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Animals that display plasticity in behavioral, ecological, andmorphological traits are

better poised to cope with environmental disturbances. Here, we examined

individual plasticity and intraspecific variation in the morphometrics, movement

patterns, and dive behavior of an enigmatic apex predator, the leopard seal

(Hydrurga leptonyx). Satellite/GPS tags and time-depth recorders were deployed

on 22 leopard seals off theWestern Antarctic Peninsula. Adult female leopard seals

were significantly larger (454±59 kg) and longer (302±11 cm) than adultmales (302

±22 kg, 276±11 cm). As females were 50% larger than their male counterparts,

leopard seals are therefore one of the most extreme examples of female-biased

sexual size dimorphism inmarinemammals. Female leopard seals also spentmore

time hauled-out on land and ice than males. In the austral spring/summer, three

adult female leopard seals hauled-out on ice for 10+ days, which likely represent

the first satellite tracks of parturition and lactation for the species. While we found

sex-based differences in morphometrics and haul-out durations, other variables,

including maximum distance traveled and dive parameters, did not vary by sex.

Regardless of sex, some leopard seals remained in near-shore habitats, traveling

less than 50 kilometers, while other leopard seals traveled up to 1,700 kilometers

away from the tagging location.Overall, leopard seals were short (3.0±0.7min) and

shallow (29±8 m) divers. However, within this general pattern, some individual

leopard seals primarily used short, shallow dives, while others switched between

short, shallow dives and long, deep dives. We also recorded the single deepest and

longest dive made by any leopard seal—1, 256 meters for 25 minutes. Together,

our results showcased high plasticity among leopard seals tagged in a single

location. These flexible behaviors and traits may offer leopard seals, an ice-

associated apex predator, resilience to the rapidly changing Southern Ocean.

KEYWORDS

apex predator, dive behavior, flexibility, intraspecific variation, leopard seal,
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Introduction

Polar predators are particularly sensitive to rapid changes in

their habitats (Estes et al., 1998; Williams et al., 2004; Costa et al.,

2010; Estes et al., 2011). Further, apex polar predators, like polar

bears and killer whales, play a disproportionately large role in

shaping ecosystem function because of their position at the top

of the food chain (Baum and Worm, 2009; Pagano et al., 2018;

Hammerschlag et al., 2022). Consequently, changes to their

populations can have widespread and cascading effects

throughout entire food webs (Baum and Worm, 2009; Hunter

et al., 2015; Hammerschlag et al., 2022). Species that exhibit

plasticity in behavioral, ecological, and morphological traits are

better poised to cope with habitat changes/disturbances

(Charmantier et al., 2008; Dawson et al., 2011). Therefore,

assessing individual plasticity and intraspecific variation in

space use and life history traits of poorly studied polar

predators is important for understanding how species operate

in their environment, as well as their ability to cope with

environmental change (Baum and Worm, 2009; Hays

et al., 2016).

Leopard seals (Hydrurga leptonyx) are a quintessential

Southern Ocean apex predator (Wilson, 1905; Hiruki et al.,

1999; Southwell et al., 2008; Schwarz et al., 2013; Krause et al.,

2015). Leopard seals are generalist predators, consuming a wide

range of prey that includes krill, fish, cephalopods, seabirds, and

even other pinnipeds (Penney and Lowry, 1967; Boveng et al.,

1998; Walker et al., 1998; Hall-Aspland and Rogers, 2004;

Casaux et al., 2009; Krause et al., 2015; Krause et al., 2020).

This diverse diet makes leopard seals unique as one of only three

marine mammals that feed on both endothermic and

ectothermic prey (Werth, 2000). Within this broad dietary

niche, individual leopard seals may switch prey types

opportunistically (e.g., Casaux et al., 2009; Hocking et al.,

2013; Krause et al., 2020). As a result of this dietary versatility,

leopard seals directly influence Antarctic food web dynamics

across multiple trophic levels, as well as exert top-down control

on other pinnipeds (e.g., Antarctic fur seals, Arctocephalus

gazella; Boveng et al., 1998; Schwarz et al., 2013; Krause

et al., 2022).

It currently remains unclear how variability in diet and

trophic position translates to other aspects of leopard seals’

biology, including their movement patterns, dive behavior, and

morphometrics. A handful of studies in the past 15-20 years

have provided the first insights into the at-sea movement

patterns and dive behavior for the species (Rogers et al., 2005;

Kuhn et al., 2006; Nordøy and Blix, 2009; Krause et al., 2015;

Meade et al., 2015; Krause et al., 2016; Staniland et al., 2018).

Some satellite tracked leopard seals, for example, traveled

relatively short distances (<150 km; Rogers et al., 2005), while

others traveled much farther (>800 km; Staniland et al., 2018).

Time-depth recorders revealed that leopard seals made relatively

short (2 min), shallow dives (<25 m; Kuhn et al., 2006; Krause
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et al., 2015; Krause et al., 2016). However, previous research was

predominately carried out only during the austral summer

(November – February; 80% of studies; Rogers et al., 2005;

Kuhn et al., 2006; Nordøy and Blix, 2009; Krause et al., 2015;

Meade et al., 2015; Krause et al., 2016; Staniland et al., 2018).

Furthermore, the majority of studies only acquired tracking data

for leopard seals, with tracking durations ranging from <1 to 466

days and sample sizes ranging from one to 12 seals (Rogers et al.,

2005; Kuhn et al., 2006; Nordøy and Blix, 2009; Krause et al.,

2015; Meade et al., 2015; Krause et al., 2016; Staniland et al.,

2018). Previous studies have found that leopard seals were ~400

kg in mass and 290 cm in length (Hamilton, 1939; Laws, 1957;

Rogers et al., 2005; van den Hoff et al., 2005; Kuhn et al., 2006;

Nordøy and Blix, 2009; Krause et al., 2015; Meade et al., 2015;

Staniland et al., 2018; Krause et al., 2020), with some data

suggesting that body size varied regionally (van den Hoff et al.,

2005). However, these measurements were primarily from adult

females, and few morphometrics were paired with movement

and/or dive data.

Therefore, the objective of this study was to assess the

morphometrics, movement patterns, and dive behavior of

leopard seals off the Western Antarctic Peninsula (WAP). We

expand upon early studies by investigating the space use of

leopard seals from the austral autumn to spring (April –

November). We also examined plasticity and intraspecific

variability in the horizontal and vertical space use patterns of

leopard seals in the WAP. To do this, we deployed biologging

instruments that transmitted data on the movement patterns

and dive behavior of 22 leopard seals over the course of two field

seasons from Cape Shirreff, Livingston Island. We paired

tracking and dive behavior data with life history and

morphological data to provide an integrated assessment of

leopard seal biology.
Materials and methods

Study site and animal handling

Field work was conducted at the U.S. Antarctic Marine

Living Resources (AMLR) Program research station on Cape

Shirreff, Livingston Island, Antarctic Peninsula (62.47°S, 60.77°

W; Figure 1). Cape Shirreff is the site of a long-term Convention

for the Conservation of Antarctic Marine Living Resources

(CCAMLR) monitoring program started in 1997/98 by the

U.S. AMLR program. Leopard seals have been using this site

to haul-out on land, and their population has grown due to the

availability of abundant, seasonally-available, endothermic prey

(Krause et al., 2015; Krause et al., 2020). Cape Shirreff is also

notable for recently becoming ice-free year-round (since before

the turn of the century; Goebel, pers. obs.). Here, we captured

and chemically immobilized 22 leopard seals during the 2018

and 2019 field seasons (Table 1). While we had funding and
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logistic support for a third field season, it was cancelled due to

travel constraints associated with the COVID-19 pandemic.

Specifically, eight adult females, three adult males, and one

juvenile female were instrumented during the austral summer

and fall of 2018, and nine adult females and one adult male were

instrumented in the austral fall of 2019. One seal (female #397)

was instrumented in both 2018 and 2019. We followed a

butorphanol-midazolam protocol for chemical sedation;

sedatives were administered with a jab stick following Pussini

and Goebel, 2015. While leopard seals were sedated, we attached

biologging instruments and collected morphometric data (e.g.,

mass, lengths, girths; Pussini and Goebel, 2015). At the end of

each capture, we administered naltrexone, the chemical sedative-

reversal agent for butorphanol following a slight modification to

the protocol established by Pussini and Goebel, 2015;

specifically, we did not reverse the midazolam using

Flumazenil. We then monitored each individual’s recovery

until the animal was fully mobile and alert.
Instrumentation and life history

Adult seals were instrumented with SPLASH 10-F tags

(Wildlife Computers, Redmond, WA) using 5-minute epoxy

(Loctite Quickset epoxy; Henkel Corporation, Rocky Hill, CT;

Figure 1B). SPLASH tags were equipped with FastLoc GPS

(hereafter “GPS”), 0.5W Argos satellite transmitters, and time-

depth recorders. The single juvenile seal was instrumented with

a Wildlife Computers SPOT6 tag, which only provided Argos

satellite tracking data. The majority of tag attachments (n=18,

81%) were placed on the upper back of the seals to ensure that

the antenna would break the surface when the seal was
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swimming at the surface and to combat the potential effects of

rapid head movements and accelerations on tag functionality. In

2018, two tag attachments had to be placed on the newly grown

fur on the head of two adult male seals (#140, #141) because the

fur on their backs was molting (Table 1). We also attached

the SPOT6 tag to the head of the juvenile (#145) due to the

uncertainty regarding its swimming behavior and whether the

tag would be exposed above water regularly if placed on the back.

Seven leopard seals (n=7) had previously been equipped with

flipper tags from long-term demographic studies conducted by

the U.S. AMLR Program (Krause et al., 2015; Krause et al., 2016;

Krause et al., 2020; Goebel and Krause, pers. comm.). The

remaining leopard seals (n=13) were equipped with a flipper

tag that was inserted into the webbing of one hindflipper while

chemically sedated.
Animal sampling

Body mass (kg) was measured during instrument deployment

using a sling, a digital scale (DynaLink Measurement Systems

International, Rice Lake, WI), hand winch, and tripod. Standard

length and girth measurements were taken along the seal’s body

with the seal lying on its belly. All seals were in excellent body

condition based on qualitative assessment of the visibility of bony

protrusions following Hupman et al. (2020). We measured seals’

head length as the straight-line distance from the tip of the nose to

the caudal end of the skull and mouth length from the tip of the

nose to the caudal border of the lips. We took scaled photographs of

fore- and hindflippers to compare size differences in flipper

morphology. Head length, mouth length, and flipper lengths were

estimated from scaled photographs in ImageJ v. 1.53K. Sex was
A

B

FIGURE 1

Leopard seal study site in the Western Antarctic Peninsula. (A) A representative adult female (#128) leopard seal with a mass of 491 kg (photo credit: S.
Kienle) with a satellite/GPS biologger attached to the mid-back. (B) Animal handling and instrument deployment locations of leopard seals instrumented
at Cape Shirreff (yellow star) in the South Shetland Islands off the Western Antarctic Peninsula of Antarctica in 2018 and 2019. Inset shows a zoomed-in
view of the South Shetland Islands.
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determined visually based on the genitalia. Age was estimated based

on the relationship between standard length and age established by

Laws, 1957; specifically, a seal was classified as a juvenile if standard

length was less than 260 cm (n=1) or as an adult if standard length

exceeded 260 cm (n=20). Research was approved by the

Institutional Animal Care and Use Committee at the University

of California, Santa Cruz and conducted under federal

authorizations for marine mammal research under National

Marine Fisheries Service permit #19439 and an Antarctic

Conservation Act permit #2018-016.
Tag set up and processing

SPLASH tags were programmed to ensure coverage

throughout the year and maximize transmissions of hourly

GPS locations, dive data, and histogram data, resulting in 450-

500 transmissions/day. Tags were programmed to transmit

information on haul-out periods, dive shape, maximum dive

depth, and duration of individual dives, and histograms of depth

and duration binned into 6-hour periods. For a dive to be

recorded, the tag had to reach or exceed two meters in depth

for one minute. Dive shapes were categorized through on-tag

behavioral processing as: 1) square-shaped, where bottom time
Frontiers in Marine Science 04
exceeded 50% of the total dive duration, 2) U-shaped, where

bottom time was between 20-50% of the total dive duration, or

3) V-shaped, where bottom time was less than 20% of the total

dive duration; any dives that could not be characterized were

labeled as ‘unknown’ (Schreer and Testa, 1996; Schreer et al.,

2001). Tags were considered ‘dry’ if the wet/dry sensor was dry

for 30 seconds of any minute. A haul-out period began after the

wet/dry sensor was dry for 20 consecutive minutes and ended

when the sensor was immersed in saltwater. At the end of the

transmission period, decoded data were download from the

Wildlife Computers data portal for analysis.
Data and statistical analyses

We conducted analyses in R v. 4.1.2 (R Core Team, 2021),

except where noted. All values are reported as mean ± standard

deviation (s.d.). Each seal’s initial transmitted track was a

combination of pre-filtered Argos System and GPS data. The

pre-filtered track data did not include Argos location class “Z” or

GPS locations with less the four satellites. Track data were first

filtered to remove any obvious erroneous locations (e.g.,

incorrect hemisphere due to testing). GPS locations did not

contain ellipse error (location error) information, but they were
TABLE 1 Life history and morphometric data for the leopard seals in this study.

Seal
ID

Year Sex Age Tag
Location

Deploy
Date

Mass
(kg)

Standard
Length
(cm)

Ax
Girth
(cm)

Head
Length
(cm)

Mouth
Length
(cm)

Foreflipper
Length
(cm)

Hindflipper
Length (cm)

No.
Scars

128 2018 F Adult Back 1/22/18 491 300 – – – – – –

100 2018 F Adult Back 1/24/18 500 316* – – – – – –

12 2018 F Adult Back 4/28/18 476 300 – 45 21 – – 8

143 2018 F Adult Back 4/25/18 368 284 175 48 20 – – 0

144 2018 M Adult Back 4/30/18 324 286 164 42 19 – – 1

140 2018 M Adult Head 4/19/18 285 265 148 44 21 – – 2

57 2018 F Adult Back 4/24/18 540 319 202 46 25 – – 3

138 2018 F Adult Back 4/18/18 333 298 169 51 20 – – 2

142 2018 F Adult Back 4/23/18 394 293 184 48 24 – – 6

141 2018 M Adult Head 4/21/18 282 268 150 46 19 57 – 2

397 2018 F Adult Back 4/20/18 497 300 239 43 20 65 – 2

145 2018 F Juvenile Head 5/6/18 147 213 125 39 19 – – 3

161 2019 F Adult Back 5/13/19 436 293 191 44 19 67 57 17

162 2019 F Adult Back 5/21/19 437 297 187 45 22 68 67 1

37 2019 F Adult Back 5/9/19 500 295 203 45 24 77 76 13

156 2019 F Adult Back 5/1/19 463 292 192 48 21 77 75 1

159 2019 F Adult Back 5/2/19 456 309 196 40 20 74 75 4

160 2019 F Adult Back 5/13/19 355 320 173 50 20 73 74 4

153 2019 F Adult Back 4/29/19 497* 315 237 45 22 – – 7

157 2019 M Adult Back 4/28/19 317 283 162 43 19 – – 1

397 2019 F Adult Back 4/22/19 486 298 198 42 21 60 – 1

158 2019 F Adult Back 4/21/19 487* 312 193 40 19 68 – 17
frontiers
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expected to have an error radius of approximately 50 meters

when locations are fixed with four or more satellites (Dujon

et al., 2014). Therefore, we assigned 50 meters to the semi-major

axis, semi-minor axis, and error ellipse orientation for each GPS

location, and removed any Argos locations without error ellipse

values. Because the Argos locations contained near duplicate

records (same date-time but differing location and spatial error

information), we adjusted the date-time value for one of the near

duplicate records by 10 seconds using the make.time.unique

function from the xts package (Ryan et al., 2020). This allowed

all Argos location and ellipse error information to inform the

track interpolation. The track data were next filtered with a

course-speed filter, sdafilter function from the argofilter package

(Freitas, 2012), to remove points which indicated that the seal

traveled greater than 3 m/s between locations. To interpolate

each seal’s track, we fit a continuous-time correlated random

walk model, informed by the ellipse error information, to the

telemetry data using the crwMLE function from the crawl

package (Johnson and London, 2018) and predicted locations

at hourly time steps (Costa et al., 2010; McHuron et al., 2018).

GPS data were assessed separately to determine behavioral

states. Each satellite location was assigned an at-sea trip number

based on the haul-out status transmitted from the wet/dry sensor;

a trip began when the seal left the haul-out location and included

the location on land immediately following the seal’s return to

land (Matsuoka et al., 2021). We visually examined the final trip

classifications in QGIS version 3.20.3 (QGIS Development Team,

2021) using the detailed basemap fromQuantarctica (Matsuoka et

al. 2021) to ensure that locations classified as ‘hauled-out’ were on

land/ice in relative proximity to haul-out locations based on areas

where clusters of on-land locations occurred We also downloaded

monthly ice extent data from the National Snow and Ice Data

Center (https://nsidc.org/) to validate long haul-out periods on

ice. We calculated maximum distance traveled (km) as the great

circle (Haversine) distance from their tagging location to the

farthest point on the track.

Dive depth and duration data were visually inspected for

outliers, which were defined as dives exceeding 500 meters in

depth or 30 minutes in duration based on all previously reported

dive metrics for leopard seals (Kuhn et al., 2006; Krause et al.,

2015; Krause et al., 2016). Outliers were inspected to ensure that

dive durations were biologically meaningful and that these data

were associated with high-quality GPS and/or Argos

transmissions. Additionally, internal data-processing errors

associated with dive durations were removed by assessing the

internal drift sensor data. If the internal dive sensor exceeded a

dive threshold of two meters, those data were excluded,

providing a highly conservative approach for estimating dive

duration summary statistics. We examined the variability in dive

depth and duration of each seal through respective coefficients of

variation (CV=standard deviation/mean). A low CV (values

closer to 0) signifies that data are centered around the mean

value and indicates stereotypy or consistency of behavior, while a
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high CV (values closer or exceeding 1) signifies that data are

dispersed around the mean and indicates high variability in the

recorded behavior (Gerhardt, 1991; Wainwright et al., 2008).

We calculated the ratio of fore- and hind-flipper (cm) to

standard length (cm) for each seal to standardize for body size

differences. We examined the morphological, movement, and

dive data for deviations from normality using density and Q-Q

plots and a Shapiro-Wilks test (R Core Team, 2021). Log

transformations were performed when data were not normally

distributed. We then assessed variance with F-tests.

We ran linear regression models to determine relationship

between continuous variables. We used Pearson’s correlation to

measure the strength of the relationship and then plotted and

visualized these relationships (ggplot2, ggpubr, tidyverse,

RColorBrewer; Neuwirth, 2014; Wickham, 2016; Wickham

et al., 2019; Kassambara, 2020). We also ran linear mixed

effects models to examine sex-specific differences among adults

in seal morphometrics, movement patterns, and dive behavior.

Linear mixed effects models had a Gaussian distribution and

were run using the lme4 package (Bates et al., 2015). For

morphometric variables, sex was included as the fixed effect,

and individual was the random effect. For the movement pattern

and dive behavior variables, the full model included both sex and

body mass as fixed effects, and we included an interaction

between the two; individual was included as the random effect.

We ran all possible combinations of the model that included sex

and/or body mass as the explanatory variable. Similarly, we

compared differences in mean dive depth and dive duration

between the three dive types (square, U, or V-shaped) using

linear mixed effects models with dive shape as the fixed effect and

individual as the random effect. In all cases, each candidate

model was compared to a null model (intercept only) using

likelihood ratio tests of null and residual deviances. We ranked

models using the Akaike information criterion corrected for

small sample sizes (AICc) using the aictab function in the

AICcmodavg package (Mazerolle, 2020). We then evaluated

the fit of the best fit model using an ANOVA in the car

package (Type 2, Wald’s test; Fox and Weisberg, 2019). For

the dive shape models, we estimated marginal means to perform

post hoc pairwise contrasts between each dive shape; Tukey’s

method was then used to adjust the p-value for multiple

comparisons in the emmeans package (Lenth, 2021).
Results

Morphometrics

We obtained tracking, dive, and morphometric data from all

21 adult leopard seals (females: n=17; 81%; males: n=4, 19%) and

tracking and morphometric data from one juvenile (n=1;

female) at Cape Shirreff (N=22; Table 1). Leopard seal body

masses ranged from 147-540 kg, standard lengths ranged from
frontiersin.org
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213-320 cm, and axillary girths ranged from 125-239 cm. Mass

and standard length were positively correlated among age classes

(R2 = 0.64, F1,17 = 29.64, p<0.001) and among adults only (R2 =

0.43, F1,16 = 11.87, p=0.003). The linear regression equation

between standard length and body mass that included all age

classes was used to estimate body mass (n=2) and standard

length (n=1) for the three females with missing values.

Adult females were significantly larger (454±59 kg) and

longer (302±11 cm) than males (302±22 kg, c2(1,21)=25.91,
p<0.001; 276±11 cm; c2(1,21)=21.94, p<0.001; Figure 2). Adult

females also had greater axillary girths (196±21 cm) than adult

males (156±8 cm; c2(1,21)=15.01, p<0.001). The single juvenile

had a mass of 147 kg, standard length of 213 cm, and axillary

girth of 125 cm. Proportionally, adult leopard seal fore- and

hindflippers were the same length when standardized for body

length; fore- and hindflippers were each 23±2% of leopard seals’

total length. Adult leopard seal heads were 45±3 cm in length,

and their mouths were 21±2 cm in length. Mouth length

accounted for 47±4% of adult seal’s total head length and did

not differ between the sexes.

We documented the presence and absence of scars on 20 of

the 22 leopard seals. All but one leopard seal had one to 17

visible wounds and/or scars on their body. Two leopard seals

showed evidence of broken and re-modeled flipper bones (male

#144, female #159). Five leopard seals showed evidence of

recently acquired injuries, which included cuts on the cheeks,

flippers, and hindquarters. One of these five (female #12) also

had a recent cut on her eyelid and seven skin lesions. Female

leopard seals had more injuries (6±6 wounds, range: 0-17) than

males (2±1 wounds, range: 1-2).
Movement patterns

Satellite tags transmitted data for approximately 5 months

(139±71 days; Table 1); tracking durations lasted 19 to 290 days.

Leopard seals ranged from South Georgia Island to Adelaide

Island (Figure 3). Leopard seals traveled a mean distance of 556

±558 km from Cape Shirreff between January and December 2018

and April to December 2019. There was a variety of maximum

distances traveled, from 46 km (female #128) to just over 1,669 km

(female #57). Maximum distance traveled was not driven by sex,

age class, body mass, or number of transmission days (Figures 3B,

C). For example, the leopard seal tracked for most days (288 days;

female #100) traveled a maximum distance of 139 km, while the

leopard seal tracked for the fewest days (19 days; female #157)

traveled 204 km. The single repeat individual (female #397) was

tracked for 160 days in 2018 and traveled 512 km; she was

subsequently tracked for 192 days in 2019 and traveled 878 km.

During the tracking period, leopard seals spent an average

of 82±8% of their time at-sea and 18±8% hauled-out (Table 2).

The shortest percentage of time a leopard seal spent at-sea was

59% (female #153), and the longest percentage of time at-sea
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was 96% (female #161). Females spent a greater percentage of

time hauled-out (19±9%) compared to males (11±4%; c2(1,20)
=4.06, p=0.04; Figure 4). Females’ mean haul-out time was 15

±4 h compared to 12±4 h for males. Similarly, the mean time

females spent on at-sea trips was 74±48 h, compared to 92±42

h for males, although time spent at-sea did not significantly

differ between the sexes. The longest continuous period a

leopard seal spent in the water was 35 days (832 h; male #141).

The longest haul-out period for a leopard seal was for 61 days

and occurred from October 23 to December 24, 2019 (1,473 h;

female #153). The second longest haul-out period was for 14 days

from October 29 to November 12, 2018 (331 hours; female #143),

and the third longest haul-out period was for 10 days from August

20 to August 30, 2019 (233 hours; female #160). For these three long

haul-outs, all three tags continuously transmitted as ‘dry’ and

therefore entered haul-out mode during these periods. At the end

of the 14-day haul-out, female #143 re-entered the water, which

activated the tag’s ‘wet/dry’ switch (indicated by change from ‘dry’

to ‘wet’ transmission status messages), and the seal resumed diving.

At the end of the 61-day haul-out, female #153 tag’s wet/dry switch

was activated, signaling that the tag got wet at the end of this period;

however, there was not clear evidence that the seal began diving

from the transmitted data. In comparison, the 10-day haul-out by

female #160 ended when the instrumented stopped

transmitting entirely.

Leopard seals went on 47±29 at-sea trips during the

tagging period, where an at-sea trip is defined as the period

spent at-sea between two haul-out periods. The number of at-

sea trips was positively related to the number of days that the

instrumented transmitted (F1,19 = 68.31, p<0.001). Number of

at-sea trips varied between three foraging trips (male #157,

tracked 19 days; female #161, tracked 31 days) to 108 days

(female #162, tracked 217 days).
Dive behavior

Leopard seals dove to amean depth of 29±8m (range: 17-48m)

and had a mean dive duration of 3.0 ± 0.7 min (range: 2-5 min;

Table 3). Dive depth was positively related to dive duration (F1,19 =

11.84, p=0.002; Figure 5A). Dive depth was not related to sex or

body mass; however, larger seals (i.e., seals with larger body mass)

dove deeper than smaller seals (c2(1,20)=5.98, p=0.015). The
maximum depth and duration recorded for a dive was from an

adult male (#141) that dove to 1,256 m for 25 min.

The greatest proportion of leopard seal dives occurred

between 0-40 m and lasted between 0-5 min. Leopard seals

showed variability in the proportion of time spent at different

dive depths and durations (Figure 5B). While some seals barely

exceeded 60 m in depth and did not have dive durations longer

than 9 min (e.g., male #157, female #161), others (e.g., female

#162) spent nearly 10% of their time at depths greater than

100 m and had dive durations in excess of 9 minutes. Overall,
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dive depth was more variable (CV=1.0±0.3; range: 0.5-1.7) than

dive duration (CV=0.5±0.1; range: 0.3-0.6; Table 3). Specifically,

some seals were stereotypic divers that primarily used shallow or

deep dives throughout the tagging period; other seals were

flexible and switched (regularly or seasonally) between shallow

and (relatively) deep dives (Figure 5C).

Most leopard seal dives were square-shaped (68±13%). Leopard

seals also used U-shaped (28±12%) and V-shaped (5±3%) dives,

albeit less frequently. There was no relationship between the

proportion of square or U-shaped dives with sex and/or body

mass. However, the proportion of V-shaped dives significantly

decreased as a function of sex (c2(1,20)=8.24, p=0.004) and body

mass (c2(1,20)=8.85, p=0.003). Among all leopard seals, U-shaped

dives were deeper (38±12 m) than square (24±8 m) or V-shaped

dives (32±9 m; c2(2,62)=66.68, p<0.001). In contrast, V-shaped dives

were longer (4.0±0.9) than U- (3.3±0.7 min) or square-shaped dives

(3.5±0.7 min; c2(2,62)=75.87, p<0.001).
Discussion

Leopard seals are sexually dimorphic marine predators that

have variable space use around the Antarctic Peninsula and

subantarctic islands. This study is the largest dataset on the
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morphometrics, movement patterns, and dive behavior of

leopard seals to date. The results expand our understanding of

leopard seals’ life history, spatial ecology, and diving behavior

and showcase high intraspecific variation among seals from a

single location.
Morphometric patterns

Adult female leopard seals from Cape Shirreff were larger

than males, with some females reaching nearly twice the size of

their male counterparts. The largest animal sampled in our study

was an adult female (540 kg), while the smallest adult was a male

(282 kg). Furthermore, the smallest adult female in this study

was nine kilograms heavier than the largest male. Female-biased

sexual size dimorphism in leopard seals appears to extend to

other phenotypic traits—females are also longer and have a

larger girth than males.

As we were interested in understanding how representative

these patterns were across leopard seals more broadly, we

analyzed all published morphometric data for adults in this

species. We acquired data from 158 leopard seals (this study;

Hamilton, 1939; Laws, 1957; Rogers et al., 2005; Kuhn et al.,

2006; Nordøy and Blix, 2009; Krause et al., 2015; Meade et al.,
A

B C

FIGURE 2

Female-biased sexual size dimorphism in adult leopard seals. (A) Illustration of scaled body morphometric differences between adult female
(top) and male (bottom) leopard seals. Art by Aaron Kirkpatrick. Scale bar represents 1 m. (B) Linear regression of standard length (cm) and mass
(kg) for adult leopard seals (females: red-orange, males: gray-blue; y=-600+3.4x, R2 = 0.80, p<0.001). Each point represents an individual seal.
(C) Violin plot comparing sex-specific differences in body mass (kg), where females are significantly larger than males (a, b; t14.4 = 8.49, p<0.001).
Horizontal bars represent the 25th, 50th (median), and 75th quartiles.
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2015; Staniland et al., 2018; Krause et al., 2020). We were not

able to include data from the only published study of sexual

dimorphism as it did not report individual or sex-specific values

(van den Hoff et al., 2005). This extended dataset suggests that

female-biased sexual dimorphism is a general characteristic of

leopard seals. Females were significantly larger (430±62 kg;

n=52) and longer (304±20 cm, n=60) than males (292±29 kg,

n=11; 280±18 cm, n=29), supporting the ‘reverse’ sexual

dimorphism first noted by Murdoch and Bruce (1894).

Female-biased sexual dimorphism is common among

animals but uncommon in mammals (Fairbairn et al., 2007;
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Swanson et al., 2013). It is only observed in a few disparate

mammalian taxa, including rodents (e.g., some species of

chinchillas, chipmunks, voles) and carnivorans (e.g., Kalahari

meerkats, spotted hyenas; (Schulte-Hostedde et al., 2001;

Clutton-Brock, 2007; Swanson et al., 2013; Kilanowski and

Koprowski, 2017). Among marine mammals, baleen whales

are the only clade to show widespread female-biased sexual

dimorphism; females are up to 5% longer than males in all 14

extant species (Brownell and Ralls, 1986; Dines et al., 2014;

Mesnick and Ralls, 2018). Among pinnipeds, female-biased

dimorphism is mostly absent (although male-biased
A B

C

FIGURE 3

Comparison of movement patterns of leopard seals instrumented at Cape Shirreff. (A) GPS tracks of 22 leopard seals that transmitted for
139 ± 71 (mean ± standard deviation) days. Each color represents a different seal. Warm colors (reds, oranges, yellows) represent female seals.
Cooler colors (blues) represent male seals. The yellow star represents Cape Shirreff. (B) GPS track of the seal (adult female #57) that traveled the
farthest maximum distance (1,669 km) from Cape Shirreff to South Georgia (represented by the aqua star). (C) GPS track of the seal (adult
female #128) that traveled the shortest maximum distance (46 km) from Cape Shirreff.
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dimorphism is quite common). Female-biased sexual

dimorphism has only been documented in a couple of species:

Weddell (Leptonychotes weddellii) and ringed seals (Pusa

hispida; Bryden et al., 1984; Staniland et al., 2005; Proffitt

et al., 2007; Mellish et al., 2011; Langley et al., 2018;

Shaughnessy and Southwell, 2019; Ferguson et al., 2019). In

Weddell seals, differences between females and males are small

(6% or less; Proffitt et al., 2007; Mellish et al., 2011; Langley et al.,

2018). In ringed seals, interestingly, the degree of female-biased

size dimorphism varies latitudinally, with females ranging from

19% to 37% larger than males (Ferguson et al., 2019). In

comparison to pinniped and other marine mammals, the

degree of size dimorphism between leopard seal sexes is

e x c ep t i on a l– f ema l e s a r e 5 0% l a r g e r t h an th e i r

male counterparts.

The evolution of female-biased sexual size dimorphism is

often attributed to reduced male-male competition, where a

relaxation of selective pressure for body size leads to males

becoming smaller than females (Ralls, 1976; Isaac, 2005).

Alternatively, some studies have found relationships between

polyandrous mating systems, female-biased operational sex

ratios, intense female reproductive competition, and/or greater
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development of secondarily selected sexual characteristics

(Clutton-Brock, 2007). In marine mammals, female-biased

sexual dimorphism is thought to be energetically necessary to

facilitate the capital breeding strategy employed by many

phocids and mysticetes, where females lactate while fasting,

relying on internal energy stores acquired prior to parturition

(Costa and Maresh, 2022).

Spotted hyenas are the only large terrestrial carnivore to

exhibit female-biased sexual dimorphism (Swanson et al., 2013).

Spotted hyenas are an extreme example of sexual dimorphism, as

adult females exhibit many behavioral, ecological, and

morphological traits that differ from adult males (Boydston

et al., 2001; Boydston et al., 2005; Swanson et al., 2013). For

example, adult female spotted hyenas are larger and more

aggressive than adult males, have preferential access to food

resources, and have uniquely adapted ‘male-like’ genitalia

(Swanson et al., 2013). Adult female spotted hyenas showed

sexual size dimorphism in traits associated with mass, length,

and girth (Swanson et al., 2013), similar to what was

documented here in leopard seals. In spotted hyenas, female-

biased sexual size dimorphism is hypothesized to be associated

with competition for food, dominance status, and reproductive
TABLE 2 Movement data for the leopard seals in this study.

Seal
ID

Sex First
Transmission

Last
Transmission

Trip
Duration
(days)

No.
Foraging
Trips

Mean
Time
on

Land
(h)

Max
Time
on

Land
(h)

Mean
Time in
Water
(h)

Max
Time
in

Water
(h)

Prop.
Time
on

Land

Prop.
Time
in

Water

Max
Distance
(km)

128 F 1/22/18 6/26/18 155 56 16 48 51 164 0.23 0.77 46

100 F 1/26/18 11/8/18 290 91 10 82 67 611 0.13 0.87 139

12 F 4/28/18 10/22/18 177 57 13 86 62 350 0.17 0.83 245

143 F 4/25/18 12/2/18 220 85 18 331 45 255 0.28 0.72 1259

144 M 5/1/18 6/15/18 46 18 10 35 51 134 0.16 0.84 76

140 M 4/19/18 10/19/18 183 58 9 29 67 565 0.12 0.88 303

57 F 4/26/18 9/30/18 156 30 16 53 110 400 0.12 0.88 1669

138 F 4/18/18 7/29/18 101 46 13 55 40 182 0.24 0.76 1664

142 F 4/25/18 8/22/18 119 28 23 63 80 337 0.22 0.78 56

141 M 4/22/18 10/19/18 180 37 12 48 106 832 0.10 0.90 547

397 F 4/21/18 9/28/18 160 32 16 67 105 384 0.13 0.87 512

145* F 5/7/18 7/17/18 71 – – – – – – – 1582

161 F 5/13/19 6/13/19 31 3 15 29 238 353 0.04 0.96 183

162 F 5/21/19 12/24/19 217 108 10 39 38 366 0.21 0.79 993

37 F 5/9/19 9/11/19 125 49 12 39 49 379 0.20 0.80 61

156 F 5/1/19 7/10/19 70 15 16 51 97 617 0.14 0.86 96

159 F 5/3/19 8/5/19 94 26 14 56 73 208 0.16 0.84 107

160 F 5/13/19 8/30/19 109 52 15 233 35 171 0.30 0.70 381

153 F 4/29/19 12/24/19 239 90 26 1473 38 407 0.41 0.59 928

157 M 4/28/19 5/18/19 19 3 17 32 144 243 0.07 0.93 204

397 F 4/23/19 11/2/19 192 66 10 33 61 566 0.13 0.87 878

158 F 4/21/19 8/1/19 103 32 13 31 64 334 0.17 0.83 292
fro
*The juvenile seal was instrumented with a SPOT satellite tag that only transmitted ARGOS location data.
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success (Boydston et al., 2001; Isaac, 2005; Holekamp et al., 2012;

Swanson et al., 2013; Ilany et al., 2021).

Similar to spotted hyenas, resource acquisition may play an

important role in driving and/or maintaining sexual

dimorphism in leopard seals. At Cape Shirreff, for example,

large adult female leopard seals are observed more frequently

than males, small females, or juveniles (Goebel and Krause, pers.

obs.). The increased frequency of large adult females overlaps

with the seasonal increase in available endothermic prey—

notably, Gentoo and chinstrap penguin chicks and Antarctic

fur seal pups (Krause et al., 2015; Krause et al., 2020). Recent

stable isotope analyses also show that adult female leopard seals

at Cape Shirreff undergo a rapid dietary switch from lower to

higher trophic level prey items, likely representing the transition

from small ectothermic prey to large endothermic prey; this

dietary switch also coincides temporally with the birth of

Antarctic fur seal pups and penguin chicks (Krause et al.,

2020). Interestingly, this large trophic level dietary switch is

only documented in adult females, not males. Males at Cape

Shirreff consistently feed at lower trophic levels than females,

and, anecdotally, only one male has only ever been observed

hunting near fur seal beaches (Krause et al., 2020). Further,

Hiruki et al. (1999) documented that only adult female leopard

seals, not males, targeted Antarctic fur seals around Seal Island

(a nearby island in the South Shetland Island chain). Animal-
Frontiers in Marine Science 10
borne video cameras deployed on adult female leopard seals at

Cape Shirreff also document kleptoparasitism, where some

female leopard seals will steal (or attempt to steal) prey caught

by other individuals (Krause et al., 2015). While the sample size

was small (n=7 observed kleptoparasitism events), larger females

were always successful at defending or stealing prey compared to

smaller females (Krause et al., 2015). We also found that adult

females had four times more injuries and scars compared to

males. Similarly, Hamilton (1939) observed that the skulls of

large adult females had more broken teeth compared to other

age classes, potentially as the result of “combat”. While our

sample size is small, we hypothesize that adult females acquire

more injuries than males as a result of competition and resource

defense with conspecifics, as well as from targeting large, highly

mobile, aggressive endothermic prey.

Together, these data suggest that females, especially large

bodied females, are better at both acquiring large endothermic

prey and defending prey compared to smaller individuals of both

sexes. However, we also note that males also consume

endothermic prey (Kooyman, 1965; Walker et al., 1998; Hall-

Aspland and Rogers, 2004) in other regions, suggesting

endothermic prey is an important prey resource for both sexes.

We therefore suggest that large body size in females offers a

selective advantage in resource acquisition and defense,

potentially leading to foraging territoriality in this sexually
A

B

C

FIGURE 4

Haul-out behavior of leopard seals instrumented at Cape Shirreff. (A) Violin plot comparing sex-specific differences in proportion of time spent
on land, where females (red-orange) spend significantly more time hauled-out than males (blue-gray; a, b; t11.4 = 2.87, p=0.015). Horizontal bars
represent the 25th, 50th (median), and 75th quartiles. (B) Bar graph of maximum time spent on land (days) for each seal color coded by sex.
(C) Satellite track of the adult female seal (#143) that hauled-out for 14 days between October 29 and November 12, 2018. Orange circles
represent at-sea locations, and red points represent hauled-out locations. The straight black line shows the mean ice extent for October 2018,
and the dashed line shows the mean ice extent for November 2018; data were downloaded from the National Snow and Ice Data Center.
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TABLE 3 Dive behavior data for the leopard seals in this study.

Square-Shaped U-Shaped V-Shaped

Mean
ive Dur.
(min)

%
Dives

Mean
Dive
Depth
(m)

Mean
Dive Dur.
(min)

%
Dives

Mean
Dive
Depth
(m)

Mean
Dive Dur.
(min)

3.2 ± 1.6 21.1 24.0 ± 18.6 3.1 ± 1.7 4.7 25.0 ± 20.0 3.7 ± 1.7

4.0 ± 1.7 19.4 34.9 ± 33.5 3.6 ± 1.8 2.8 29.7 ± 22.9 4.7 ± 1.7

3.7 ± 1.8 24.5 36.5 ± 37.2 3.3 ± 1.7 4.5 32.1 ± 34.7 4.0 ± 1.6

4.1 ± 2.2 27.6 55.1 ± 50.2 4.0 ± 2.2 5.4 29.3 ± 27.3 5.2 ± 9.4

4.0 ± 1.5 15.6 31.7 ± 24.7 3.1 ± 1.5 1.1 23.5 ± 10.4 3.8 ± 1.5

2.7 ± 1.1 29.2 39.6 ± 35.2 2.7 ± 1.3 9.2 27.5 ± 22.9 3.0 ± 1.4

4.6 ± 2.5 32.0 32.0 ± 37.7 4.2 ± 2.5 5.5 24.8 ± 20.9 5.2 ± 2.3

2.8 ± 1.3 25.0 41.5 ± 66.6 2.5 ± 1.1 8.9 33.0 ± 47.4 3.1 ± 1.2

2.9 ± 1.6 23.7 30.9 ± 26.1 3.0 ± 1.6 6.7 27.3 ± 24.6 3.2 ± 2.1

3.4 ± 1.9 31.1 32.4 ± 33.0 3.1 ± 1.9 3.0 27.1 ± 18.7 3.6 ± 1.8

4.0 ± 2.5 26.7 32.1 ± 26.4 3.6 ± 2.1 4.5 30.4 ± 23.5 4.8 ± 4.5

– – – – – – –

2.8 ± 1.1 51.5 27.4 ± 15.9 2.8 ± 0.9 2.5 32.2 ± 13.5 3.6 ± 0.7

4.1 ± 2.6 22.5 64.5 ± 67.3 3.9 ± 2.1 5.7 43.6 ± 42.0 5.1 ± 3.9

3.2 ± 1.5 20.6 28.6 ± 23.9 3.1 ± 1.6 1.4 26.7 ± 18.3 3.6 ± 1.5

2.5 ± 1.1 35.7 48.6 ± 37.6 2.6 ± 1.3 2.5 37.1 ± 25.7 2.9 ± 1.5

4.9 ± 2.0 22.6 62.1 ± 47.6 4.9 ± 2.1 1.4 65.0 ± 42.9 5.5 ± 1.8

2.9 ± 1.7 31.5 39.1 ± 42.6 2.7 ± 1.6 8.7 28.6 ± 36.6 2.6 ± 1.3

3.8 ± 1.8 20.6 45.2 ± 42.7 4.0 ± 2.0 4.8 29.3 ± 25.0 4.1 ± 1.7

2.2 ± 0.7 69.8 18.9 ± 8.3 2.1 ± 0.7 1.3 21.8 ± 7.9 3.0 ± 0.6

3.6 ± 2.2 22.9 37.0 ± 32.4 3.3 ± 3.3 5.8 33.8 ± 28.2 4.1 ± 3.1

3.9 ± 2.2 21.6 39.6 ± 38.5 4.3 ± 2.4 5.3 40.3 ± 36.5 5.4 ± 5.1
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Seal
ID

Sex Mean
Dive
Depth
(m)

Mean
Dive
Depth
CV

Max Dive
Depth
(m)

Mean Dive
Duration
(min)

Mean
Dive

Dur. CV

Max Dive
Dur.
(min)

%
Dives

Mean
Dive
Depth
(m)

D

128 F 17.0 ± 13.4 0.8 347.5 3.16 ± 1.62 0.5 12.3 74.2 14.5 ± 9.8

100 F 29.0 ± 32.6 1.1 307.5 3.98 ± 1.71 0.4 10.7 77.8 27.5 ± 32.5

12 F 23.5 ± 25.9 1.1 355.5 3.6 ± 1.68 0.5 11.8 71.0 18.5 ± 17.5

143 F 42.6 ± 39.5 0.9 323.5 4.07 ± 2.16 0.5 13.6 67.0 38.5 ± 33.7

144 M 35.0 ± 15.5 0.7 347.5 3.83 ± 1.59 0.4 8.6 83.3 35.7 ± 25.7

140 M 28.4 ± 27.4 1.0 299.5 2.73 ± 1.21 0.4 9.0 61.6 23.2 ± 21.5

57 F 30.3 ± 32.8 1.1 719.5 4.49 ± 2.48 0.6 20.2 62.5 27.0 ± 27.1

138 F 23.5 ± 40.1 1.7 427.5 2.73 ± 1.24 0.5 7.8 66.1 15.4 ± 17.5

142 F 18.2 ± 21.5 1.2 209.5 2.92 ± 1.64 0.6 16.2 88.7 14.1 ± 18.0

141 M 26.8 ± 26.9 1.0 1255.5 3.29 ± 1.93 0.6 24.9 66.0 24.2 ± 23.3

397 F 26.0 ± 23.2 0.9 291.5 3.78 ± 1.88 0.5 13.0 68.8 23.3 ± 21.3

145* F – – – – – – – –

161 F 23.5 ± 16.0 0.7 98.5 2.78 ± 0.98 0.4 6.0 46.0 18.6 ± 14.7

162 F 38.1 ± 45.6 1.2 459.5 4.03 ± 2.16 0.5 13.1 71.8 29.4 ± 32.3

37 F 20.9 ± 16.6 0.8 283.5 3.18 ± 1.50 0.5 16.4 78.0 18.7 ± 13.3

156 F 37.1 ± 31.9 0.9 201.5 2.56 ± 1.19 0.5 9.4 61.8 30.5 ± 26.1

159 F 47.9 ± 39.2 0.8 307.5 4.87 ± 1.99 0.4 13.4 76.0 43.4 ± 35.0

160 F 28.8 ± 34.9 1.2 355.5 2.80 ± 1.62 0.6 15.6 59.8 23.5 ± 28.4

153 F 31.0 ± 32.1 1.0 347.5 3.85 ± 1.83 0.5 10.8 74.6 27.1 ± 27.7

157 M 16.8 ± 8.3 0.5 141.5 2.12 ± 0.70 0.3 7.9 28.9 11.5 ± 5.3

397 F 28.0 ± 26.2 0.9 323.5 3.30 ± 1.70 0.5 13.2 71.2 24.6 ± 22.8

158 F 25.0 ± 29.2 1.2 347.5 3.91 ± 2.05 0.5 11.2 73.1 19.5 ± 22.2

*The juvenile seal was instrumented with a SPOT satellite tag that only transmitted ARGOS location data.
CV is the coefficient of variation (standard deviation/mean). Any dives not classified as square, U, or V-shaped were classified as unknown.
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dimorphic species. However, data on the mating behavior and

increased sampling across the species range are needed to test this

hypothesis and better elucidate the selective pressures driving the

evolution of sexual size dimorphism in this species.
Movement patterns

Leopard seals tagged at Cape Shirreff ranged from Adelaide

Island to South Georgia Island. Leopard seals traveled ~560

kilometers from their tagging location, but individuals were

highly variable in maximum distance traveled. One seal, for

example, traveled only 46 kilometers from Cape Shirreff, while

another traveled nearly 1,700 km to South Georgia. Similarly,

previous studies documented leopard seals traveling short

(<150 km) or long (800-1,950 km) distances from their

tagging location (Rogers et al., 2005; Kuhn et al., 2006; Krause

et al., 2015; Staniland et al., 2018). Regardless of distance

traveled, leopard seals spent ~80% of their time in the water,

similar to previous reports (Kuhn et al., 2006; Staniland et al.,

2018). Leopard seals have been described as both ‘uncommon’

and ‘cryptic’, and it is likely due to this combination of variable

movement patterns and large portions of time spent in the water

(as opposed to hauled-out; Southwell et al., 2008).

AMLR has monitored the residency patterns of individual

leopard seals at Cape Shirreff from 2011 to present. Thirty-six
Frontiers in Marine Science 12
percent (n=8) of leopard seals in this study were seasonal

(summer) residents around the South Shetlands and had

previously been observed at Cape Shirreff (Goebel and Krause,

pers. obs.). Notably, all the summer residents were adult females.

Our tracking data show that these summer residents primarily

used nearshore habitats around Cape Shirreff and surrounding

islands during the austral fall and winter. In contrast to the

summer residents, 64% (n=14) of leopard seals in this study had

not been identified during annual summer surveys conducted by

AMLR (Goebel and Krause, pers. obs.). Rather, these ‘transient’

leopard seals were only observed during the deployment period

and have not been observed at the Cape since (this study; Goebel

and Krause, pers. obs.).

In both years of the study, all leopard seals, both summer

residents and transients, left the South Shetland Islands by

October, which likely coincides with the breeding season.

Pinnipeds require solid substrate—land or ice—for parturition

and lactation (Costa and McHuron, 2022). Lobodontines, like

leopard seals, are considered ice-obligate breeders that travel to

breeding habitats during the austral spring and early summer

(Siniff, 1991; Southwell et al., 2003). Opportunistic observations

of leopard seal adult-pup pairs have occurred from the

beginning of October to the end of December, supporting an

austral spring to summer breeding season for the species

(Brown, 1952; Tikhomirov, 1975; Rogers et al., 1996;

Southwell et al., 2003; Acevedo et al., 2017; Bester et al., 2021;
A

B

C

FIGURE 5

Dive behavior of leopard seals instrumented at Cape Shirreff. (A) Linear regression of the relationship between dive depth and dive duration
(y=1.9+0.053x, R2 = 0.62, p=0.003). Each individual is represented by a circle and colored by sex (red-orange circles are females, blue-gray
circles are males). (B) Representative dive profiles of three representative adult female leopard seals demonstrating variability in dive depth over
time, including a shallow diver [left; #128; mean depth: 17 ± 13 m; coefficient of variation (CV): 0.79], a deep diver (middle; #100; mean depth:
29 ± 33 m; CV: 1.12), and a seasonally variable diver (right; #138, 24 ± 40 m; CV: 1.71). (C) Histogram demonstrating the percentage of time
each seal spent in different depth bins. Depth bins are sorted from deepest (100+ m; top) to shallowest (0-20 m; bottom).
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Joiris, 1991). However, data on the exact timing and duration of

breeding season are lacking. Prior to this study, the longest haul-

out period recorded for a leopard seal was for three days

(Staniland et al., 2018).

Here, three adult female leopard seals hauled-out on ice for

ten or more days between August and December. One female

(#143) hauled-out on ice at the edge of the Weddell Sea for two

weeks from the end of October to mid-November. At the end of

this extended haul-out, the female returned to the water and

resumed diving. In pinnipeds, lactation duration varies widely,

ranging from four days to over a year, and ice-associated

pinnipeds often have shorter lactation periods due to their

unstable ice habitat (Bowen et al., 1985; Schulz and Don

Bowen, 2005; Costa and Maresh, 2022). We therefore

hypothesize that the 14-day haul-out period for this adult

female documented the entire parturition and lactation period

in leopard seals. A two-week lactation duration is consistent with

that of other pack ice seals, especially those that fast during the

haul-out period (Robinson and Pomeroy, 2022). Similarly, the

timing of this haul-out period at the end of October to early

November corresponds with other studies observations of

leopard seal adult-pup pairs and newborn pups during this

time period (Brown, 1952; Joiris, 1991; Southwell et al., 2003;

Acevedo et al., 2017; Bester et al., 2021).

Another female seal (#160) hauled-out on ice near Elephant

Island off the Antarctic Peninsula for 10 days at the end of

August; however, the instrument stopped transmitting, so it is

unknown how long the total haul-out period was for this seal. A

third female (#153) had the longest recorded haul-out of 61 days

on ice off the Antarctic Peninsula; however, it was unclear

whether the seal resumed diving at the end of the haul-out. It

is possible, for example, that the tag fell off on the ice or the seal

died, and the tag continued to transmit as dry until the wet/dry

sensor was activated as a result of the ice break up and/or the

seal’s body entering the water. The 61-day haul-out, greatly

exceeds the 28-to-49-day lactation interval observed in Weddell

seals, the sister taxa of leopard seals, a species that goes into the

water and feeds during lactation (Wheatley et al., 2006; Wheatley

et al., 2008). It is also considerably longer than 35 days, which is

the longest documented lactation for a pinniped that does not

enter the water to feed during lactation (e.g., Hawaiian monk

seals; Johanos et al., 1994).

Regardless of length, the timing of all three of these extended

female haul-outs in the austral spring and summer matches the

predicted breeding season for leopard seals, as well as

lobodontines more broadly (Skinner and Klages, 1994;

Southwell et al., 2003; Wheatley et al., 2006; Wheatley et al.,

2008; Shaughnessy and Southwell, 2019). Our data, along with

previously reported observations of adult-pup pairs, suggests

plasticity in the timing of breeding season for leopard seals, with

breeding occurring throughout a three-month window during

the austral spring to summer. Together, the tracking and haul-

out data demonstrate that adult female leopard seals haul-out for
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parturition and lactation on pack ice. Interestingly, the most

recent observations of adult-pup pairs (n=3) have been in

southern Chile; similar to the seals in this study, all three

births occurred on ice floes near large glaciers, suggesting that

ice may be the preferred (or required) breeding substrate for this

species (this study; Acevedo and Martinez, 2013; Acevedo

et al., 2017).
Dive behavior

Despite their large body size, leopard seals are

overwhelmingly short (mean duration range: 2-5 min) and

shallow (mean depth range: 17-48 m) divers. Although limited

comparable data exist, this finding is consistent with all previous

work (Kuhn et al., 2006; Nordøy and Blix, 2009; Krause et al.,

2015), supporting the species’ classification as unimpressive

divers. In many air-breathing marine vertebrates, dive depth

and duration increase with body mass, as animals with larger

body sizes have greater oxygen storage capabilities that enable

longer dives (Schreer et al., 2001; Costa, 2007). Leopard seals are

an exception to this pattern, similar to the benthic-diving walrus

(Odobenus rosmarus) and shallow-diving blue whales

(Balaenoptera musculus; Schreer et al., 2001; Costa, 2007). One

explanation for why leopard seals do not take long, deep dives is

simply that they do not need to do so. Leopard seals are often

observed at the surface of the water when hunting large

endothermic prey; if/when leopard seal prey occur in shallow

waters, there is no reason for leopard seals to dive to their

maximum capacity (Penney and Lowry, 1967; Hiruki et al., 1999;

Costa, 2007; Krause et al., 2015; Krause et al., 2016; Krause and

Rogers, 2019).

The vast majority (96%) of leopard seal dives are square-

shaped (68%) or U-shaped (28%); both dive types are

characterized by spending extended periods at the bottom of

the dive (square shaped: >50%; U-shaped: 20-50%). These two

dive types are, by far, the most common type of dive used by

many diverse groups of marine vertebrates, including cetaceans,

fish, pinnipeds, seabirds, and turtles, and are associated with

benthic and pelagic foraging (Schreer and Testa, 1996; Schreer

et al., 2001; Seminoff et al., 2006; Queiroz et al., 2017; Fortune

et al., 2020; Lassauce et al., 2020). Square and U-shaped dives

often occur in bouts and have relatively uniform depths (Schreer

and Testa, 1996; Schreer et al., 2001). Because of the extended

bottom time, square and U-shaped dives are often associated

with targeting aggregated prey at depth (Schreer and Testa, 1996;

Schreer et al., 2001; Queiroz et al., 2017). In line with optimal

foraging theory, these diving marine vertebrates maximize the

amount of time spent at the bottom of a dive in profitable prey

patches (Queiroz et al., 2017).

Our study dramatically increases the maximum dive depth

and duration reported for the species. Previously, the deepest

dive for a leopard seal was 425 m (Kuhn et al., 2006). Four of our
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study seals exceeded that previous record, with one leopard seal

diving to 1,256 meters. On the 1,256 m dive, this seal also had the

longest reported dive duration of 25 minutes (Kuhn et al., 2006;

Nordøy and Blix, 2009; Krause et al., 2015). However, seals that

made deep dives did not show a pattern of deep-diving across

their at-sea trips. Leopard seals, therefore, have the physiological

capacity for longer, deeper dives even though they generally

don’t use it, similar to other shallow-diving but large bodied

marine mammals (Costa, 2007; Garde et al., 2018).

Leopard seals in this study range from stereotyped shallow

divers to variable divers that regularly switch between shallow

and (relatively) deep dives. Additionally, some leopard seals

appear to switch between short and deeper dives seasonally. This

is consistent with a recent study by Krause et al. (2020) that

found intraspecific variation in leopard seal diets based on stable

isotope analyses. In particular, Krause et al. (2020) hypothesized

that leopard seals in the WAP rely on lower trophic level prey

(e.g., fish and krill) during the spring when larger endothermic

prey are less available. However, leopard seal diets change

quickly and seasonally (Krause et al., 2020). Adult female

leopard seals, for example, transitioned to feeding at higher

trophic levels in the austral summer as large endothermic prey

(e.g., Antarctic fur seals, penguins) were highly concentrated and

available (Hiruki et al., 1999; Krause et al., 2020). The ability to

switch between different dive types based on prey abundance

and distribution is highly advantageous in generalist marine

predators, especially those in rapidly changing environments

(Beever et al., 2017; Kienle et al., 2019).
Intraspecific variation and plasticity

Leopard seals show high intraspecific variation in

morphometrics, movement patterns, and dive behavior; this

pattern is true both for leopard seals instrumented at Cape

Shirreff and, more broadly, for leopard seals around Antarctica

(Rogers et al., 2005; van den Hoff et al., 2005; Kuhn et al., 2006;

Nordøy and Blix, 2009; Krause et al., 2015; Meade et al., 2015;

Krause et al., 2016; Staniland et al., 2018; Krause et al., 2020).

One life history trait that affects intraspecific variation in leopard

seals is sex. Females are larger, have longer haul-out periods,

exhibit summer residency patterns at Cape Shirreff, and

seasonally specialize on higher tropic-level prey than males

(Krause et al., 2015; Krause et al., 2020). However, sex-specific

differences do not explain all the variability in leopard seal

movement patterns and dive behavior.

Leopard seals exhibit high variability in space use across

sexes and age classes. Leopard seals travel short and long

distances and are both seasonal residents and transients

(Rogers et al., 2005; Kuhn et al., 2006; Nordøy and Blix, 2009;

Meade et al., 2015; Staniland et al., 2018). Leopard seals are

short, shallow divers, which differs from mass-specific

predictions of diving capabilities (Kuhn et al., 2006; Nordøy
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and Blix, 2009; Krause et al., 2015; Krause et al., 2016). Leopard

seals also show individual and seasonal variation in dive

behavior consistent with dietary studies showing seasonal

variability in diet (Krause et al., 2015; Guerrero et al., 2021).

The one repeat leopard seal in this study showed flexibility in

movement patterns between years. For example, in 2019, this

female seal traveled >300 km farther from Cape Shirreff and

went on 2.5 times more at-sea trips; however, there was between-

year differences in satellite tracking durations, which may

explain these differences. Between years, however, this repeat

female also shows stereotyped movement patterns and dive

behavior. Specifically, the repeat female showed similar diving

patterns (depth, duration, dive type) across both years of the

study. We also found evidence of variability in juvenile leopard

seal movement patterns and dive behavior. Only one other

juvenile seal has ever been instrumented, and it traveled a

maximum distance of 40 km from its tagging location over 21

days (Kuhn et al., 2006). In contrast, the juvenile in this study

traveled 1,582 km from its tagging location over 71 days.

Future studies that sample across the species range with a

broader representation of life history stages are necessary to

tease apart the factors that drive intraspecific variation in this

apex predator. Regardless, the variability observed in this study

suggests that leopard seals may have the plasticity to persist in

one of the most rapidly changing habitats on the planet

(Thurman et al., 2020). Furthermore, leopard seals may have

more flexible habitat requirements than previously thought

based on the sustained presence of leopard seals in subpolar

habitats in subantarctic islands, Chile, and New Zealand

(Gwynn, 1953; Walker et al., 1998; Acevedo and Martinez,

2013; Aguayo-Lobo et al., 2011; Acevedo et al., 2017; Hupman

et al., 2020).

Leopard seals’ unique morphology, movement patterns,

and dive behavior work in tandem and allow the species to be

a flexible apex predator that feed at the top and bottom of the

Southern Ocean food web. As an apex predator feeding on the

top of the Southern Ocean food chain, they exert top-down

control on pinniped and penguin populations (Hiruki et al.,

1999; Schwarz et al., 2013; Krause et al., 2015; Krause et al.,

2020; Krause et al., 2022). For example, leopard seals are

responsible for the local population collapse of Antarctic fur

seals in the South Shetland Islands (Boveng et al., 1998;

Schwarz et al., 2013; Krause et al., 2022). However, leopard

seals’ dependence on resources from the bottom of the food

web makes the species vulnerable to the predicted changes in

krill populations as a result of climate change and overfishing

(Friedlaender et al., 2011; Forcada et al., 2012). Thus, leopard

seals are both indirectly competing for krill as a resource but

also directly impacting other krill consumers as a predator. As

both krill predators and apex predators, leopard seals have an

oversized impact on ecosystem structure and functioning, and

changes in their abundance and distribution have the

potential to dramatically restructure polar and subpolar
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ecosystem (Pagano et al., 2018; Laidre et al., 2020; Cloyed

et al., 2021; Hammerschlag et al., 2022). Therefore,

understanding phenotypic plasticity of this poorly studied

apex predator should be of the utmost importance

moving forward.
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