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Abstract

Female Weddell seals (Leptonychotes weddellii) display a mixed capital-income breeding strategy, losing up to 40% of their
body mass between birthing and weaning their pups. How and when they regain energy stores, however, remains to be fully
explored. To better understand the foraging by lactating Weddell seals, we fitted time-depth recorders and head-mounted
cameras on 26 seals in Erebus Bay, Ross Sea, for~5 days in November and December 2018 and 2019. We aimed to (1) identify
prey species and foraging depth and (2) investigate relationships between seal physiology and demographics and probability
of foraging. We recorded 2782 dives, 903 of which were > 50 m, maximum depth was 449.3 m and maximum duration was
31.1 min. Pup age likely contributes to the probability of a lactating Weddell seal foraging (Est.=1.21 (SD=0.61), z=1.97,
p=0.0484). Among 846 prey encounters, the most frequent prey items were crustaceans (46.2%) and Antarctic silverfish
(Pleuragramma antarcticum, 19.0%); two encounters were observed with juvenile Antarctic toothfish (Dissostichus mawsoni,
0.2%). We identified substantial variability in foraging behaviour, individually and between locations, and found that lactating
seals target many species and some may specialise on certain prey groups.

Keywords Antarctica - Animal-borne video - Bio-logging - Foraging behaviour - Leptonychotes weddellii - Ross sea -
Weddell seal

Introduction throughout the entire lactation period, Wheatley et al. (2008)
found that Weddell seal mothers instead display a mixed

Lactation is one of the costliest activities in a mammal's  capital-income breeding strategy, in which some females

life cycle (Sapriza 2019), and Weddell seals (Leptonychotes ~ forage increasingly to offset the energetic costs associated

weddellii) have one of the longest lactation periods of any  with lactation.

phocid (~50 d; Wheatley et al. 2006). Once thought to fast
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Knowing the targeted prey of Weddell seals is critical to
informing their role in an ecosystem, especially in the Ross
Sea region where their contribution is ~42% of the world
population for the species (LaRue et al. 2021). Information
on prey can also aid in understanding how fat stores and
condition are regained following an energetically expensive
period, such as lactation (e.g., Beltran et al. 2017; Salas et al.
2017). Direct observation of seals feeding at the surface, scat
and stomach content analysis, video recordings, and stable
isotope analysis have revealed that Weddell seals consume
a range of prey, including notothenioid fishes, cephalopods,
and crustaceans (Testa et al. 1985; Burns et al. 1998; Fui-
man et al. 2002; Ainley and Siniff 2009; Goetz et al. 2017;
Rumolo et al. 2020). While otoliths of bony fishes, cephalo-
pod beaks, and crustacean exoskeletons are detectable in scat
or stomach analysis, soft tissue remains of many species can
be overlooked (Burns et al. 1998). Furthermore, soft tissue
species may be detected using stable isotope and DNA anal-
yses. Still, the presence of these species in an animal’s diet
can be confused as secondary ingestion, consumed by the
prey rather than the predator (Burns et al. 1998; Goetz et al.
2017). One way to overcome these challenges in diet analy-
ses is using animal-borne video recorders (ABVRs). ABVRs
allow for the identification of prey species and observation
of foraging tactics, which in combination with other animal-
borne sensors, provide insight into diet and foraging depths
or new foraging techniques (Davis et al. 1999; Fuiman et al.
2002; Foster-Dyer et al. 2023).

Most previous Weddell seal ABVR research has focused
on males or non-breeding females (Davis et al. 1999, 2013;
Fuiman et al. 2002; Madden et al. 2008), with few studies
utilising ABVRs to understand the behaviours of lactating
females. To fill this gap in our understanding, we used
bio-logging methods to identify prey and characterize the
foraging behaviours of free-ranging, lactating Weddell
seals during early to mid-lactation over two years. Our aims
were to identify and quantify prey species encountered, the
dive depths at which they were encountered, and whether
demographic (i.e., maternal age, pup age, or breeding
history) or physiological factors (i.e., maternal mass or body
condition) relate to a lactating Weddell seal foraging. Our
study was motivated by the recent designation of the Ross
Sea Region Marine Protected Area, which aims to protect
“the [undefined] structure and function” of the ecosystem
(Brooks et al. 2021). Given this, we wanted to understand
if lactating Weddell seals could be seen predating upon
Antarctic toothfish (Dissostichus mawsoni). We hypothesised
that the main prey encountered would be Antarctic silverfish
(Pleuragramma antarcticum), in alignment with previous
Weddell seal diet studies in the Ross Sea (Burns et al. 1998;
Goetz et al. 2017). We hypothesised that some seals may
also predate upon Antarctic toothfish due to the energetic
value they offer (Lenky et al. 2012), which may mitigate
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some of the high-energy demands of lactation (Ponganis
and Stockard 2007; Pinkerton et al. 2008; Wheatley et al.
2008). We further hypothesised that females with older pups
and those with lower body condition will be more likely
to forage than females with younger pups and of higher
body condition due to the energetic demands of lactation
(Wheatley et al. 2008).

Materials and methods
Study area

Our study took place in Erebus Bay (— 77.62°: — 77.87°S,
166.3°:167.0°E; Fig. 1), in the southern Ross Sea. Close to
two research stations (McMurdo Station and Scott Base),
Erebus Bay hosts the world's southernmost and well-studied
population of breeding Weddell seals, which annually con-
gregate among 8—14 breeding groups (or 'pupping colonies')
along perennial tide cracks (Siniff et al. 1977; Rotella et al.
2009). This population has been studied since the late 1960s
(Siniff et al. 1977) and has recently increased in size, with
760 pups born in the area in 2017 (Ainley et al. in press;
Rotella unpubl. data). Erebus Bay is home to the largest
aggregation of breeding Weddell seals found anywhere in
the Antarctic; LaRue et al. (2021) estimated Erebus Bay
to host~ 35,000 adult and sub-adult female Weddell seals
in 2011.

Animal deployments

We attached bio-logging devices to 26 lactating Weddell
seals in November and December of 2018 (n=18) and 2019
(n=28) at six locations in Erebus Bay (Fig. 1). We selected
seals based primarily on their apparent health (i.e., if they
appeared alert and well) to prevent negative outcomes
following sedation, and also based on their reproductive
status. We further considered the age of their pup and
whether their maternal age and breeding history were known
(Rotella 2018). Since 1970, all seals born or encountered in
the Erebus Bay population have been tagged with a livestock
tag attached to each rear flipper (Siniff et al. 1977; Garrott
et al. 2012).

The capture, immobilisation, and bio-logging device
attachment procedures are described in Mellish et al.
(2010) and Horning et al. (2019). Briefly, we captured
each seal using a hoop net, then immobilised each with
an initial dose of 2-mg kg~! ketamine (100-mg mL™})
and 0.1-mg kg~! midazolam (5-mg mL™"). As required,
maintenance doses were administered at 0.5-mg kg™!
ketamine and 0.025-mg kg™' midazolam intravenously
in the extradural intervertebral venous sinus (Mellish
et al. 2010). The animals were monitored by a qualified
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Fig.1 Map of Erebus Bay, in the southern Ross Sea, Antarctica
(=177.62° to—"77.87°S; 166.3° to 167.0°E). White dots indicate the
six locations where lactating Weddell seals (Leptonychotes weddellii)
were instrumented in November and December 2018 and 2019. Num-
ber of seals instrumented at each location were as follows: Pram Point
(2019 n=2), Hutton Cliffs (2018 n=3, 2019 n=1), North Base (2018

veterinarian throughout their sedation and recovery. While
anaesthetised, we weighed each adult seal using a sling
and tripod and measured girth and length using techniques
described in Shero et al. (2014) and Beltran et al. (2018). We
calculated each adult seal's 'fatness index,' used as a proxy
for body condition, by dividing their axillary girth by their
straight length (Stirling 1971; Sato et al. 2002). Data on
location, demography and physiology gathered for each seal
are reported in Online Resource Table SI1. We adhered bio-
logging devices (cameras, TDRs, and accelerometers—see
below) to the head and upper back fur using 5-min epoxy
(Loctite Quickset Epoxy, 25 mL). Device details provided
in Online Resource Table SI2.

We equipped each seal with a video camera (Little
Leonardo DVL1300M130-VD3GT-2R (60X 22X 22 mm,
49 g, n=24) or CATS-Cam Wireless CC v7-6.1.x (38
(diameter) X 130 mm, 280 g, n=2) with a red light-emitting
diode (LED) or infrared (IR) light (4,,,,, =850 nm) either on
the top of the head (n=23) or cheek (n=3). Infrared light is
likely invisible to Weddell seals and their prey due to their
short-wavelength sensitive rod opsins, which are sensitive
to blue-green light (4,,,, =495-499 nm; Lythgoe and
Dartnall 1970; Nealson 1981; Levenson et al. 2006). Seals
equipped with Little Leonardo cameras were also fitted with
a magnetometer time-depth recorder (TDR; Little Leonardo
ORI1300-3MPD3GT (16.5 (diameter) X 90 mm, 42.5 g,
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n=4), Turks Head (2019 n=3), Big Razorback (2018 n=35, 2019
n=2), Tent Island (2018 n=6). Inset image shows a seal in 2018, fit-
ted with a camera attached to its head, a magnetometer attached to
upper back and an accelerometer attached under the jaw (Image: T.
Iwata, 2018). Map made using Quantarctica (Matsuoka et al. 2021)

n=16) or W1000L-3MPD3GT (26 (diameter) X 176 mm,
120 g, n=28)) on the upper back (inset in Fig. 1; Table SI2).
CATS cameras include depth sensors, and thus no separate
TDR was required. We also equipped the seals studied in
2018 with an accelerometer (Little Leonardo ORI2000-
DG3T/ORI1300-DG3T (20 (diameter) X 73 mm, 52 g))
under the jaw that recorded depth and detected mouth-
opening movement (mouth-opening and GPS data reported
elsewhere: Iwata et al. in prep). Seven seals in 2019 were
fitted on their back with a backward-facing camera (Little
Leonardo DVL2000M130SW-4R (60%22 %31 mm, 60 g),
but little usable data were retrieved, which were not analysed
further. Alongside the TDR, seals were also fitted with a
VHF tag (ATS MM 150 Marine Mammal Backmount, 13
(diameter) X 58 mm, 20 g) to allow us to relocate the animal
and recover all devices.

The maximum total weight of all devices was less than
1% of each seal’s body mass, in line with acceptable field
practice and technique (McMahon et al. 2008; Mazzaro
and Dunn 2009; Horning et al. 2019). Devices were set
to begin recording at least 12 h after deployment or after
the seal reached an assigned depth (50-100 m). Doing
this provided adequate time for the animals to recover
from capture, resume normal behaviour and increase the
likelihood of capturing movement data before the device
memory or battery limits were reached. Our study required
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a short tagging period of ~ five days due to battery life and
memory space limitations. After approximately five days
(for details, see Online Resource Table SI1), we recaptured
each seal and retrieved all equipment. Preliminary analysis
of the 2018 season showed that seals with older pups (> 30
d) conducted deeper dives than those with younger pups.
Because observing foraging behaviour was a key objective
of our study, we modified our protocol and selected females
with older pups in 2019.

All activities were approved by the New Zealand
Department of Conservation, Ministry of Foreign Affairs
and Trade, and NIWA's Animal Ethics Panel (Project
number AEC210, END18301/Ross-RAMP: Ross Sea
Research and Monitoring Program), and were carried out
under permit number DOC-69331-MAR.

Video data collection

We analysed video footage using behavioural analysis
software BORIS (Behavioural Observation Research
Interactive Software; Friard and Gamba 2016). We defined
the ethogram (an ethological catalogue that outlines
behaviours exhibited by an animal; Friard and Gamba 2016)
based on expected Weddell seal behaviour, quantifying 14
behaviours in total (see Online Resource Table SI3 for all
behaviours quantified). We reviewed videos at normal speed
and slowed to half-speed if detailed analysis was required,
e.g., during prey encounters. A ‘prey encounter’ was defined
as any time a seal attempted to consume an animal seen in
the video; we selected this term as we are uncertain that
the prey was consumed due to the camera angle and dark
surrounding water. We also captured screenshots to assist
with identification. Prey items were grouped by the lowest
taxonomic class possible. We exported the summary output
from BORIS into R version 4.0.4 (R Core Team 2021).

Dive analysis

We processed dive records (n=25, one TDR had detached
prior to recapture) in R version 4.0.4 (R Core Team 2021)
using diveMove (version 1.5.3; Luque 2007). If duplicate
dive records were present (i.e., when depth was recorded
using both the back magnetometer and jaw accelerometer),
we selected for analysis the instrument that provided the
longest dataset. We corrected for surface inconsistencies
and pressure drift in the tag data using the Igor Pro 8
Ethographer program (version 2.05; waterSurface extension,
version 2.2). Dives were defined when the seal reached at
least 10 m deep for at least 30 s (Beltran et al. 2021). For
behaviours shallower than 10 m, the seal was considered at
or near the surface, resting or interacting with its pup. Deep
dives were defined as being > 50 m, whereas shallow dives
were 10-50 m deep (Davis et al. 1999; Sato et al. 2002).
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To understand foraging effort of individuals, we wanted
to determine how many dives each seal performed, both
overall and during a foraging bout. To determine the amount
of time each seal was in the water, we excluded all data
with a depth shallower than 1 m. We calculated each seal’s
hourly dive rate by dividing the number of dives performed
by hours in the water. We also calculated the number of
foraging bouts each seal completed by visually identifying
periods of recurring diving behaviour. A foraging bout was
defined as any period of diving in which the seal reached
at least 50 m depth at least once, as based on our prey
encounter data and previous research (Sato et al. 2002), deep
dives are more likely to represent foraging. Dives > 30 min
from the previous dive were classified as a new bout. We
calculated the average dive rate in a foraging bout by
calculating the number of shallow (10-50 m) and deep dives
(> 50 m) within each bout. To determine foraging effort, we
calculated the average dive rate across all bouts performed
by each seal and our study population.

Finally, we integrated the camera-derived prey encounters
with the TDR-derived dive data to identify depth of prey
encounters. Clock synchronisation was done manually by
visually identifying dives and surface intervals in the video
and TDR records that spanned the same length of time. Once
matching dives were identified, we aligned the recording
start times of each tag and imported the timestamps of each
prey encounter into the TDR dataset. The depth range, mean,
and standard deviation (SD) were then calculated for each

prey type.
Statistical analysis

The probability of foraging while instrumented was deter-
mined by categorising the animals into two behavioural
groups: ‘forager’ which were seals observed capturing prey
in the video and/or diving deeper than 50 m on the TDR;
and ‘non-forager’ which were seals that did not forage (i.e.,
did not reach 50 m depth or encounter prey while the cam-
era or TDR were operational). This does not account for
behaviours that may have occurred before or after instru-
ments were deployed and we were unable to determine if
foraging commenced prior to deployment. Two seals dived
deeper than 10 m but did not reach the 50 m foraging dive
threshold, and based on the frequency, depth, and durations
of these dives, they were not considered to represent forag-
ing (for details, see Online Resource Table SI4). No seals
were excluded from the ‘forager’ category that performed
long-duration shallow dives or exceptionally high numbers
of shallow dives that may have indicated foraging at shal-
lower depths. We further identified if seals were instru-
mented in early (<20 d postpartum) or mid-lactation (>20
d postpartum; Fig. 2), determined by the age of the female’s
pup when she was instrumented. This was done to account
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for the physiological shift that occurs in the females at 20 d
postpartum (Oftedal et al. 1987).

We aimed to understand if demographic or physiological
factors contributed to whether a lactating Weddell seal
foraged while instrumented. We excluded seal deployments
in 2019 from this analysis due to the sampling bias arising
through our change in seal selection process (targeting
females with older pups). Before testing the predictors of
foraging status (‘forager’ or ‘non-forager’), we scaled and
centred the predictors to ensure they were comparable and
assessed relationships between our predictor variables (pup
age, maternal mass, fatness, and number of previous pups)
using R’s correlation function and corrplot (v. 0.92). We
excluded the variable ‘number of previous pups’ due to
the number of NAs. We further analysed multicollinearity
within our predictors using a Variance Inflation Factor (VIF)
analysis (car package; Fox and Weisberg 2019) and found
all remaining covariates had a VIF score <2.5.

We ran binomial logistic regressions in R using the
Ime4 package (Bates et al. 2015) to test foraging status
(‘forager’ or ‘non-forager’) against pup age, maternal
mass, and maternal fatness. We also assessed the inclusion
of location as a random effect to address the potential
for foraging access differing between locations. We ran
a series of models with different combinations of the
covariates and assessed model performance using AICc
(MuMIn package; Bartoni 2024) to account for the small
sample sizes. We assessed each model against a null
using an Analysis of Variance (ANOVA). We calculated

Date (month-day)

relative likelihood and Akaike weights for each model
configuration using the gpcR package (v. 1.4-1) and
identified the best-fit model by identifying the lowest AICc
and highest evidenced ratio based on Akaike weights.
We qualitatively describe some observed differences in
dive behaviour between locations [see Online Resource
Table SI14-SI7].

Results
Seal classification and statistical analysis

Of the 26 lactating seals, 16 were classified as a ‘forager’
and 10 as a ‘non-forager’ (Table 1). The only significant
difference between the two groups was pup age (Paired
t-test: £y, 40=3.8209, p=0.0009; Table 1). We also iden-
tified a significant difference in the average maternal
mass of seals in early and mid-lactation (Paired z-test:
tg 26 =2.5096, p=0.0355; Table 1). A binomial logistic
regression (testing pup age, maternal mass, and body con-
dition as predictors of a seal foraging) identified pup age as
a likely contributor to foraging probability during lactation
(Table 2, Online Resource Table SI8). The probability of
foraging increased with pup age (Est.=1.21 (SD=0.61),
z=1.97, p=0.0484; Fig. 3). The most parsimonious
model, including only pup age and no random effect, pro-
vided the lowest AICc and highest Akaike weight and was
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Table 1 Summary of demographic and behavioural values calculated for each category of Weddell seals (Leptonychotes weddellii)

Group All seals Forager Non-forager Early lactation Mid-lactation
n 26 16 10 8 18
Tagging period Mean (+SD) 46 (x1.1) 5(x1.1) 4(+1.1) 4.1 (£0.9) 4.8 (+1.2)
(days) Median 5 5 4 4 5
Mass (kg) 312.1 (£52.1) 300.9 (£46.0) 3299 (£61.2) 355.9 (+63.9)* 292.6 (+29.6)*
301.5 292 316.5 370 292
Fatness 0.74 (£0.05) 0.74 (+0.06) 0.75 (£0.05) 0.74 (+0.04) 0.74 (+0.06)
(girth/length) 0.73 0.73 0.73 0.73 0.73
Maternal age 10 (£2.6) 10.1 (+2.6) 9.9 (+2.8) 9.5(x2.2) 10.6 (+2.9)
(est. years) 9 9 9 9 9.5
Pup age (days) 25.5(x£6.3) 28.4 (£5.7)** 20.7 (£ 4.5)** 17.5 (£ 1.3)%%* 29.0 (£4.1)***
27 29.5 19 17.5 29.5
Previous pups 3.3(x£2.6) 3(x£2.7) 4 (£2.6) 3.2 (£2.0) 3.4 (+2.8)
2 2 4 2.5 2
All dives (> 10 m) Mean (+SD) 4.3 (+5.3) 6.8 (£5.5) 0.16 (+0.43) 0.51 (+=0.9) 59 (£5.5)
(hour in water™") Median 2.0 5.5 0 0 53
Shallow (<50 m) 3.0 (+4.3) 4.7 (x4.9) 0.16 (+0.43) 0.23 (+0.49) 4.2 (+=4.7)
(hour in water™") 1.4 2.9 0 0 2.6
Deep (>50 m) 1.3(x14) 2.1(x1.2) 0(x0.0) 0.28 (+0.5) 1.7(x14)
(hour in water™") 0.8 2.0 0 0 2.0
Depth (m) Mean (+SD) 91.3 (+68.6) 91.3 (+46.4) 3.4 (+6.5) 26.4 (+45.9) 71.1 (£54.1)
Max 449.3 449.3 18.5 343.2 449.3
Duration (min) Mean (+SD) 6.1 (x4.7) 6.1 (+3.6) 0.08 (+0.16) 5.7(x£9.9) 4.3 (x3.4)
Max 31.1 31.1 0.5 24.4 31.1
Total dives All dives (> 10 m) 2782 2775 7 43 2739
Shallow (<50 m) 1879 1872 7 14 1865
Deep (>50 m) 903 903 0 29 874

Of note is the differences in mass between seals in early and mid-lactation, and the difference in pup age for ‘forager’ and ‘non-forager’ groups

Values reported as mean + standard deviation (SD) and median, unless otherwise stated

We performed t-tests to determine if there was a statistically significant difference in means of the demographic and physiological covariates

between groups
Significant differences are in bold (P-values: * <0.05, ** <0.0001, *** <0.00001)

Table 2 Results of the binomial logistic regression used to identify demographic and physiological parameters that effect whether a female Wed-
dell seal (Leptonychotes weddellii) forages during lactation

Response Predictors n AlCc BIC Log-lik AAICc Akaike wts Rel.LL P-value
Forager_01~ 18 27.20 27.84 —12.48 2.38 0.156 0.304
age_pup 18 24.82 25.80 —-10.01 0 0.515 1.000 0.026
age_pup + mass_kg 18 26.84 27.79 —-9.56 2.01 0.188 0.364 0.054
age_pup + fatness 18 27.41 28.37 -9.85 2.59 0.141 0.274 0.072

We analysed only seals instrumented in 2018 (n=18) and assessed the inclusion of location as a random effect to account for the potential

different foraging access at each location

We scaled and centred all predictor variables to ensure they were comparable

We excluded the number of previous pups due to the number of unknown individuals

P-values indicate whether the model was significantly different than the null
Akaike weights (wts) and relative likelihood (Rel.LL) calculated using gpcR package (v. 1.4-1)

Additional results presented in Online Resource Table SI8
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Fig.3 Results from the binomial logistic regression model for a all
seals and b only seals in 2018, identifying Weddell seal (Leptonych-
otes weddellii) pup age as an important factor contributing to whether
its mother foraged while instrumented during lactation. Females were

the only model that was significantly different than the null
(ANOVA: Fi417=2.70, p=0.0264; Table 2).

Diving behaviour

We recorded 2782 dives in total, consisting of 113 foraging
bouts (Table 1, Online Resource Table SI4). Foraging seals
completed 2775 dives, 903 deeper than 50 m (Table 1),
and dived on average 173.4 times (SD=179.2, n=16)
while instrumented. However, the number of dives varied
greatly among individuals (Online Resource Table S14).
Maximum dive depth was 449.3 m and a maximum dive
duration was 31.1 min (Online Resource Table SI4). On
average, forager seals performed 7.8 deep dives (SD=6.2,
n=16) and 6.6 shallow dives (SD=4.0, n=16) in a
foraging bout (Online Resource Table SI4). Foraging
effort varied individually—eight seals performed on
average less than five deep dives in a foraging bout, while
two seals performed on average more than 20 deep dives
in a foraging bout (Online Resource Table SI4). Diving
behaviour also varied by location—dives were deepest at
Big Razorback and longest at Pram Point (Online Resource
Tables SIS and SI6). On average, foraging seals observed
on video spent 27.7% (SD=24.4, n=11) of their time
foraging benthically. However, this varied individually:
one foraging seal did not visit the seafloor, whereas
another spent 80% of their foraging time scanning the
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more likely to forage with increasing pup age. We report the results
for only seals in 2018 due to the sampling bias produced by chang-
ing seal selection process between seasons but identified a significant
trend across both groups

benthos (Online Resource Table SI7; for an example of
behaviours displayed during benthic foraging see Foster-
Dyer et al. 2023).

Prey encounters

We observed 846 prey encounters from nine foraging seals
(Table 3), of which 84.1% were at depths >50 m (Online
Resource Table SI9). Prey were recorded from just below
the ice down to 449.0 m, and the average depth of all prey
encountered was 250.6 m (SD=146.9, n=_846; Table 3,
Fig. 4). The average depth of prey encounters varied by
location: for example, at Turks Head 44.2% of the total
prey encountered was above 50 m (Fig. 4). Comparatively,
0 and 0.3% of prey were encountered above 50 m at North
Base and Big Razorback, respectively (Online Resource
Table SI19). Average depth of prey encounters also varied
individually (Online Resource Table SI10)—two individu-
als encountered prey at a mean depth of less than 100 m
(48.6 m (SD=19.8, n=56) and 94.6 m (SD=41.6, n=33),
respectively). The average depth of prey encountered by the
remaining seven seals ranged between 152.6 m (SD=97.4,
n=>52) and 404.6 m (SD=56.8, n=56; Online Resource
Table SI10).

Prey types were identified in 576 encounters and
included crustaceans (including Mysida, Decapoda, and
Amphipoda), Antarctic silverfish, Antarctic toothfish,
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Table 3 Overview of prey encountered by lactating Weddell seals (Leptonychotes weddellii) captured on video by seal-mounted cameras

Prey type Occurrence Total seals Percent Mean depth (m) SD (+) Median Min depth (m) Max depth (m)
of total depth
(%) (m)

Crustacea 391 5 46.2 365.1 78.7 399.2 2.5 449.0
Mysida, Decapoda, Amphipoda

Unknown prey 270 9 31.9 143.7 1394 70.1 1.0 446.6

Antarctic silverfish 161 6 19.0 167.7 69.0 1594 64.2 446.7
Pleuragramma antarcticum

Crocodile icefish 8 4 0.9 184.4 60.6 196.6 94.5 272.5
Channichthyidae

Bald notothen 6 1 0.7 9.9 53 7.8 73 20.8
Trematomus borchgrevinki

Unseen within glass sponge 5 3 0.6 187.4 30.1 179.5 161.3 239.2
Sponge: Rossella sp.

Antarctic toothfish 2 1 0.2 198.8 NA 198.8 193.8 203.8
Dissostichus mawsoni

Octopus 2 1 0.2 278.8 NA 278.8 274.8 282.8
Octopoda

Eelpout 1 1 0.1 49.5 NA 49.5 49.5 49.5
Zoarcidae

Overall 846 250.6 1469 271 1.0 449.0

Prey grouped by lowest taxonomic class based on species identified from video footage

Depth of encounters calculated using BORIS observations and TDR record

Most frequently encountered prey was crustaceans

Antarctic silverfish (Pleuragramma antarcticum) was encountered by six seals and represented 19% of total prey encountered

Fig.4 Depth of prey encoun-

tered by lactating Weddell seals 0 ° .

(Leptonychotes weddellii) in

Erebus Bay, Antarctica. The S0m ..
average depth of encounters a/

was 250.6 m highlighted by the 100

dashed line. Violin bars are col-
oured by the location at which
each seal was instrumented.
Almost half (43.81%) of the
prey encountered at Turks Head

—
-
was shallower than 50 m :C_, 200
N o
- °
% ®
(@) .,
<
300 ¢ I
R
DX P
000 ° @
.
%%
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Fig.5 Still-images (taken from ABVR footage) of prey encountered
by lactating Weddell seals (Leptonychotes weddellii) in Erebus Bay,
Antarctica. Examples are: a five different Crustacea species, b Ant-
arctic silverfish (Pleuragramma antarcticum) with the seal’s snout
visible at the bottom of the image, ¢ crocodile icefish (Channich-
thyidae), d two juvenile Antarctic toothfish (Dissostichus mawsoni),

and bald notothen (Trematomus borchgrevinki; Table 3,
Fig. 5). Crustaceans represented 46.2% of identified prey
(including Antarctomysis maxima, Chorismus antarcti-
cus, Notocrangon antarcticus, and Eusirus spp.) and,
although encountered throughout the water column, were

e bald notothen (Trematomus borchgrevinki), f unidentified eelpout
(Zoarcidae), g the first octopus encounter (unidentified Octopod spe-
cies), h the second octopus encounter (a different unidentified spe-
cies). Image colour is due to the red LED light on the camera

the deepest of any prey encountered (mean=365.1 m,
SD=78.7, n=391; Table 3). Most crustacean encounters
were from two seals that encountered 257 and 130 crusta-
ceans, respectively (Online Resource Table SI11), which
were frequently encountered in quick succession (Fig. 6).
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Fig.6 Example of dive record a

and prey encounters from lactat-
ing Weddell seal (Leptonychotes
weddellii) WS19-30. Black line
represents the route travelled by 100
the seal, circles represent prey

encounter events, and colour of .
circle indicates prey type. a the %200 J
complete TDR record, during g i

which 311 prey encounters were
observed at an average 404.6 m
depth. The period that the cam-
era was operational highlighted
by red shaded area and red
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We recorded 161 Antarctic silverfish (19.0% of prey)
encountered by six of the nine successful foragers (Table 3).
Most were encountered by one seal who consumed 132
silverfish (Online Resource Table SI11), which were often
captured while the seal was ascending in the water column
(Online Resource Figure SI12). We also observed one
seal at Pram Point encountering two juvenile Antarctic
toothfish (Fig. 5d) at a mean depth of 198.8 m (Table 3). We
recorded encounters involving two Octopod species (which
could not be identified further), and predation on smaller

@ Springer

Time (21-Nov-2019)

demersal fish species including Trematomus borchgrevinki,
various unidentified Channichthyidae, and one unspecified
Zoarcidae (Table 3, Fig. 5). We could not identify the spe-
cies in a prey encounter 31.9% of the time (Table 3). We
observed one seal encountering a 7. borchgrevinki near the
surface shortly after entering the water, and she appeared to
‘play’ with the prey—she captured the fish and chewed on it,
before releasing the fish, recapturing, and releasing it once
more (video available in Online Resource 2 SI13).
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Discussion

We found individual variability in prey encounter and
foraging behaviours consistent with lactating Weddell seals
in Erebus Bay displaying mixed capital-income reproductive
strategies, as previously reported (Wheatley et al. 2008;
Beltran et al. 2017). We also found that some individuals
appear to display prey specialisation, as reflected in scat
analyses from this region and East Antarctica (Burns et al.
1998; Lake et al. 2003). Although lactating Weddell seals
were once thought to forage “little, if at all” (pg. 95, Burns
and Kooyman 2001), this study confirms that lactating
Weddell seals do forage (Wheatley et al. 2008; Beltran
et al. 2017) and that the likelihood of foraging increases
from mid-lactation onwards.

Prey species and foraging behaviour

We present new evidence of direct predation on large
numbers of crustaceans by lactating Weddell seals, which
could influence the interpretation of past and future Weddell
seal foraging studies. Crustaceans have been identified as
prey for Weddell seals elsewhere in the Antarctic (Green
and Burton 1987; Lake et al. 2003) but, to our knowledge,
little evidence has indicated the same for seals in McMurdo
Sound (Testa et al. 1985; Burns et al. 1998; Madden et al.
2008; Goetz et al. 2017). Previously, Burns et al. (1998)
and Goetz et al. (2017) excluded any evidence of crustacean
predation from their scat and stable isotope analysis (SIA),
assuming that crustaceans were secondary prey (i.e., the
prey of fish that were targeted by the seal) and that they
were largely absent from the vicinity. Our results indicate
direct crustacean predation, representing 46% of all prey
encountered, and were targeted especially heavily by two
seals, which captured 257 and 130 individuals each. This
observation provides new insight into the prey encountered
by Weddell seals in Erebus Bay, an area that hosts the largest
concentration of breeding Weddell seals in Antarctica
(LaRue et al. 2021). With an understanding that crustaceans
identified through SIA may not merely represent secondary
ingestion, future analysis of blood, fur, and whisker samples
could be used to determine whether the seals that were
observed predating upon large numbers of crustaceans do
so outside of the lactation period when their foraging range
is not limited.

In the present study, crustaceans were encountered most
often, occurring in 46% of the prey encounters. Schaafsma
et al. (2018) found crustaceans (Mysida, Decapoda, and
Amphipoda) have the lowest energetic value of the prey
encountered in our study (18.2-25.3 kJ g~! dry weight
(DW); see also Donnelly et al. 1994; Torres et al. 1994).
The energy density of Antarctic silverfish varies between

21.76 and 27.93 kJ g_1 DW (Ainley et al. 2003; Van de Putte
et al. 2010; Lenky et al. 2012; Ruck et al. 2014; summarised
by Schaafsma et al. 2018), and Antarctic toothfish muscle
contains the highest energy content of any known prey
species of Weddell seals (29.94 kJ g~! DW; Lenky et al.
2012; summarised by Schaafsma et al. 2018). It is possible
that, given their mixed capital-income lactation strategy,
lactating Weddell seals may not rely upon especially energy-
dense prey species during this period as much of the early
nutrients passed onto their young comes from mass gained
prior to pupping (Wheatley et al. 2006, 2008). Alternatively,
although we could not determine prey availability in Erebus
Bay, lactating Weddell seals may require high-energy-
dense prey but were observed encountering crustaceans
most often in our study because of their high numbers and
reduced availability of other prey species due to intraspecific
competition (Hindell et al. 2002).

Behavioural plasticity or prey switching may be an
important mechanism to support the energetic cost of
milk production for some individuals during periods of
high intraspecific competition. Fat content of Weddell seal
milk begins at~30% but increases to 60% through to mid-
lactation (Kooyman 1981; Wheatley et al. 2008), perhaps
necessitating the need to forage while lactating. The number
of pups born in Erebus Bay increased in the years prior to
our study (Ainley et al. in press; Rotella unpubl. data). As
lactating Weddell seals are central-place foragers, predation
pressure near breeding colonies can make preferred, high-
energy density prey scarce within the foraging range if the
predation is substantial relative to the prey density (Hindell
et al. 2002). Testa et al. (1985); see also Ainley et al.
(2021), showed that seals in McMurdo Sound (especially
Erebus Bay) can reduce the prevalence of toothfish near
breeding haul outs. Buckley (2013) also showed, in a natural
experiment, that during a period when seal access to Erebus
Bay was limited by multiyear ice (result of B-15A iceberg,
2001-2005; Siniff et al. 2008), the benthic fish fauna in the
vicinity of our study area was quite different than it was
during periods when seals are present in full numbers,
providing further evidence that seal foraging can affect prey
prevalence in some ecological circumstances. As seals in
our study were observed encountering low-energy density
crustaceans most often, we suggest this could be in response
to changes in prey community structure near populous haul-
out areas.

We recorded two encounters with Antarctic toothfish by
one seal, which had the oldest pup of our study population
(37 d) and was instrumented at Pram Point, close to the Ross
and McMurdo Ice Shelves and farthest from the main Erebus
Bay breeding area (see Fig. 1). The toothfish observed in
our study were likely juveniles (approx. 50 cm in length;
J. Eastman pers. comm.). Although toothfish are a known
Weddell seal prey (Fuiman et al. 2002; Davis et al. 2004;
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Kim et al. 2011; Rumolo et al. 2020), the extent and timing
of the Weddell seal ecological dependence on Antarctic
toothfish remains unclear (Ponganis and Stockard 2007;
Pinkerton et al. 2008; Ainley and Siniff 2009; Salas et al.
2017). This uncertainty was an important motivator for our
study, given the recent designation of the Ross Sea Region
Marine Protected Area and the uncertainty surrounding
which demographic group predates on Antarctic toothfish
(Ponganis and Stockard 2007; Pinkerton et al. 2008; Ainley
and Siniff 2009; Salas et al. 2017). Ainley et al. (2013,
2021) suggested there may be a relationship between the
scientific catch-per-unit-effort of toothfish and Weddell
seal abundance in the southern McMurdo Sound area:
namely, fewer toothfish were caught in areas with greater
seal abundance. This decrease was linked to predation
pressure or the possibility of toothfish moving away from
areas of high seal occupation in response to noise produced
by the highly vocal Weddell seals (Testa et al. 1985; Ainley
et al. 2021). Further, Weddell seals and Antarctic toothfish
have a complex intraguild relationship, in which seals both
predate upon toothfish and compete with toothfish for many
of the same prey (Fuiman et al. 2002; Fenaughty et al. 2003;
Ainley et al. 2021). As both toothfish encounters in our
study occurred at Pram Point where fewer Weddell seals
pup, we suggest reduced seal occupation in the area may
explain why toothfish were observed as prey in this location
only. Fuiman et al. (2002) also found seals encountering
toothfish only when well away from the main breeding
aggregation. It is possible Antarctic toothfish were present
at the other locations earlier in the season and were either
driven away, outcompeted, or predated upon before our
study commenced.

Drivers of foraging probability

Pup age likely contributes to whether a lactating Weddell
seal foraged. This result was generally expected, given that
pup age would inherently be correlated with the time elapsed
since the mother was free to forage. Younger pups likely
require more supervision than older, more independent pups.
For example, Weddell seal pups enter the water from~ 1 wk
of age (Weitzner et al. 2021) but often require help from
their mother to get out of the water (a behaviour observed
in this study). This could impact pup survival if the adult
is foraging when the pup enters the water. Furthermore,
energetic requirements change as lactation progresses,
including an increase in milk fat content (Kooyman 1981;
Oftedal et al. 1987; Wheatley et al. 2008). Physiological
demands fluctuate throughout the lactation period, as
milk production (thus energy expenditure) changes during
different stages of lactation. Wheatley et al. (2008) found
fat and energy content of Weddell seal milk peaked around
mid-lactation (20 d post-partum) and then decreased, while
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protein content increased throughout lactation. The authors
suggest that females may begin foraging later in lactation
to prevent loss of muscle stores as protein requirements of
their pups increase (Wheatley et al. 2008). We postulate
that these factors likely contribute to the relationship we
observed between pup age and the probability of foraging.

We did not detect a relationship between foraging
probability and body condition (measured using a fatness
index) or maternal mass. Generally, in phocids, a larger
body size allows a lactating female to fast longer due to the
greater stored reserves and reduced metabolic overhead
(Costa and Maresh 2022). Previous studies have linked
maternal mass and/or fatness with diving behaviour of
lactating females Weddell seals. Sato et al. (2002) found
that thinner females spent a higher percentage of their day
in deep foraging dives and suggested that supplementary
foraging may compensate for inadequate mass gained
prior to returning to the colony. Contrarily, Wheatley
et al. (2008), who conducted their study in 2002—-2003
when the seal population in Erebus Bay was low (owing
to iceberg B-15A; Siniff et al. 2008), found that heavier
females foraged more during lactation and suggested that,
as heavier females can dive longer (Kooyman 1989), they
may be able to exploit resources that lighter females cannot
access. This may indicate an interesting compromise, in
which larger/better condition females may be more able
to take larger prey (like toothfish) while skinnier females
may have greater need to do so. As such, we speculate
there may be a peak in when seals predate on toothfish:
small enough to be driven to but still strong enough to
be capable of doing so. Importantly, indicators such as
body mass or condition can vary greatly at an individual
level, within and among breeding seasons, and can reflect
environmental factors affecting the whole population
(Schulz and Bowen 2004; Wheatley et al. 2006; Proffitt
et al. 2007). The previously identified opposing findings
may be associated with the inter-annual variability of
foraging conditions outside of the lactation interval (e.g.,
Beltran et al. 2017). The lack of relationship observed in
our study may be tied to our small sample size or short
sampling duration (Bowen and Jonsen 2022).

Foraging behaviour varied between breeding locations.
While the best-fit model did not include location, we report
several differences in the foraging behaviours displayed at
each location. We found that the deepest dives were per-
formed at Big Razorback and that the longest duration dives
(and often shallowest < 50 m) were performed at Pram Point
(Online Resource Figure SIS and Table SI6). Such spatial
variation is likely linked to varying prey availability and
access (Watanabe et al. 2003; Mitani et al. 2004). At Turks
Head seals often captured prey at shallower depths than in
other locations (Online Resource Table SI19). Furthermore,
even though mid-lactation seals often foraged (Fig. 7), this
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were in mid-lactation. At HC,
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none were observed foraging.
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was not true for Hutton Cliffs, where three of the four seals
had pups older than 20 d, and yet none foraged during our
study period. Interestingly, Hutton Cliffs hosts older, more
experienced females (Hadley et al. 2008), suggesting that
seals choosing to breed at such locations may be less reli-
ant on foraging during lactation. Factors that may make it
a desirable breeding location include predictable fast ice
conditions and the shelter provided by the proximity to the
Ross Island coastline.

In conclusion, our study of Weddell seals in Erebus
Bay during 2018-2019 found that some do forage while
lactating and that foraging effort and probability varied
individually. Pup age appeared to affect whether a lactating
seal foraged, though there were outliers in our study
population. Some individuals may specialize on certain
prey groups and we found that crustaceans may feature
more heavily in Weddell seal diet in Erebus Bay than
previously thought. Though far less energy-dense than
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Antarctic toothfish or silverfish, targeting crustaceans
could be an essential component of the successful breeding
effort, allowing for individuals to consume large numbers
of smaller prey efficiently, potentially offsetting some of
the high energetic demands of lactation, and may also
provide an important source of protein later in lactation.
Future work should further explore the role of location and
prey availability in determining foraging behaviour during
the lactation window.
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