that the seal was not a

match to any of the previously cataloged seals (thus, new to the

catalog) and it had only been reported once. We assessed body

condition (severe, poor, good, or excellent) of all cataloged

individuals (i.e., Resident, Potential Resident and Undetermined)

based on the last year with photographs available that included high

resolution full-body profiles (following Hupman et al., 2020; see

Supplementary Table 1).

In contrast to the systematic monitoring efforts in San Rafael

(see Section 2.2.2 above), the remote and isolated characteristics of

Tierra del Fuego make monitoring leopard seals extremely difficult.

As a result, no standardized monitoring program exists.

Furthermore, tour operators visit this location sporadically,

mostly during the austral summer. Since 2010 limited expeditions

have been conducted every few years by the Wildlife Conservation

Society (WCS) to the Almirantazgo Sound, where observers record

leopard seal sightings when possible. However, these expeditions,

are not comparable to the regular visits of the monitoring program

in San Rafael.

The contrasting differences in the accessibility and monitoring

efforts between San Rafael and Tierra del Fuego led us to incorporate

the catalog sightings data on our sighting database following different

criteria. Due to limited records from Tierra del Fuego, we include all

sightings reported by both major tour operators and past WCS

expeditions. In contrast, because San Rafael has a monitoring

program, first we included all the monitoring data in our database

and then compared the monitoring photographs with the SR catalog

to identify known individuals when possible. Next, we used

additional San Rafael sightings from the SR catalog to provide data

for months where: (1) CONAF did not perform any monitoring due

to weather/logistic constraints; or (2) CONAF monitoring efforts

found no leopard seals in a given month but photos from tour

operators confirmed the presence of one or more leopard seals from

other days of that month. We applied these criteria to San Rafael to

avoid including repeated records of the same individual within a

month. This criterion was applied only to include records in our

overall database as we aimed to ascertain the degree of residency of
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some of the individuals within each year. However, the additional

data extracted from the catalogs was not included in the analysis of

seasonal trends of the San Rafael standardized monitoring data

(section 3.3).

2.2.4 Expeditions
Here we report new leopard seal sightings data from four recent

expeditions in Chile that were targeting leopard seals: two to Tierra

del Fuego and two to San Rafael. Chronologically, the first

expedition was led by WCS to the Almirantazgo Sound, Tierra

del Fuego in November 2021 (henceforth “TF-21”). The next two

expeditions were to San Rafael in December 2022 (henceforth “SR-

22”) and November 2023 (henceforth “SR-23”). The fourth

expedition was to Tierra del Fuego in December 2023 (henceforth

“TF-23”). During each expedition, we navigated the area daily and

recorded total counts of leopard seals, geographic coordinates,

habitat characteristics (i.e., whether the seal was on ice, land, or

in the water) and visually assess age class/sex as was done for the

catalogs. We identified known individuals from the SR and TF

catalogs and our national photographic database when possible. All

daily records of leopard seals were added to a compiled table of

sightings except when an individual was observed multiple times on

the same day.

We compiled the historical and new sightings data and

associated metadata in a table of sightings (Supplementary

Table 2). To visually assess the distribution of leopard seal

sightings across Chile, we used the GPS coordinates for each

record or estimated coordinates from Google Earth based on the

name of the location provided. We then created a heatmap of all

leopard seal sightings in Chile using ArcGIS Pro.
2.3 National and local population trends in
leopard seal counts

We evaluated population trends in leopard seals using two

datasets. First, we analyzed the 15 years of stranding data to

examine temporal trends in the number of leopard seals reported

across Chile by evaluating the rate of change of stranding events.

We excluded records where the same individual was reported

multiple times both temporally and spatially (e.g. same animal

observed twice in a week in adjacent beaches). Second, we used the

San Rafael standardized monitoring data to identify seasonal and

inter-annual leopard seal trends at this location. To accomplish this,

we used a model-based approach to generate estimates associated

with temporal parameter effects, with confidence intervals based on

Monte Carlo (MC) simulations to enhance the robustness of

model parameters.

2.3.1 Rate of change of stranding events
We analyzed the rate of change of stranding events reported

over time from the stranding data using a generalized linear model

with a Poisson distribution. To ensure robust parameter estimation,

we employed MC simulation with 10,000 iterations. This allowed us

to estimate the uncertainty associated with the expected rate of
Frontiers in Ecology and Evolution 05
change of stranding events. Additionally, we applied bias correction

and acceleration to the resulting 95% confidence intervals (CI 95%)

from the simulated distribution of parameter values to enhance the

accuracy of our inferences.

2.3.2 Seasonal and inter-annual population
trends in San Rafael

We analyzed seasonal variations in leopard seal counts at San

Rafael using generalized additive models (GAMs) to delineate linear

and non-linear relationships of seal counts with time. These models

incorporated year and month as explanatory variables and the

count of observed animals as our response variable. The effect of

year was estimated as a linear variable. However, to capture non-

linear seasonal monthly trends on the leopard seal counts the effect

of month was estimated using a smooth function (penalized

regression splines; Wood, 2011). The estimation of smoothing

parameters was achieved through restricted maximum likelihood

method, using cyclic penalized cubic regression splines as the basis

to model cyclic temporal dimensions (Wood, 2017).

To characterize seasonal trends in terms of linear seasonal

variations, we computed first derivatives using finite differences

method from the predicted count of animals by using grid

approximation, accompanied by CI 95% (Makowski et al., 2020).

Robustness confidence intervals were estimated via bootstrap

resampling using 10,000 MC simulations.

We evaluated inter-annual trends in leopard seal counts in San

Rafael using GAMs. We computed the linear and quadratic effect of

year on leopard seal counts using non-orthogonal polynomial

contrasts, while holding constant the intra-annual seasonal effect

estimated using cyclic splines based on the number of months that

the monitoring was performed, which vary per year. This approach

facilitated the exploration of potential linear and quadratic trends

associated with variations in observed animal counts across years.

Due to irregular and interrupted monitoring in 2020, we excluded

this year from the analysis.

For both stranding and monitoring datasets, all analyses were

performed using R (version 4.3.2). GAMs and corresponding model

estimates were conducted using the mgcv and modelbased packages

(Wood, 2017; Makowski et al., 2020). Complementary R packages were

used for data visualization purposes (Wickham, 2016; Lüdecke et al., 2021).
2.4 Glacial habitat characterization

Most leopard seal sightings in Chile involve animals hauling out

on icebergs produced by glaciers whose ice fronts are in contact

with water (sea or lake), suggesting the importance of marine-

terminating glaciers with high iceberg production (Aguayo-Lobo

et al., 2011). Patagonia is the region that spans the southernmost tip

of South America between ~40° and ~56° S. This territory exhibits

the largest number of glaciers on the continent, including the largest

icefields of the southern hemisphere outside Antarctica; the so-

called Northern and Southern Patagonian Icefields (Soteres et al.,

2023). Consequently, we focused our glacial habitat characterization

on the glacial basins that produce icebergs in the two areas where
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leopard seals are most frequently sighted in Patagonia: the San

Rafael glacier at San Rafael, and the Parry Fjord glaciers in Tierra

del Fuego. In both places, the occurrence and local residence time of

icebergs appear to be a critical leopard seals haul out substrate. Our

methodological approach involves assessing iceberg production and

identifying potential geomorphic traps (i.e., specific landforms and

morphometric parameters within the glacial basins and fjords that

can prolong the local presence of icebergs; Figure 1).

Calving flux is the volume of ice detached from the front of water-

terminating glaciers (i.e., marine-terminating and lake-terminating

glaciers henceforth “marine-terminating glaciers”) per unit of time

and it is considered a key metric to estimate ice loss due iceberg

formation (Meier and Post, 1987; Evans et al., 2022). We calculated

calving flux for the San Rafael glacier and Parry Fjord glaciers following

Meier and Post (1987); see the detailed methodology in the

Supplementary Methods in Supplementary Material).

Calving flux account for iceberg production but iceberg

residence timing is also partly affected by local geomorphology

and morphometry of the fjords, particularly sinuosity (i.e. the

degree of linearity of a fjord) and fjord width variations often

linked to the presence of glacial landforms within the fjords that

could promote iceberg stranding. Therefore, we assessed fjord

sinuosity following Vérité et al. (2023); see Supplementary

Methods in Supplementary Material for details) and fjord width

variations by calculating a ratio between the maximum and

minimum width of each glacier (Figure 1; minimum and

maximum values used can be found in Supplementary Table 4 in

Supplementary Material).

We then produced a simplified geomorphic map that broadly

depicts the spatial arrangement of the most prominent landforms of

glacial origin, such as moraine ridges and outwash plains, for the

San Rafael glacier and the Parry Fjord glacial basins. We analyzed

satellite imagery (Figure 1) provided by Google Earth (2016 CNES/

SPOT, ~15 m spatial resolution), ESRI Imagery (2017, TerraColor,

~15 m spatial resolution and SPOT, ~2.5 m spatial resolution), and

ALOS PALSAR digital elevation models (~12.5 m spatial

resolution) to examined basic morphometric attributes and to
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map local geomorphic features of the San Rafael glacier at San

Rafael and Parry Fjord glaciers at Tierra del Fuego using ArcGIS

10.4. We followed the identification criteria used in prior

geomorphic maps from Patagonia by Leger et al. (2020); Soteres

et al. (2020) and Soteres et al. (2022). Preliminary maps based on

remote data were subsequently ground-truthed during expeditions.
2.5 Glacial suitability analysis for leopard
seals in Patagonia

We used the glaciological (calving flux) and geomorphic

attributes (ice-marginal landforms, fjord sinuosity, and fjord

width variations) calculated for the San Rafael and Parry Fjord

glaciers as reference values to evaluate the suitability of other glacial

basins and fjords as potential habitats for leopard seals across

Patagonia. First, we identified marine-terminating glaciers in the

region according to the Chilean glacier inventory (DGA, 2022) and

checked them visually in recent satellite imagery to assure their ice

fronts are still resting on water. We focused our efforts on the major

icefields and ice caps in Patagonia, specifically (1) the Northern

Patagonian Icefield (NPI; ~46.5-47.5°S), (2) the Southern

Patagonian Icefield (SPI; ~48.3-51.5°S), (3) Gran Campo Nevado

(GCN; ~52.8°S), (4) Isla Santa Inés (ISI; ~53.8°S), and (5) the

Cordillera Darwin Icefield (CDI; ~54.6°S). Second, we calculated

the calving flux, fjord sinuosity, and fjord width variations of all

marine-terminating glaciers identified following the described

methods of the previous section (See also Supplementary

Methods and Supplementary Table 4 in Supplementary Material).

Third, we calculated the added weighted mean of the normalized

values for calving flux, width, and sinuosity for all marine-

terminating glaciers, and applied a proportional calculated

weighted estimates (CWE) for each parameter (i.e. calving flux,

fjord width, and fjord sinuosity) that was determined based on the

estimated influence of each parameter over the iceberg retention

time in San Rafael and the Parry Fjord Glaciers. Finally, fjords were

classified as “very likely,” “likely,” and “less likely” to host leopard
FIGURE 1

Schematic representation of variables used to calculate calving flux, fjord sinuosity, and fjord width in the study glaciers. (A) Satellite image
illustrating geomorphic features (outwash plain and moraines) that affect the sinuosity and width of a fjord. Landsat 8 imagery in 2017 (B) and 2022
(C) with vectors used to calculate glacial and geomorphic attributes (list of Landsat 8 images used in ice flux calculation can be found in
Supplementary Table 3).
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seals, based on individual weighted mean values compared to the

average weighted mean threshold determined from San Rafael

Glacier and Parry Fjord.
3 Results

We documented 438 leopard seal sighting records in Chile from

1927 to 2023 (Supplementary Table 2). Two-thirds of the sightings

were new records (66%, n=291), and one-third were historical

records (34%, n=147). The new records included: (1) 15 years of

SERNAPESCA stranding records (n=44), (2) San Rafael monitoring

data (n=88), (3) Photo ID catalogs (n=108; SR catalog: 62 records,

TF catalog: 46 records), and (4) expeditions data (n=51; TF-21: 4

records, TF-23: 15 records, SR-22: 12 records, SR-23: 20 records).

From these sighting records, we were able to identify at least 41

leopard seal individuals that were observed two or more times.

Most leopard seal sightings (86%) were in Patagonia (between

~40° and ~56° S) where marine-terminating glaciers are found

(Figure 2A). Two Patagonian locations accounted for 74% of

sightings: San Rafael (15 historical and 183 new records) and

Parry Fjord in Tierra del Fuego (63 historical and 63 new

records). When substrate was reported for sightings in Patagonia

(i.e. if the seal was observed on land, ice, or water), 84% of sightings

were animals hauled out on floating ice.
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Chile is among the few countries with recorded sightings of

leopard seal pups outside Antarctica (van der Linde et al., 2022).

The earliest pup record is from 2012 (Acevedo et al., 2017). Here, we

documented 14 pups (Tierra del Fuego: 4, San Rafael: 10). Eight of

these pup records were reviewed by van der Linde et al. (2022), and

six are from our new records (four from the San Rafael monitoring

program, two from our expeditions). In Chile, all pup records

occurred in Patagonia. Four pups were initially observed alive (one

was later found dead), seven were reported dead, and three had no

recorded status.

Of the 438 records of leopard seals in Chile, there were 404

confirmed age class records; 75% of these leopard seals were adults

and 25% were immature individuals (i.e., pups and juveniles). In

Patagonia specifically, there were 352 confirmed age class records;

82% (n = 289) of these leopard seals were adults and 18% (n =63)

were immature individuals. In contrast, among the 52 age class

records north of Patagonia, only 23% (n =12) were adults, and 77%

(n =40) were immature, including the northernmost sightings from

Easter Island (Figure 2B; Stewart et al., 2020).
3.1 Temporal trends of stranding data

Leopard seal stranding numbers in Chile are low. There was a

mean of two leopard seal strandings per year, with a range from 0-5
FIGURE 2

Historical and contemporary leopard seal sightings (gray circles) in Chile. (A) Heatmap of all 438 sightings, including those in Chilean oceanic insular
territories (i.e., Juan Fernandez and Easter Island). (B) Map of Easter Island highlighting the northernmost sightings reported for Chile reviewed in
Stewart et al. (2020) with some of the geolocations estimated from descriptions. (C) Annual leopard seal stranding events reported to the National
Service of Fisheries and Aquaculture of Chile (SERNAPESCA) from 2009 to 2023. Stranding data are publicly available (Sernapesca, 2023). The dashed
black line indicates the trend of the stranding data. Map Sources: Esri, DeLorme, HERE, MapmyIndia.
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leopard seals reported annually between 2013-2019 (Figure 2C).

Bias corrected and accelerated intervals fromMC samples estimated

from simulation-based Poisson regression suggested a 4-18%

increase in leopard seal stranding events rate annually; with

99.9% of the density mass of MC outcomes indicating a

probability of > 0 and supporting an increase in the number of

stranding events of leopard seals over time (Figure 3).
3.2 Resident leopard seals

We reviewed ~2,500 photographs of leopard seals (catalogs and

expedition photographs) from the two locations wheremost sightings

were concentrated (i.e., San Rafael and Tierra del Fuego). 19 leopard

seals had recurrent sightings over time (Table 1; Figure 4). After

cross-referencing all images between San Rafael and Tierra del Fuego,

we found no evidence of the same individuals visiting both locations.

Both catalogs can be downloaded from the Supplementary Data in

Supplementary Material.

3.2.1 San Rafael
We reviewed ~1,500 photographs of leopard seals from San

Rafael taken from 2009 to 2023. We identified 10 leopard seal

individuals with recurrent sightings over time (Table 1; Figure 4;

Supplementary Data in Supplementary Material) and classified all

10 individuals as residents. The sex ratio was nearly 1:1, with four

females and six males. In years when body condition was assessed,

all seals were in excellent body condition (Supplementary Table 1).

The longest resident leopard seals were two males (LSR05 and

LSR06). LSR05 was observed five different years from 2009-2020,

and LSR06 was observed 10 different years from 2012-2023.
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Females LSR02 and LSR01 each gave birth at least twice (LSR02

in October 2013 and October 2017; LSR01 in October 2021 and

October 2023; Figure 4). The only year with multiple pup sightings

was in 2019 when two pups were sighted simultaneously but

mothers were not identified. Both sightings were reported on the

same day (January 14th, 2019) by the same observers. Pup records

(n=10) were all reported frommid-October to the end of November

(Supplementary Table 2).
3.2.2 Tierra del Fuego
We reviewed ~1,000 photographs from Tierra del Fuego

between 2010 and 2023. We identified nine leopard seals with

recurrent sightings over time (Table 1; Figure 4; Supplementary

Data in Supplementary Material). We identified six residents, three

potential residents, and five undetermined individuals. The longest

resident recorded was a female (TF01) observed in eight different

years over a 14-year period (2010-2023). We identified more

females than males at this location (females: 10, males: 4). All

seals were in excellent body condition in all years when body

condition was assessed (Supplementary Table 2). Female TF01

gave birth in November 2017, and female TF13 gave birth in

November 2021 (Figure 4). Pup records (n=4) were all reported

between the beginning of October to beginning of December

(Supplementary Table 1).
3.3 Standardized monitoring data of
San Rafael

3.3.1 Seasonal trends
We analyzed monthly trends on the observed number of seals in

San Rafael from 2013 to 2019. The highest number of leopard seals

reported during one monitoring day was seven (January 2019).

After accounting for between-year differences, we found a non-

linear effect (p = 0.003), suggesting seasonal intra-annual variations

in the number of leopard seals (Figure 5). Specifically, the non-

linear seasonal pattern reveals two distinct intra-annual trends.

First, there was a significant tendency of seal counts to decrease

from March (Month = 3.2, linear slope b = -0.31, CI95% [-0.67,

-0.00]) to May (Month = 5.3, b = -0.29, CI95%[-0.61, -0.01]), with

counts likely remaining low throughout the austral winter

(Figure 5). Second, we found a significant tendency of seal counts

to increase in late August (Month = 8.5, linear slope b = 0.27, CI95%

[0.00, 0.55]) to late October (Month = 9.8, b = 0.40, CI95%[0.00,

0.83]). These higher counts persisted through late austral spring

(November-December; Figure 5).
3.3.2 Inter-annual trends
When analyzing the inter-annual trends from the San Rafael

monitoring data, we found no significant negative (b = -0.17, CI95%

[-0.98, 0.63], p = 0.666) or positive quadratic or linear trends (b =

0.28, CI95% [-0.56, 1.11], p = 0.513) even after accounting for

seasonal variations (Figure 6).
FIGURE 3

Probability distribution showing the annual rate of change in
stranding events across Chile from Monte Carlo simulations of the
Poisson model. The vertical dashed line indicates the null rate of
change. The red arrow illustrates the probability of a decrease in
stranding events (<0.1% of total Monte Carlo samples), while the
blue arrow indicates the probability of an increase (>99.9% of total
Monte Carlo samples).
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TABLE 1 Summary of sighting records and biological information compiled from the two catalogs of leopard seals from Chile and our four expeditions.

cation Age Sex
Residency
Status

Original
Source

afael Lagoon Adult F Resident CONAF 2021

afael Lagoon Adult F Resident CONAF 2021

afael Lagoon Adult M Resident CONAF 2021

afael Lagoon Adult M Resident CONAF 2021

afael Lagoon Adult M Resident CONAF 2021

afael Lagoon Adult M Resident CONAF 2021

afael Lagoon Adult F Resident CONAF 2021

afael Lagoon Adult M Resident CONAF 2021

afael Lagoon Adult M Resident CONAF 2021

afael Lagoon Adult F Resident CONAF 2021

Fjord/Cuevas Adult F Resident This Study

Fjord/Cuevas Adult F Resident This Study

stini Fjord Adult F Undetermined This Study

Fjord/Cuevas Adult F Potential Resident This Study

Fjord/Cuevas Adult M Potential Resident This Study

Fjord/Cuevas Adult F Resident This Study

Fjord/Cuevas Adult F Undetermined This Study

Fjord/Cuevas Adult F Potential Resident This Study

Fjord/Cuevas Adult F Undetermined This Study

Fjord/Cuevas Adult M Resident This Study

Fjord/Cuevas Adult M Undetermined This Study

Fjord/Cuevas Adult M Resident This Study

Fjord/Cuevas Adult F Undetermined This Study

Fjord/Cuevas Adult F Resident This Study

hotographic records are available. “Total Months Recorded” details the total number
assessed for each leopard seal. Residency Status is categorized as follows: “Resident”
ar; and “Undetermined” animals with sufficiently clear photographs to confirm that
l Forestry Corporation (CONAF 2021) in San Rafael, and the initiative behind this
ic record of LSR01 of seven years, however, we added an additional record from 2021
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Catalog
Name

Seal
ID

First
Record

Last
Record

Time Span
Recorded

No. Years
Recorded

Total Months
Recorded

Latitude
(S)

Longitude
(W)

L

SR LSR01 2014 2023 10 8* 15 -46.67 -73.87 San R

SR LSR02 2012 2020 9 8 11 -46.67 -73.87 San R

SR LSR03 2013 2023 11 5 9 -46.67 -73.87 San R

SR LSR04 2013 2023 11 8 15 -46.67 -73.87 San R

SR LSR05 2009 2020 12 5 7 -46.67 -73.87 San R

SR LSR06 2012 2023 12 10 17 -46.67 -73.87 San R

SR LSR07 2012 2022 11 7 10 -46.67 -73.87 San R

SR LSR08 2014 2023 10 7 11 -46.67 -73.87 San R

SR LSR09 2019 2020 2 2 2 -46.67 -73.87 San R

SR LSR10 2019 2023 5 4 5 -46.67 -73.87 San R

TF TF01 2010 2023 14 8 11 -54.65 -69.45 Parry

TF TF02 2010 2018 9 4 5 -54.65 -69.45 Parry

TF TF03 2016 2016 1 1 1 Ag

TF TF04 2017 2017 1 1 2 -54.65 -69.45 Parry

TF TF05 2017 2017 1 1 2 -54.65 -69.45 Parry

TF TF06 2018 2021 4 3 3 -54.65 -69.45 Parry

TF TF07 2018 2018 1 1 1 -54.65 -69.45 Parry

TF TF08 2018 2018 1 1 2 -54.65 -69.45 Parry

TF TF09 2017 2017 1 1 1 -54.65 -69.45 Parry

TF TF10 2018 2021 4 2 2 -54.65 -69.45 Parry

TF TF11 2019 2019 1 1 1 -54.65 -69.45 Parry

TF TF12 2017 2021 5 2 2 -54.65 -69.45 Parry

TF TF13 2021 2021 1 1 1 -54.65 -69.45 Parry

TF TF14 2015 2023 9 2 2 -54.65 -69.45 Parry

“Time Span Recorded” indicates the period between the first and last sighting of each individual seal. “No. Years Recorded” shows the total number of years within this period for which p
of months with records within those years. Latitude and Longitude coordinates were estimated from the location names and are provided in decimal degrees. Age and Sex were visually
individuals observed one or more times per year across multiple years; “Potential Resident” those seals observed multiple months within a single year but not sighted in more than one y
they are not any other cataloged animals but have been reported only once. The “Original Source” column specifies the program responsible for each catalog’s creation— the Nation
manuscript (labeled as “This Study”) for those leopard seals from Tierra del Fuego. Both catalogs are available in the Supplementary Data in Supplementary Material. *There is photograp
after verifying with co-authors of van der Linde et al. (2022) that the mother of a pup reported in that study was LSR01 (Fernandez-Ferrada pers. comm.).
o

o
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3.4 Glacial habitat characterization

The contrasting characteristics between the San Rafael glacier in

the NPI and the glaciers in Parry Fjord in the CDI — particularly

the Darwin and Cuevas glaciers — make these locations ideal for

identifying characteristics that may define optimal glacial habitats

for leopard seals (Figure 7A). Located at the northern (San Rafael)

and southern (Parry Fjord glaciers) limits of Patagonia these

glaciers experience different climate conditions, glaciological

regimes, and topographical features (Sagredo and Lowell, 2012;

Sagredo et al., 2014).

3.4.1 San Rafael glacier
The San Rafael glacier, flowing westwards from the NPI, is the

northernmost marine-terminating glacier in Patagonia (Figure 7B).

The local geomorphology features well-preserved arcuate moraine

ridges known as “Témpanos” moraines, deposited following

successive ice advances during the Holocene (Harrison et al.,

2012). Extensive outwash plains extend westwards from these

moraines, most likely connecting the Taitao peninsula with the

mainland. This landform assembly creates a proglacial basin

occupied by the fan-like-shaped San Rafael Lagoon, which

receives inflow from the San Rafael glacier and drains into the

main fjord through a narrow and shallow channel known as “Canal

Témpanos”. Recent geodetic measurements have estimated ice

velocity in the glacier front ranging from ~7200 to 6900 m/yr,

making it one of the fastest glaciers in the region and, in the middle
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latitudes of the Southern Hemisphere as well (Mouginot and

Rignot, 2015; Millán et al., 2022). First-order estimations revealed

that the San Rafael glacier calving flux reached ~2.7 Km3/yr between

2017 and 2022 (Supplementary Table 4). Given the geographic

setting of the San Rafael Lagoon, the distance between the glacier

front and the Pacific Ocean is relatively short and linear, so the

sinuosity is low (0.31; Supplementary Table 4). Furthermore, the

drainage width is very narrow, so the change between the width of

the proglacial basin and the main fjord is very high (0.86;

Supplementary Table 4). In the San Rafael glacier, normalized

values of glaciological and geomorphic attributes indicates that

changes in fjord width (~52%) and calving flux (~34%) are the

major contributing factors to iceberg residence time, while sinuosity

(~14%) plays a secondary role.
3.4.2 Parry Fjord glaciers
The Parry Fjord glaciers are part of the CDI located in Tierra del

Fuego, southernmost Patagonia. It is composed by two coalescing

glacial valleys flooded by the ocean, the Parry fjord to the West and

the Seno Cuevas to the East (Figure 7C). The Parry Fjord valley has at

least six marine-terminating and one land-terminating glaciers.

Satellite-derived ice motion measurements indicate that the

marine-terminating glaciers move at velocities ranging from ~200

to 1750 m/yr, whereas the land-terminating glacier reaches velocities

of ~30 m/yr (Millán et al., 2022). The Seno Cuevas is drained by only

one marine-terminating glacier, the Cuevas glaciers, which reaches

maximum velocities of ~1630 m/yr. However, there are several land-
FIGURE 4

Annual presence of leopard seals in San Rafael (upper panel) from the photo-identification catalogs (until 2020) and expeditions (2021-2023). In the
plots, each color represents a unique individual. Dots show years with photographic record of each individual. Colored lines connecting the dots
represent the total time span that each seal has been observed. The 2021 sighting of LSR01 is the only data point that is not from the SR catalog or
expeditions; the female was validated as the mother of a reported pup by van der Linde et al. (2022). Black unfilled circles show the year adult
females were observed with pups. The right panels display photographs of the reported pups during our expeditions (both dead): the upper right
picture is female LSR01 from San Rafael with her pup (SR-23), and the lower right picture is female TF13 from Tierra del Fuego with her pup (TF-21).
Photo credits: Renato Borras-Chavez.
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terminating glaciers that most likely transitioned from a marine to a

terrestrial proglacial environment in the past millennia or centuries

(Strelin et al., 2008; Menounos et al., 2020; Reynhout et al., 2021). At

the mouth of the Seno Cuevas, we identified the remnants of a

moraine ridge closing the fjord (Figure 7C). The Darwin glacier in

Parry Fjord and the Cuevas glacier in Seno Cuevas—both locations

with the highest record of leopard seals of the region—present the

highest calving rate of their respective areas reaching ~0.15 and ~0.13

Km3/yr between 2017 and 2022, respectively. Altogether glaciers of

Parry Fjord (glaciers 45 through 51 of Supplementary Table 4)

flowing towards the ocean exhibit a combined calving flux of ~0.48

Km3/yr. Sinuosity of the Parry Fjord range from moderate to high

(0.55 average; Supplementary Table 4). The average width ratio of

local glaciers is very high (0.83) denoting that, geomorphic features

such as moraine crest and subaequous bedrock knobs, are frequent in

the area (Supplementary Table 4). In Parry Fjord, normalized values

of fjord width (~57%) and fjord sinuosity (~35%) indicate that local

geomorphology is the key factor for prolonged iceberg residence,

while calving flux (~7%) exerts a secondary control on

iceberg residence.

Given that leopard seal sighting records have historically been

concentrated in San Rafael and Parry Fjord, we utilized the

combined normalized values of the analyzed glaciological and
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geomorphic attributes of these two areas as references to assess

the suitability of other fjords in Patagonia as leopard seal potential

habitats. We calculated the weighted mean of these attributes for

each location; San Rafael and Parry Fjord glaciers (Table 2). With

these results, we hypothesized that calving flux, fjord sinuosity and

fjord width ratio all contribute to increase iceberg residence time

and, consequently, higher chances of being visited/inhabited by

leopard seals.

When considering the normalized values of glaciological and

geomorphic attributes at both San Rafael and Parry Fjord together,

the width ratio emerged as the primary factor contributing to

prolonged iceberg residence at both locations, accounting for 50% of

the observed variance. In contrast, calving flux played a more

significant role in San Rafael (34%) compared to Parry Fjord (7%),

while sinuosity was less influential in San Rafael (14%) but contributed

considerably more in Parry Fjord (35%). Therefore, when evaluating

other suitable fjords in Chile (discussed in section 3.5) we assigned a

Calculated Proportional Weighted Estimate (CWE) to each calculated

weighted mean of all fjords of 0.5 to width and 0.2 and 0.3 to calving

flux and sinuosity respectively (Table 2).
3.5 Glacial suitability analysis for leopard
seal in Patagonia

According to the Chilean Glacier Inventory (DGA, 2022), we

identified 59 marine-terminating glaciers grouped within 27 fjords

along the Pacific coast of Patagonia (Figure 8). In recent years, the

surface area of these glaciers has receded at varying rates, ranging

from 0.63 km²/yr at Jorge Montt Glacier to nearly 0 km²/yr at an

unnamed minor glacier in the Parry Fjord (Supplementary Table 4).

Exceptionally, the Europa Glacier has expanded by 0.20 km² between

2018 and 2021. Individually, Jorge Montt Glacier exhibits the highest

calving flux in Patagonia, reaching 4.61 km³/yr, followed by San
FIGURE 5

Seasonal variation and rate of change in leopard seal counts based
on San Rafael standardized monitoring data. The upper panel
displays the change in leopard seal counts across seasons. The
lower panel illustrates the slope of the seasonal rate of change in
the predicted number of leopard seals based on the first derivative
of the fitted Generalized Additive Model (GAM) shown in the upper
panel. In the lower panel, red areas indicate time segments where
95% of the Monte Carlo simulations for the first derivative of the
GAM did not include the null effect, indicating a significant linear
effect during these periods.
FIGURE 6

Inter-annual variations in the San Rafael monitoring data from 2013
to 2019. After accounting for intra-annual (seasonal) variation and
based on non-orthogonal polynomial contrasts up to the second
order, the fitted model shows no trends in the increase or decrease
of individual numbers of leopard seals in San Rafael.
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Rafael Glacier at 2.69 km³/yr, Pinguino Glacier at 1.47 km³/yr, and

Europa Glacier at 1.35 km³/yr (Supplementary Table 4). All these

glaciers exceed the regional average calving flux of 0.29 km³/yr.

Despite the geographical complexity of the Patagonian

archipelago, regional fjords generally show low sinuosity, ranging

from 0.16 to 0.99, with a mean of 0.34 (Supplementary Table 4).

Many fjords exhibit geomorphic features, such as moraines and

outwash plains, that create “geomorphic traps” enhancing iceberg

residence time. The width ratios of these fjords vary from 0.23 to

0.96, with a mean of 0.68 (Supplementary Table 4). The normalized

weighted mean of glaciological and geomorphic attributes in

Patagonian fjords, aligned with values calculated for the San

Rafael Glacier and those hosted in Parry Fjord, ranges from 0.62

to 0.11, averaging 0.39 (Table 2). Fjords were classified as “very

likely,” “likely,” and “less likely” to host leopard seals if their

weighted means were equal to or above 0.39, between 0.38 and

0.30, and below 0.29, respectively (Figure 8 and Table 2).
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From 27 fjords encompassing all 59 marine-terminating

glaciers, we found 13 fjords—in addition to San Rafael and Parry

Fjord— with potential long-lasting iceberg residence and therefore

classified as “very likely” suitable for leopard seals (Figure 8; see

values in Table 2). In the SPI, Bernardo (fjord ID 3; 0.39) and the

fjord hosting the HPS27, HPS28 and HPS29 (fjord ID 9; 0.57). To

the south, in the GCN, the S/N glacier (fjord ID 14; 0.39) and the

Snoring and Sarmiento de Gamboa glaciers in the ISI (fjord ID 15;

0.49 and fjord ID 16; 0.53, respectively). In the CDI at Tierra del

Fuego, the Agostini Fjord (fjord ID 18; 0.48), Relander glacier and

two glaciers without name (fjord ID 19; 0.52), Italia glacier (fjord ID

22 C. Beagle; 0.42), Pıá Fjord (fjord ID 23; 0.43 and 24; 0.45),

Torcido Fjord (fjord ID 25; 0.58), Garibaldi Fjord (fjord ID 26;

0.54), Grande glacier (27; 0.55). 4 fjords were classified as “likely”

habitats for leopard seals: the Jorge Montt glacier (fjord ID 2; 0.34),

Pingüino Fjord (fjord ID 7; 0.30), HPS30 Fjord (fjord ID 10; 0.38),

and S/N Glacier in the South Patagonian Icefield (fjord ID 17; 0.36).
FIGURE 7

Characterization of the San Rafael and the Parry Fjord glaciers. (A) Locations of the San Rafael and the Parry Fjord glaciers in Patagonia. (B, C) are
simplified geomorphic maps of the San Rafael and Parry Fjord glaciers, respectively. Glaciers flowing towards the main water bodies are outlined
based on the Chilean Glacier Inventory (DGA, 2022). Surface glacier velocity is depicted in graded colors, with dark red indicating faster areas and
white indicating slower areas of ice motion (Millán et al., 2022).
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TABLE 2 Normalized glaciological and geomorphic attributes of marine-terminating glaciers in Patagonia (calving flux, fjord sinuosity, and
width ratio).

Icefield Name Fjord ID
Glacier

ID
Glacier
Name

Normalized
Calving Flux

Normalized
Fjord Sinuosity

Normalized Fjord
Width Average

Weighted
Mean

Northern Patagonian
Icefield (2017-2022)

1 1 San Rafael 0.58 0.24 0.87 0.62

Southern Patagonian
Icefield (2018-2021)

2 2
Jorge
Montt

1 0.1 0.22 0.34

3. Bernardo 3 Bernardo 0.17 0.19 0.61 0.39

4. Témpano 4 Témpano 0.01 0.06 0.47 0.26

5. Falcon

5 HPS12

0.06 0.31 0 0.11
6 HPS13

7 HPS14

8 HPS15

6
9 HPS17

0.04 0.1 0.17 0.12
10 HPS18

7
11 HPS19

0.4 0.06 0.41 0.3
12 Pingüino

8 13 Europa* 0.29 0.07 0.31 0.23

9

14 HPS27*

0.17 0.37 0.85 0.5715 HPS28

16 HPS29*

10

17 HPS30

0.29 0.24 0.51 0.38

18 HPS31

19 S/N*

20 HPS32

21 Calvo*

22 HPS33

23 HPS34

24 HPS35

11 25 Asia 0.02 0.13 0.45 0.27

12 26 Amalia* 0.16 0.08 0.12 0.12

Gran Campo Nevado
(2015-2022)

13 27 S/N 0 0 0.46 0.23

14 28 S/N* 0 0.65 0.4 0.39

Isla Santa Inés
(2017-2022)

15 29 Snoring 0.01 1 0.37 0.49

16 30
Sarmiento

de
Gamboa

0 0.35 0.85 0.53

Cordillera Darwin
Icefield (2017-2022)

17
31 S/N

0.01 0.19 0.6 0.36
32 S/N

18. Agostini

33 Andrés

0.08 0.15 0.83 0.4834 Bárbara

35 Navarro

(Continued)
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4 Discussion

Leopard seals have been observed across most regions of

Chile: from Easter Island in the north/west to Tierra del Fuego in

the south. Aguayo-Lobo et al. (2011) first compiled historical

records of leopard seals to show that this species is a regular

member of the marine fauna of southern Chile. Then, Acevedo

and Martinez (2013) provided the first evidence of a potential

multi-month resident leopard seal individual in Tierra del Fuego.
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Both studies hypothesized the existence of resident aggregations

of leopard seals in Patagonia. Here, we provide evidence to

support this hypothesis through multiyear observations of the

same leopard seal individuals. Specifically, we confirmed two

distinct resident aggregations of leopard seals in Chile: one in San

Rafael and one in Parry Fjord. There was no evidence that the

same individuals were at both sites. Our results also show that

these resident aggregations in Patagonia have existed for decades

at least.
TABLE 2 Continued

Icefield Name Fjord ID
Glacier

ID
Glacier
Name

Normalized
Calving Flux

Normalized
Fjord Sinuosity

Normalized Fjord
Width Average

Weighted
Mean

36 S/N

37 S/N

38 Serrano

39 S/N

40 Rugidor

19. Brookes

41 Relander

0.08 0.52 0.69 0.5242 S/N

43 S/N

20. Marinelli 44 Marinelli* 0.05 0.36 0.05 0.15

21. Parry

45
Luis

de Saboya

0.1 0.52 0.84 0.59

46 S/N

47 S/N

48 S/N

49 S/N

50 Darwin

51 Cuevas

22. C. Beagle 52 Italia 0 0.15 0.75 0.42

23. Pıá Este
53 Kalv

0.02 0.16 0.76 0.43
54 S/N

24. Pıá Oeste 55 Guilcher 0.03 0.21 0.76 0.45

25. Torcido 56 Cattigara 0.06 0.23 1 0.58

26. Garibaldi
57

Picos
Azules 0.04 0.12 1 0.54

58 Garibaldi

27.
Ventisquero

59 Grande 0.13 0.13 0.98 0.55

CWE Max: 0.62

Calving flux 0.2 Min: 0.11

Fjord Sinuosity 0.3 Mean: 0.39

Fjord Width 0.5 SD: 0.16
Glaciers highlighted in bold were used to define the Calculated Proportional Weighted Estimates (CWE) for calving flux, fjord sinuosity, and fjord width ratio. These estimates were then applied
to calculate the weighted means for the remaining fjords. Some fjords consist of multiple glaciers, so the values represent the average per fjord. The table also provides descriptive statistics of these
final weighted means. Glaciers marked with an asterisk (*) indicate expanding glaciers.
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We documented an increase in pups and stranding events

reported over the past 10-15 years in Chile (van der Linde et al.,

2022; this study). Together, these pup records, as well as recent

observations of leopard seal sexual behavior in San Rafael (Kienle

et al., 2024), show that breeding is not limited to Antarctic pack ice

as previously suggested (Bester et al., 2017a). Therefore, Patagonia

should be considered as an integral part of the species breeding

distribution range rather than continuing to report leopard seal

sightings as occasional or extralimital.
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4.1 Leopard seal distribution north from
the Antarctic Polar Front

Leopard seal sightings have increased in Chile and other areas

north of the Antarctic Polar Front. Our study reports 438 sightings in

Chile, with 86% of sightings concentrated in Patagonia. When we

correct and transform Aguayo-Lobo et al. (2011) “total animals

reported” to individual sightings (118 records), we found a 271%

increase in sightings from 2009-2023 compared to pre-2009
FIGURE 8

Fjords hosting marine-terminating glaciers of Patagonia. The figure displays pie charts corresponding to the fjord IDs listed in Table 2. The color and
size of each pie chart indicate the likelihood of the site to host leopard seals; fjords were categorized as “very likely” when their weighted mean was
equal or above 0.39, and “likely” or “less likely” between 0.38 and 0.30 and less than 0.29, respectively. Within the pie charts, different colors
represent the contributions of calving flux (blue), fjord width ratio (grey), and fjord sinuosity (orange) to the potential of each glacier as habitat for
leopard seals.
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(Aguayo-Lobo et al., 2011). Similarly, Hupman et al. (2020)

documented an increase in leopard seal sightings in New Zealand,

from 19 records in 2000 to 781 records in 2018. Systematic

monitoring at Marion Island also suggests an increase in leopard

seals, from 19 immature animals reported over 25 years (1980-2005;

Bester et al. (2006) to almost double over the last 15 years (2005-2020;

De Bruyn and Ross, pers. comm.). Increasing numbers have also been

reported in South Australia with a rate of 1.2 seals per year between

1979-2009 to 2.8 seals per year between 2017-2022 (Shaughnessy

et al., 2023). The increase in leopard seal sightings north of the Polar

Front may be driven by a shift in distribution patterns, with more

seals potentially crossing the Antarctic Convergence and/or an

increase in their abundance in subantarctic areas.

The origin of leopard seals north of the Polar Front has been

widely discussed (reviewed in Bester, 2021; Stewart et al., 2020). For

example, early reports for the Indian Ocean and Australasian sub-

Antarctic waters suggested that leopard seals migrate north during

the winter expansion of Antarctic pack ice (Rounsevell and

Eberhard, 1980; Bester and Roux, 1986; Bester et al., 1995).

Similarly, in Chile, researchers have suggested that leopard seals

potentially migrate from the Western Antarctic Peninsula (WAP)

as sea ice expands northward (Stewart et al., 2020). While leopard

seals can travel long distances equivalent to those separating

southern Chile and the WAP (~1,000 km; tagged leopard seals in

the WAP are capable of travelling more than 1,500 km, Kienle et al.,

2022; Staniland et al., 2018), most instrumented seals from

Antarctica showed movement patterns restricted to a few

hundred kilometers (Rogers et al., 2005; Kienle et al., 2022). In

addition, consistent multi-year/multi-month observations of

resident leopard seals in Patagonia (this study), along with

increasing reports of newborns in subantarctic areas (van der

Linde et al., 2022; this study), support the hypothesis that there

are local resident aggregations of leopard seals in some subpolar

locations (Aguayo-Lobo et al., 2011; Acevedo and Martinez, 2013).

Historically, leopard seals found north of the Polar Front were

described as being in poor condition and usually as immature

individuals (Siniff and Stone, 1985; Rounsevell and Pemberton,

1994; Bester et al., 2006). For instance, juvenile leopard seals have

been reported in large numbers at Macquarie Island every 4-5 years,

likely due to a northward winter dispersal in response to conditions

in the pack ice to the south (Testa et al., 1991). Here, however,

resident leopard seals in both San Rafael and Tierra del Fuego were

in excellent body condition, and most seals from Patagonia (82%)

were adults with only a few (18%) immature individuals. Similarly,

in New Zealand, leopard seals were predominantly adults in good to

excellent body condition (Hupman et al., 2020). The presence of

adults in good body condition regularly observed north of the Polar

Front indicates that Patagonia, and potentially New Zealand,

provide secure habitats and abundant resources necessary for

leopard seals to thrive.

Furthermore, Rounsevell and Pemberton (1994) hypothesized

that the number of immature leopard seals increases with

decreasing latitude. Like previous studies, we also identified

changes in leopard seal age class across Chile. North of San

Rafael in Chile, leopard seal sightings are mostly of immature

individuals (82%). Sightings of these immature individuals that
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included mentions of their health status showed that 74% of these

leopard seals were in suboptimal condition (out of 19 records, 14

were reported either poor, emaciated, injured, or dead). Similarly, in

South Australia most leopard seal sightings are of juvenile animals

reported in fair/thin body conditions (Shaughnessy et al., 2023).

Further, the cyclical increase in leopard seals at Macquarie Island

are mostly the result of immature individuals dispersing north,

likely driven by poor environmental conditions (Testa et al., 1991).

Our data therefore support the hypothesis that age class is

correlated with latitude, but we found that, in Chile, this pattern

starts much further north of the Polar Front than proposed in other

locations (Rounsevell and Pemberton, 1994; Testa et al., 1991; van

den Hoff et al., 2005; Bester et al., 2006).
4.2 Long term temporal trends in Chile

It is arguable whether leopard seal aggregations have increased

or remained stable in San Rafael and Tierra del Fuego. In San Rafael,

the first official historical record of leopard seals was of three

individuals in 1979 (Torres et al., 1979; reviewed in Aguayo-Lobo

et al., 2011). Afterwards, there was a 30-year absence of records

(1979-2009) where no sightings were reported from San Rafael.

Now, at least 10 unique leopard seals have been identified from

>195 sighting records. Although this could suggest a potential local

increase of leopard seals in San Rafael, the San Rafael monitoring

data have shown a stable leopard seal aggregation, with no major

increase in seal counts between 2013-2019 (Figure 6). This leads us

to call for caution when interpreting sightings data. The lack of pre-

2009 records in San Rafael may have been due to a reduced number

of private tour companies operating before 2013, leading to no

sightings reported during this time, rather than a true absence of

leopard seals.

Similarly in Parry Fjord, only nine records of leopard seals

existed before 2010 (Aguayo-Lobo et al., 2011) compared to >55

new sighting records after 2010. Moreover, at Parry Fjord, tour

operators report that not observing leopard seals during their visits

is rare (Moreno, pers. comm.). Like San Rafael, the recent increase

in sightings in Parry Fjord may also reflect the rise of the tourism

industry, leading to more people visiting the area. However, leopard

seal aggregations have been reported there since 1971 (Markham,

1971; n=4) with numbers similar to our most recent expedition in

the area (TF-23; n=6), suggesting that numbers may be at least

stable at this location.

The overall stranding data did show a positive annual rate of

change within the last two decades in Chile (Figure 3). This data

indicates an overall increase in the number of leopard seals

inhabiting Chile in the last 15 years. Stranding reports are more

reliable than sighting records as they do not require photographic

validation and are often verified by trained personnel. An increase

in leopard seal numbers along the Chilean coast aligns with the

expanding distribution and reappearance of other pinnipeds on the

Pacific coast after centuries of exploitation. For example, southern

elephant seals are recolonizing the eastern South Pacific where they

were heavily depleted during the sealing era (Acevedo et al., 2016,

2019). As in our study, Cárcamo et al. (2019) showed an increase in
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elephant seal sighting records along the coast of Chile. Additionally,

South American fur seals (Arctocephalus australis) and South

American sea lions (Otaria flavescens) populations are increasing

in key breeding areas of South America, including Chile (Rodrigues

et al., 2018; Milano et al., 2020; Sepúlveda et al., 2021).
4.3 San Rafael: a unique case study

The leopard seals at San Rafael may constitute an isolated

population from other aggregations found in Chile. There are ten

resident leopard seals at this location. Eight seals have been

continuously observed over the last ten years, and only two new

individuals (LSR09 and LSR10) were reported in recent years (2019-

2020). In addition, our two most recent expeditions to San Rafael

did not find new seals beyond those already reported. In contrast,

we continuously obtain sighting reports of new individuals at Parry

Fjord. For instance, our latest ten day expedition (TF-23) found

four new individuals never reported before. We have also found

consistency in the seasonality of individuals from San Rafael,

stressing their resident nature. There is a seasonal trend, with

numbers tending to decrease during the austral autumn (march–

may) and increasing during the austral spring (August–October).

The slight tendency of higher number of seals during the spring

aligns with the hypothesized breeding season for the species in

locations where residents are found (between September-

November; van der Linde et al., 2022). Specifically, 8 of 10 pups

of San Rafael were recorded between mid-October and early

December with two resident females giving birth in San Rafael at

least twice (LSR01 and LSR02). Moreover, evidence of mating

behavior has been recently reported in San Rafael (Kienle et al.,

2024). The temporal overlap among individuals in San Rafael, the

lack of evidence of transient individuals, and the consistency in

annual life history cyclic patterns such as reproduction, suggest that

the seals living in San Rafael and nearby areas may be isolated from

the rest of Patagonia.

During the Last Glacial Maximum (globally around 26-19 kya),

the abundance of leopard seals in Antarctic increased likely driven by

the abundance of ice (Bender et al., 2023). Similarly, the Patagonian

ice sheet also expanded, covering much of southern Andes of Chile

and Argentina; this was followed by a progressive fragmentation of

the Patagonian ice sheet into today’s multiple ice caps (Davies et al.,

2020). The NPI separated from the SPI around 12.6-11.3 kya

(Thorndycraft et al., 2019; Vásquez et al., 2022), isolating the NPI

where the San Rafael Lagoon formed sometime after ~9.5 kya

(Harrison et al., 2012). Furthermore, the San Rafael glacier

constitutes the only marine-terminating glacier in the NPI. The

nearest glacier, Jorge Montt Glacier, is not easily accessible from

San Rafael. Leopard seals would need to swim ~630 km to reach the

Jorge Montt Glacier. While leopard seals can travel long distances

(Staniland et al., 2018), most tend to remain close to their origin

(Rogers et al., 2005; Kienle et al., 2022). Altogether, this support the

idea that leopard seals of the NPI may have been isolated during the

separation of the NPI from the SPI with the San Rafael glacier being

today’s only glacier producing icebergs in the region.
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The potentially isolated leopard seal population of the NPI was

then severely decimated by the sealing industry during the 18th and

19th centuries, likely causing a local demographic reduction. The

peak sealing period in the mid-19th century focused on southern

sea lions also included southern elephant seals and leopard seals

(Torrejón et al., 2013). Historical accounts indicate a significant

reduction of all pinniped species by the end of the 19th century,

including leopard seals. The navy captain E. Simpson mentioned

“(…) there was another seal larger than southern sea lions but

smaller than elephant seals called leopards due to their spot patterns,

and they have also disappeared from the region” (Simpson, 1875).

The progressive fragmentation of the Patagonian Ice Sheet after the

Last Glacial Maximum, as well as the significant reduction of

leopard seals during the sealing era, supports our hypothesis of a

potential isolated leopard seal aggregation in San Rafael with little

flux of new animals—at least— in the last decades. Genetic analyses

are needed to assess inbreeding levels in San Rafael and compare the

genetic make-up of these animals to other aggregations in Chile and

elsewhere. These assessments will help clarify the history of this

population and levels of past and contemporary gene flow among

leopard seal aggregations.
4.4 Identifying potential habitats for
leopard seals in Chile

Based on our characterization of the San Rafael and Parry Fjord

glaciers, we find that fjord width ratio, which accounts for

geomorphic traps (e.g., moraine ridges, outwash plains), is key to

controlling residence of local icebergs (the most important substrate

for leopard seals in Chile). Our simplified calving flux estimation for

the San Rafael glacier (~2.7 km³/yr) in the NPI and the Darwin and

Cuevas glaciers (0.15 and 0.13 km³/yr) in the CDI aligns with

previous estimates of the same glaciers in the last decades (Koppes

et al., 2011; Melkonian et al., 2013). More broadly, our regional

calving flux estimation is consistent with previous estimates for

Patagonian marine-terminating glaciers (Koppes et al., 2011;

Melkonian et al., 2013; Schaefer et al., 2015). The minor

differences observed between our values and those from the

studies mentioned, may be explained by the challenges in

outlining glacier ice fronts due to the lack of cloud-free satellite

imagery and ice mélange (i.e., mixture of icebergs, sea-ice and snow)

in the ice front. More important, glaciological parameters database

assume uncertainties of ~30% in ice velocity estimations, and 25-

35% for ice thicker than 100 m and >50% for thinner ice (Millán

et al., 2022). Thus, we suggest that our calving flux assessments can

be considered as a qualitative indicator.

Geomorphic attributes are crucial for iceberg retention at

regional scale. Patagonian marine-terminating glaciers and fjords

in the NPI and SPI show higher contributions from calving flux,

while southern ice masses (GCN, ISI, and CDI) are more influenced

by morphometric attributes and the existence of landforms closing

fjords. However, winter sea ice formation in several fjords of CDI,

including Marinelli and Parry Fjords (Salame et al., 2020), may

compensate for limited calving flux.
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Our habitat model aligns well with the leopard seal sighting

records, thereby suggesting additional fjords and glaciers across

Patagonia that should be explored in search of leopard seals. While

most sighting records are concentrated in San Rafael and Parry

Fjord, other locations are consistent with fjords predicted by our

model as “very likely” suitable habitats. We identified 13 additional

fjords in Patagonia (out of 27 fjords that included 59 glaciers in

total) as “very likely” suitable habitats for leopard seal with many of

them matching areas where leopard seals have also been reported.

For instance, Agostini Fjord and Ballena Sound (fjords 18 and 15 in

Figure 8) are both identified as very likely suitable habitats for

leopard seals, and the historic records show that each location has

had 11 leopard seal sighting records, including multiyear records

(Aguayo-Lobo et al., 2011; Acevedo and Martinez, 2013, and this

study). Similarly, Pia Sound (4 reported sightings near fjords 23 and

24), Helado Sound (2 sightings near Sarmiento Glacier, fjord 16),

and the Beagle Channel (1 sighting near Italia Glacier, fjord 22)

were all classified as “very likely” habitats for leopard seals.

Because of the challenges in identifying Patagonian glaciers, the

59 marine-terminating glaciers evaluated should be considered a

minimum number of iceberg-prone glaciers existing in Patagonia.

Overall, intense calving flux, accounting for iceberg production, and

the existence of geomorphic landforms in the fjords—particularly

moraines and outwash plains that create iceberg traps—are critical

factors when suitable habitats for leopard seals are evaluated in

Patagonia. Furthermore, other factors such as prey availability also

play an important role defining suitable location for leopard seals,

however, resources availability seems not to be a problem in

Patagonia (Aguayo-Lobo et al., 2011; Friedlander et al., 2021;

Castilla et al., 2023). The fact that 76% of sighting records were

on icebergs, and the consistent match between our predicted

suitable fjords and historical sighting locations, support the idea

that iceberg availability and residency are crucial variables for

evaluating suitable habitats for leopard seals in the Chilean fjords.
4.5 The role of leopard seals as
apex predators

Apex predator populations are rapidly changing in response to

widespread environmental changes (Roff et al., 2018). Their

presence or absence can lead to significant restructuring of

ecosystems (e.g., Wilmers and Post, 2006; Knopff et al., 2014;

Jonsen et al., 2019). Introducing new predators often results in a

redistribution and potential shift in local food web structures

(Johnson et al., 2007; Letnic et al., 2009; Sherman et al., 2020),

while the suppression of apex predators can trigger ecosystem

restructuring through various ecophysiological pathways (e.g. Leo

et al., 2019; Hammerschlag et al., 2022). This highlights the

importance of monitoring the distribution of apex predators such

as leopard seals.

We document the long-term presence of 10 resident leopard seals

in San Rafael and 6-9 in Tierra del Fuego. While these numbers may

seem low, small numbers of apex predators can significantly impact

prey species abundance (Williams et al., 2004; Krause et al., 2022).
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For instance, fewer than 40 killer whales may be responsible of the

decline of the Steller sea lion (Eumetopias jubatus) population in the

Aleutian Islands and a pod of only five individuals could account for

the regional decline of sea otters (Williams et al., 2004). Leopard seals

are effective and efficient apex predators (Hiruki et al., 1999; Krause

et al., 2015) and cause drastic reductions in their prey populations

(Forcada et al., 2009). At Cape Shirreff in the WAP, leopard seals

consumed on average 2.5 Antarctic fur seal pups per day during the

2004-2005 breeding season (Vera et al., 2004). The annual predation

rate over Antarctic fur seal pups increased from 7.1% to 73.8%

between 2002-2020, with a mean predation rate of nearly 70%

annually since 2010. The average maximum number of leopard

seals responsible for this high predation rate was only 20

individuals per year between 2011 and 2020 with this small average

number contributing to the local population collapse of Antarctic fur

seals at Cape Shirreff (Krause et al., 2022). This highlights the

importance of monitoring occurrence of apex predators and

distinguishing resident from transient individuals (movement

patterns) to help predict changes in prey abundance and local food

web dynamics (Andrews and Harvey, 2013).

We provide baseline data on the historical resilience of leopard

seals in Patagonia. However, assessing the short- and long-term

ecological role of leopard seals in these ecosystems is critical and

requires information on their movement patterns, diet, and local

behavioral flexibility. Our results confirmed that leopard seals are a

permanent component of the food web in Patagonian ecosystems and

enhanced our understanding of leopard seal ecology by providing

evidence of their distribution and residency beyond Antarctica.
4.6 Conclusions

We present evidence that multiple resident leopard seal

aggregations exist in Chile and confirm that their breeding

distribution is not limited to Antarctic pack ice (Bester et al.,

2017a). Specifically, we show long-term residence of leopard seals

in two locations of Patagonia (San Rafael and Parry Fjord),

evidenced by multiyear observations of adults. Additionally, we

report an increase in stranding events and newborn sightings over

the last 15 years, suggesting an overall growing population in Chile.

Although the origin of these animals remains unknown, continued

monitoring of leopard seals, particularly of newborn and juvenile

animals, is essential, as including reproductive success in species

distribution models can lead to more accurate predictions of

population growth (Chuine and Beaubien, 2001).

Global warming is rapidly impacting the cryosphere (Schneider

et al., 2020) especially in Patagonia, where marine-terminating

glaciers are increasingly transitioning to land-terminating glaciers

(Dussaillant et al., 2019). Consequently, this will cause a decrease in

the number of potential habitats for leopard seals and likely impact

their distribution. For instance, cyclical increases of juvenile leopard

seal numbers in locations north of the Polar Front— likely due to

changes in sea ice extent in the south—is an example of how the

absence of sea ice may influence the dispersal of these animals

(Testa et al., 1991). Similarly, climate change driven responses are
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already shaping the distribution of other pagophilic apex predators

such as polar bears in the Arctic (Wiig et al., 2008; Sahanatien and

Derocher, 2012). Future studies should conduct comprehensive

habitat suitability analyses combining oceanographic variables,

iceberg characteristics, local prey availability, and species

movement patterns to assess the impact of climate change on ice-

dependent apex predators’ occurrence and distribution.
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Cárcamo, D., Pizarro, M., Orellana, M., Muñoz, L., Pavez, G., Sepúlveda, M., et al.
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Hiva), Chile: A review and new records. Latin Am. J. Aquat. Res. 42, 743–751.
doi: 10.3856/vol42-issue4-fulltext-5

Hupman, K., Visser, I. N., Fyfe, J., Cawthorn, M., Forbes, G., Grabham, A. A., et al.
(2020). From vagrant to resident: Occurrence, residency and births of leopard seals
(Hydrurga leptonyx) in New Zealand waters. New Z. J. Mar. Freshw. Res. 54, 1–23.
doi: 10.1080/00288330.2019.1619598

Jessopp, M., Forcada, J., Reid, K., Trathan, P., and Murphy, E. (2004). Winter
dispersal of leopard seals (Hydrurga leptonyx): Environmental factors influencing
demographics and seasonal abundance. J. Zoology 263, 251–258. doi: 10.1017/
S0952836904005102

Johnson, C. N., Isaac, J. L., and Fisher, D. O. (2007). Rarity of a top predator triggers
continent-wide collapse of mammal prey: Dingoes and marsupials in Australia. Proc. R.
Soc. B: Biol. Sci. 274, 341–346. doi: 10.1098/rspb.2006.3711

Jonsen, I., McMahon, C., Patterson, T., Auger-Méthé, M., Harcourt, R., Hindell, M.,
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