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Abstract

Southern elephant seals (SES) experience a ’catastrophic molt, a costly event characterized by the
renewal of both hair and epidermis that requires high peripheral vascular circulation. Molting animals
are therefore constrained by high metabolic heat loss and are thought to fast and remain on land.

To examine the ability of individuals to balance the energetic constraints of molting on land we
investigate the stomach temperature and movement patterns of molting female SES.

We find that 79% of females swam and 61% ingested water or prey items, despite the cost of cold-water
exposure while molting. This behavior was related to periods of warm and low wind conditions, and
females that dived and ingested more often, lost less body mass.

We conclude that the paradigm of fasting during the molt in this species, and the fitness consequences

of this behavior should be reconsidered, especially in the context of a changing climate.
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Introduction

Molting is an important physiological event of partial or total renewal of integuments, which is
influenced by season, growth, age, and environmental conditions™. This process occurs in a large variety
of species, including mammals®~>, birds™®, reptiles”® fishes® and arthropods™. Molting is involved with a
change in coat or plumage color, that may be related to reproductive success and camouflage in the

> growth™, thermoregulation'?, and defense against parasites or pathogens’, hence

environment
playing an important role in the fitness of an individual. However, molt is an energy demanding process™
requiring high peripheral vascular circulation to promote skin cell proliferation and tissue growth'®, and a
high metabolic rate to balance heat loss*>*°.

Most Antarctic and sub-Antarctic phocid seals undergo an annual molt’. While seals are well
adapted for an aquatic life, they are obliged to come ashore (on land or ice floe) to molt'’*%. In phocids,
regrowth of skin and fur requires a skin temperature above 17°C*. Maintenance of this warm

15,16,20

temperature in polar regions leads to elevated metabolic rate . To reduce energy expenditure

21,22

during the molt, seals are insulated with thick subcutaneous blubber “~“*, regulate peripheral blood flow,

and avoid even higher heat loss by hauling out to minimize time in cold water, where heat loss is 25

23,24

times faster than in air"*". Even with these actions, molting metabolic rate is 2-3 higher than resting

metabolic rate'***

. The extent to which time in water, particularly during the molt, may affect
thermoregulatory costs is poorly understood.

Southern elephant seals (SES) are one of only four species of phocids that undergo a
‘catastrophic molt’, during which they renew both their hair and cornified epidermis®>?°. Of the four
species, they are the only one to undergo the molt in a polar environment (other species: northern
elephant seal (NES), Mirounga angustirostris®*, Hawaiian monk seal (Monachus schauinslandi)’’, and
Mediterranean monk seal (Monachus monachus)®®). During this period, like other phocids, they lose a
large proportion of their body mass (23% SES™, 25%, NES*, 17%, gray seals Halicheorus grypus®). This
large change, combined with the increased peripheral circulation which would result in high heat loss in
water, led to the conclusion that elephant seals fast and remain on land during the molt****~*3, While
ashore, they are exposed to a range of meteorological conditions. SES molt on subantarctic islands, they
experience cold, wet, and windy conditions during the approximately one-month haulout®.
Environmental conditions strongly influence heat flux between an animal and the environment. SES
minimize heat loss through social thermoregulation in large aggregations and through choice of different

3338 Therefore, we would predict that only animals with

beach habitats such as grass or mud pools
sufficient energy reserves to cover the cost of fasting, molting, and cold-water contact would be able to

go to sea during the molting period.
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A high energetic cost during the molt increases the depletion of energy reserves in blubber, with

37,38

possible fitness consequences, such as lower survival or reproductive success for seals®”**. Climate in the

Southern Ocean is rapidly changing, and environmental conditions are known to impact heat loss and

139 In this context, understanding how energetic constraints and

molting phenology in phocids
individual strategies may help reduce metabolic costs of animals during key stages of their lifecycle is
important. While it is commonly agreed that molting SES remain on land and rely on their reserves,
breaking the fast has already been suggested as a mechanism to mitigate physiological costs while
molting by restoring blubber reserves or limiting metabolic water production®'. However, few studies
examined movement and potential drinking or feeding behavior in this species throughout the molt. One
way to investigate at-sea feeding or dinking behavior is to combine stomach temperature measurements
with time-depth recorders (TDRs). This allows detection of possible cold water or prey item ingestion
through stomach temperature changes and to record the depth and location of ingestion events. This

40-43

approach has previously been used in seabird research (penguins, cormorants, albatrosses™ , and

2044 "hut not during the molt.

captive or non-captive pinnipeds (NES and Californian sea lions

In this study, we investigated the behavior of adult female SES during the molt. Females were
instrumented with TDRs to document diving behavior and stomach temperature pills to document
ingestion events. We hypothesized that female SES would remain on land, either in mud pools or on the
beach, fasting, at least in the early stages of the molt to minimize heat loss. If seals did spend time at sea,
we investigated if weather conditions influenced this behavior. Last we hypothesized that only females in

good body condition would spend time at sea, as they have sufficient energy reserves to compensate for

high heat loss.

Results

Combining diving analysis and stomach temperature recording, the monitoring duration was
7.0 £ 2.9 days of analyzed data (between 2 and 14 days of recording). Females arrived on land with a
body mass of 314.7 + 41.4 kg (BMI of 59.4 + 5.1 kg/m?). Molt stage when animals were equipped was 54
+ 25% with 41% of the females caught at the initial stage (n = 16), 41% at the mid stage (n = 16), and 18%
at the final stage of molt (n = 7). Body mass at the end of the monitoring averaged 294.5 + 37.7 kg,
resulting in a daily body mass loss of 3.2 + 1.4 kg per day. At this point all females were at the final stage
of molt, with more than 90% of hair renewed. During the monitoring period, the mean daily wind speed
was 8.8 £ 2.7 m/s (ranging from 2.8 to 18.4 m/s), mean daily air temperature was 8.4 + 2.4 °C (ranging
from 4.4 to 15.3 °C), mean daily total sunshine duration was 355.3 + 219.9 minutes (ranging from 0 to

855 minutes) and mean daily relative humidity was 70.2 + 7.7% (ranging from 50.7 to 91.6%).
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Diving and surface swimming behavior

Between 2014 and 2022, 39 female elephant seals were captured and monitored and 79% went
to sea (n = 31). A total of 660 dives were recorded, grouped in 77 dive cycles (Table 1), for 39% of the
monitored females (n = 15). Mean dive duration was 7.7 + 3.6 minutes, with a mean time to reach
maximum depth of 3.2 + 3.1 minutes, followed by a mean surface phase duration of 2.2 + 2.5 minutes.
Dive cycles had an average duration of 1.4 + 1.7 hours.

We detected a total of 375 surface swimming events with an average duration of 1.8 +2.6 hours
grouped in 226 surface swimming cycles. Seventy-seven percent of monitored females (n=30)
performed surface swimming. Fourteen animals dived and surface swam. One female only dived.

On average, instrumented females spent time in the water (diving or surface swimming) every other day
(% of monitored days with at-sea events =49.2 + 23.9%). The amount of time they spent in the water
ranged from 9.0 to 92.8% of the day.

At-sea behavior was more diurnal, as 57% of the dives and 66% of the surface swimming occurred during

the daytime.

Table 1: Summary of diving parameters from 31 female southern elephant seals during the molt
Among 31 female who went at sea, 15 dived (n = 660 dives, 77 dive cycles and 226 episodes of surface

swimming; 2014-2022). ‘At-sea events’ include both surface swimming and diving.

Mean (SD) Min - Max
Estimated time spent at sea per day per 109.32 (98.3) 1.0-391.0
individual (min)
Mean number of at-sea events per day per 1.1 (0.8) 0.1-2.38
individual
Total number of dive cycles per individual 5.1(5.5) 1-22
Total number of dives per dive cycle 8.6 (10.8) 1-49
Total number of dives per individual 44.0 (55.0) 1-157
Maximum dive depth (m) 12.5(7.3) 5-43
Dive duration (min) 7.7 (3.6) 0.2-225
Time at surface (min) 2.2(2.5) 0.3-19.3
Surface swimming duration (h) 1.8(2.6) 0.2-26.7
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Stomach temperature

Excluding temperature drops during the ingestions, mean at-sea stomach temperature was
higher than on land (at sea =37.1 £ 0.3°C, on land = 36.5 £ 0.2°C, Student test, t = -7.3, df = 49.6, p-value
< 0.0001). On land temperature analysis revealed hyperthermia events (from 1 to 3 events per
individual) for 61.5% of the animals (n = 24), with a mean stomach temperature of 38.1 + 0.3°C. In total,
33 hyperthermia events of 110 £ 39 min were analyzed, and the first at-sea event occurred within
24.5 £ 21.0 hours after.

A summary of ingestion event variables is available in Supplementary Table S1. We recorded a
total of 87 ingestion events (Table 2), from 80% of individuals (n = 31 from total n = 39), with an average
of 2.8 £ 2.1 ingestions per individual. Among these events, 70% occurred during the daytime.

A total of 10 ingestion events were detected during a dive (12%) and 42 events occurred during surface
swimming (49%). Due to bad Argos locations, the remaining 37 events (39%) were not clearly
characterized as at sea or on land, but were not associated with complete submersion of the animal
according to wet and light sensors. These ingestion events could have happened strictly on land or in the
tidal zone.

Results of the different methods from the literature® are reported in Table 2 and based on the different

methods, 25 to 53% of the ingestions were classed as potential prey ingestions.

Table 2: summary of ingestion type based on Kuhn and Costa (2006) results, from 31 female southern
elephant seals monitored between 2014 and 2022 (n = 87 events).

T, is the initial stomach temperature and T, the minimum temperature during the ingestion event.

Method Threshold for feeding  Number of feeding
events events
Index of rate of temperature recovery | (s.°C™) | value>250s.°C™ n =39 (44%)
Area above the curve (s.°C) Integral>3000 s.°C n=25(29%)
Time of temperature recovery (At between T,-T5) tec>35 min n =46 (53%)
Delta temperature T4-T, AT>4.7°C n=22(25%)

Determinants of female SES behavior

At-sea behavior was not determined by initial physiological parameters; individual swimming
score and the number of ingestions per female were influenced neither by BMI nor molt stage (Tables 3
and 4).

Environmental conditions played a role in SES behavior. We found a positive effect of
temperature and a negative effect of wind speed on the probability of surface swimming (Table 5).

Females tended to do more surface swimming during days of high temperature and days of low wind
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speed (Figures 1A and 1B). The probability of diving was not related to meteorological conditions
(Table 5).

We also found a positive effect of sunshine duration on the probability of ingestion. The probability of
recording individuals that ingested increased during days with high total sunshine duration (Figure 1C).

The effect of relative humidity and wind speed on ingestion was not significant (Table 5).

Table 3. Best models to explain female southern elephant seals swimming score variability
ANOVA table of the best linear mixed effect models for at-sea behavior (PC1 and PC2): diving (n=15) or

surface swimming (n=31).

Response Behavior / Explanatory X2 Df p AlCc
variable group variables

PC1 Diving Monitoring 1343 1 < 0.001 *** 63.3
duration

PC2 Surface Monitoring 0.34 1 0.56 56.5
swimming duration

*¥*% . p-value < 0.001

Table 4. Best models to explain female southern elephant seals ingestion behavior variability
Summary of coefficients and goodness-of-fit indices from the best models for the number of ingestions

(generalized linear models fitted with negative binomial law), at-sea (n=32) or on land (n=7).

Monitoring duration ~ 0.29 + 0.48 0.60 0.55

Response variable Location Explanatory variables  Coefficient + Z p
SE
\ At-sea Intercept 054+ 043 095 0.20
\ Monitoring duration 0.03+0.05 1.07 0.51
Number of ‘
ngestions 1 on land Intercept 195+ 2.95 -0.66 0.51

Table 5. Summary of coefficients and goodness-of-fit indices from the best models for environmental
conditions effect on female southern elephant seals behavior

Generalized linear models were fitted with binomial (probability of ingesting) or quasibinomial
(probability of diving and surface swimming) law. Females behavior is separated as diving behavior (n=15

females), swimming behavior (n=31 females), ingesting behavior (n=31 females).

Response variable Explanatory variables Coefficient + SE t P
Intercept -1.7+0.8 -2.0 0.04 *
Daily proportion of Temperature 0.06 £0.08 0.8 0.44
diving females Wind speed -0.09 £ 0.06 -1.4 0.16
Daily proportion of Intercept -1.6+0.6 -2.7 0.008 **
surface swimming Temperature 0.21 +0.06 3.7 <0.001 ***




178
179

180
181

182
183
184
185

186

187
188
189

190
191
192
193

females Wind speed -0.10 £ 0.05 -2.1 0.03 *

Intercept -3.7 £ 1.7 -2.1 0.03 *

Daily proportion of Sunlight 0.001 £ 0.0006 2.8 0.02 *
ingesting females Humidity 0.03+0.02 1.7 0.09
Wind speed -0.09 £ 0.05 -1.8 0.07

* . p-value < 0.05; ** : p-value < 0.01; *** : p-value < 0.001

Figure 1: Relationships between meteorological conditions and behavior of female southern elephant
seals using.

A: GLM predicted daily proportion of swimming females with daily mean wind speed (m/s). B: GLM
predicted daily proportion of swimming females with daily mean temperature (°C). C: GLM predicted

daily proportion of females that ingest with total daily sunshine duration (min/day).
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Conseguences on female SES condition
Female SES condition at the end of the molt was influenced by their behavior. For females going

to sea, we found a positive relationship with the swimming score (PC1) and of the number of ingestions
on daily body mass loss (Table 6). Females that dived and ingested more often were in better body

condition at the end of the molt (Figures 2A and 2B).
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Table 6. ANOVA table of the best linear mixed effect models for female southern elephant seals
condition at the end of the molting period.
Body mass loss is used as a proxy for female southern elephant seals condition. Females are grouped by

location: on land (n=6) or at sea (n=12).

Response variable Location AlCc Explanatory variables X? Df p
Mass start 0.38 1 0.53
On land 46.9 Length 0.27 1 0.61
Monitoring duration 1.41 1 0.24
Body mass loss Mass start 0.02 1 0.89
Length 0.37 1 0.54
At-sea 126.7 PC1 8.19 1 0.004 **
Number of ingestions 4.42 1 0.03 *
Monitoring duration 10.65 1 0.001 **

* . p-value < 0.05; ** : p-value < 0.01

Figure 2: Daily mass loss per unit of body mass (g/kg/day) of female southern elephant seals according
to their behavior.

A. Diving score (PC1 as individual values on the first component of the PCA) and B. Number of ingestions
per individual. Individuals with high PC1 values perform more dives, that last longer, and show more

surface swimming.
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Through the use of TDRs and STP, we identified surface swimming, diving, and ingestion events
during the molt of female SES. To our knowledge, this study is the first to show evidence of SES breaking
the fast during this energetically costly molt period.

We found no evidence of adverse effects of the STP on the behavior and body condition of animals at
the end of the monitoring period. The STP assembly remains in the stomach, and the potential effect on
satiety or ability to ingest was not possible to test. However, no such adverse effects have been
described in experimental studies on pinnipeds*, probably due to the short retention time and small size

of the STP compared to the volume of the stomach.

Our data revealed that female SES went to sea during the molt, as reported in Table 1 and
Figure S1. Indeed, nearly half of equipped individuals performed several dives, from 5 to 43 m.
To our knowledge, this behavior has not been reported yet in a species displaying a ’catastrophic’ molt,
including aquatic birds and mammals®. In marine mammals, pinnipeds undergoing such an extreme
physiological event, such as elephant seals***** have always been thought to rely exclusively on
energy reserves in blubber during the molt. All birds experiencing catastrophic molt are known to fast
and avoid cold water contact, as demonstrated in cormorants*® and penguins®’. Few diving birds are
known to break the fast and dive during the molting period, but they undergo a rapid simultaneous molt
that is not reported as ’catastrophic’ (common eider Somateria mollissima®, lesser snow geese Chen
caerulescens caerulescens®, and grebes Podiceps sp.*®). Therefore, our results reveal that SES may be the
first recorded case of a species experiencing a catastrophic molt while also spending time at sea, despite
the potential energetic costs.
Although female SES dove during their molting fast, diving parameters differ from diving foraging
parameters. Indeed, most of the dives were not deeper than 11.5 m and lasted on average for almost
7 minutes, compared to average foraging dive depth and durations of 400 m and 30 minutes’™*,
respectively. SES are known to perform deeper dives according to prey distribution, migration, or

predation avoidance>™’

. Cold water exposure at shallow depths during this period thus requires further
investigations to better understand the reasons for such behavior.

According to our data, female SES dive during the molt but also ingest water and/or food, which
challenges the paradigm of fasting. Indeed, stomach temperature clearly shows that 80% of diving
females ingest water and/or prey. Such behavior has already been suggested® as metabolic rate
calculations based on water flux during the molting period indicate that water ingestion takes place, but
no food was found in the stomachs of females. In our study, the type of ingestion (water and/or prey)
remains unclear. Indeed, the results differ between the different methods of estimation, as supposed

feeding events represent approximately 25 to 53% of ingestion events (Table 2), which is greater than

previously described through behavioral and movement patterns™.
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It is difficult to distinguish between water or prey ingestion events in pinnipeds. While index | values
(index of the rate of stomach temperature recovery, see Method section) of less than 30 s-°C™* always
denoted water ingestion for albatrosses®, for pinnipeds, this distinction was more complicated®. In a
previous experimental study, index | values for prey ingestion ranged from 55.1 to 4380.0 5.°C’*, while
water ingestion ranged from 37.8 to 764.0 5.°C*. The previous study used a threshold of 250 s.°C"* to
distinguish fish from water consumption, as this value lowered the error rate of identification, but
uncertainty remained*. We used the same threshold in our study but as sea surface temperature was
different (around 14°C in the experimental study**, and 8°C in Kerguelen during the molting period®®), it
may distort variable calculations and so ingestion type. In our study, as 49% of ingestion events occurred
during surface swimming (i.e., depth between 0 to 5 m), and regarding prey repartition®®, half of
ingestion events may likely involve water.

Across taxa, catastrophic molts in birds and mammals have always been associated with fasting®. It
appears that SES may be the first species reported to break the fast during this energetically costly

period, but why?

In this study, we found that meteorological conditions influenced the behavior of molting female
SES. The weather effect on social thermoregulation and habitat preference has already been described

35,59

during the molt in this species . Meteorological conditions influence the behavior of molting

pinnipeds, such as haulout frequency and time spent on land, but it has only been investigated in species
of phocid seals that do not undergo a catastrophic molt and keep foraging at sea during this period*>*’.
Our data revealed that during days with low wind speed and days with high air temperature, female SES
tend to swim more often. The same parameters were reported to influence the number of molting
Weddell seals (Leptonychotes weddellii) hauling out on ice, but surprisingly, it was the opposite behavior,
as Weddell seals tend to remain in the water when wind speed is elevated and air temperature are low™.
Meteorological conditions strongly differ between Kerguelen and Antarctica, where Weddell seals are
found. If daily wind speed is nearly equal (8.8 + 2.7 m/s, ranging from 2.8 to 18.4 m/s in Kerguelen and
5.3 + 4.2 m/s, ranging from 0.7 to 19.8 m/s in Syowa station), air temperature does not go below 0°C
during the molting period in Kerguelen (8.4 + 2.4 °C, 4.4 to 15.3 °C versus -8.3 + 5.3 °C, with a maximum
of 1.7 °C in Syowa). Weddell seals and SES are not exposed to the same environmental conditions during
their molting period, but both could lead to thermal discomfort. The thermoneutral zone (TNZ) is a range
of temperature between a lower and upper threshold, between which the metabolic cost associated
with thermoregulation is the lowest®. Out of this range, animals are hypo- or hyperthermic, resulting in
higher metabolic costs (thermogenesis) or heat dissipation (thermolysis) to avoid deleterious effects of
overheating on the organism, such as water loss, cell-damage, and disruption of reproductive

61,62

function®™>°. Consequently, any supplementary energetic cost required for thermogenesis or thermolysis

10
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in both hypothermia or hyperthermia may increase energy depletion®*°. Moreover, as phocid seals

6384 compensating for metabolic

obtain their water requirements from the metabolism of fat reserves
water loss triggered by heat stress could be extremely costly. Going to sea could be a way to avoid
extreme weather events when seals are out with their TNZ, leading to thermal discomfort and to other
physiological effects. As SES remain in a warmer environment, they should avoid overheating and
minimize elevated metabolism and increased water loss on warmer days, while Weddell seals, exposed
to colder conditions, would go to sea to reduce metabolic costs of thermogenesis in bad weather
conditions.

We were not able to obtain solar radiation in W/m?, but instead used sunshine duration (minute per
day), which is a less precise estimate of the thermal power received at the surface of the skin. The effect
of sunshine duration was not significant in initiating at-sea movements in our females, but solar radiation
was already reported to be positively correlated with swimming behavior during the breeding period of

females NES® and other pinnipeds®®®’

. Heat dissipation is maximized by peripheral vasodilatation and by
an important thermal gradient through thermal windows (surface temperature-air temperature®). If
peripheral circulation is already increased during the molt, and solar radiation heats blood at the skin
surface, heat loss by radiation or convection may not be sufficient to cool down and prevent thermal
stress during warm days. Because of the high cooling capacity of water, going to sea would be the most
efficient method to dissipate heat®. This suggests that SES could be subject to thermal stress and go into
the water to avoid overheating, especially during the molt when vasodilatation at the skin surface
occurs.

Total sunshine duration was correlated with the number of ingestion events in our females. As ingestion
events were rare during a dive (12% of ingestion events), this would be more consistent with drinking
than foraging. Drinking at sea has already been reported in gray seals®” and would be in line with a
behavioral response to thermal stress to avoid supplementary metabolic costs and blubber depletion
needed to restore hydration if they remain on land.

Although the majority of our results confirm a behavioral response to thermal stress, few hyperthermia
events were detected (from 1 to 3 events for 61.5% of the animals) and were not related to an
immediate at-sea event (first at sea event within 24.5 + 21.0 hours after a detected hyperthermia). In
breeding NES, a strong effect of solar radiation on surface temperature was reported and was related to
at sea movement®. As heat is gained by radiation, an increase in surface temperature may be most
relevant to hyperthermia events. Considering the blubber thickness in phocid seals ®7*, behavioral
responses to high surface temperature (i.e. going to sea) may occur rapidly after an increase in surface
temperature, probably before stomach temperature increased through heat diffusion by conduction.
This may question the relevance of using stomach temperature for detecting overheating in response to

environmental factors in this species.

11
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Finally, our data did not show any link between at-sea movements and stage of molt, where we expected
more at sea movements when heat loss is reduced at the end of the molt™. This may indicate that heat
loss and the metabolic cost of cold-water immersion are not limiting factors for this behavior, in line with

possible thermal stress events and the need for heat dissipation rather than conservation.

Considering high energetic constraints triggered by cold water contact and previous studies
reporting that body condition could influence molting duration’?, we thought female SES with a high BMI
would be less constrained by energetic trade-off and spend more time at sea than females in lower body
condition. However, our data did not find any evidence that body condition influenced the behavior of
molting females, neither at-sea movements nor ingestion events. Molt stage also did not influence
female behavior despite less energetic constraints at the end of the molt”, which suggests an
environmental rather than a physiological driver of this behavior.

Moreover, going to sea during the molt might not be as costly as we believed. Daily specific body mass
loss of our females was a good indicator of energetic loss during the molt. A previous study reported that
the mass loss of female elephant seals averages 4.7 kg/d, during 25 to 30 days of molting. Surprisingly,
females that went to sea did not lose more body mass than females remaining on land but had higher
stomach temperatures, which could reflect a higher metabolic rate, hence higher energy loss at sea.
However, previous studies on molting Arctic seals (ringed Pusa hispida, spotted Phoca largha, and
bearded seals Erignathus barbatus) reported that metabolic rates were similar when resting in air and
water'™. An increase in stomach temperature might be detected at the onset of diving as a result of heat
generated by muscles during swimming”, which questions the reliability of STP to estimate metabolic
variation.

According to our results, females may benefit from trips to sea. Among the females that went to sea, the
more they dived and ingested, the less mass they lost. The diving profile of these females was very
similar to foraging diving profiles, suggesting they could ingest prey items during their trip. Although
depth and duration are very different from typical foraging dives, high shallow biomass sites related to
phytoplankton bloom have been located in the vicinity of the Kerguelen Plateau during spring and
summer, with a peak between December-February’®. Many studies have shown that juvenile SES
perform shallower dives during their first year at sea and that their diet is mainly composed of krill

)”>7"7. As molting females are constrained to stay close to the island until the end of the

(Euphausia sp.
molting process, they could be limited by the bathymetry and benefit from shallower prey such as krill,
which could restore body reserves if the molting period is too long or too costly to rely on body fat. As
these are very small prey items, that could also explain the difficulty of distinguishing between water and
prey items from ingestion curves. However, no precise information on what was ingested could be

determined with this method, and thus this question requires further investigation. Other methods such
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as sonar tag or video camera could collect further important information which would determine

precisely what is ingested during these trips to sea during the molt

Energetic constraints and metabolic costs associated with molting behavior, as well as the possible
fitness consequences, still remain unclear.
Whether seals remain on land to limit heat loss and metabolic costs from unavoidable perfusion during
the molt or whether this behavior allows a faster molt remains uncertain. Avoiding cold water would
limit energy expenditure and blubber depletion, while a faster molt would limit fasting duration and
extend the next foraging period’?, resulting in higher at-sea body condition, survival, and reproductive
success>’*%. Previous studies on ringed and spotted seals did not report supplementary energy
expenditure at sea’®, and our data did not show any difference in body mass loss between at-sea and on-
land females. This highlights that the physiological cost of molting, i.e., for tissue regeneration, may be
greater than the cost of heat loss in cold water. Spending an extended time at sea would be costly by
slowing down the molt. Unfortunately, because the molting stage is difficult to determine and to assess
without regular visual checks, we were not able to investigate to what extent the amount of time spent
at sea influenced the duration of the molting period. This would be of strong interest as this equilibrium
of haul out frequency and molt duration may be compromised by current global changes and rapid
warming at the poles®. Thermal stress could affect the behavior of seals, increasing molt duration and
causing a greater depletion of blubber reserves. In this context, knowing how molt duration impacted
ingestion behavior in females is of interest. Seals with a slower molt may need to restore their body
reserves to make sure they end the molting process with sufficient body condition to ensure good
foraging success and survival during their next post-molt foraging trip. Thus, the link between energetic

constraints, molting phenology, and behavior of SES on land needs further investigation.

This study found that female SES travel at sea during the molt, performing shallow and short
dives or surface swimming, and these behaviors were associated with ingestion events. This shows that,
SES frequently break the fast and may not always remain on land relying exclusively on blubber reserves.
While environmental factors responsible for heat stress were determinants of swimming behavior and
likely water ingestion, physiological and fitness consequences of diving and ingestion events need to be
further investigated. This will allow a better understanding of the energetic constraints that drive this
critical period and the extent to which thermal stress may impact SES. Considering rapid changes in polar
climates and possible fitness consequences, the effect of warmer conditions is of particular interest for

the conservation of polar phocids.

Methods

13



387
388

389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422

Data collection and analysis

All scientific procedures were approved by the Ethics Committee of the French Polar Institute.
Data were collected during the austral summer molt (December-February) between 2014 and 2022. The
field work took place at three colonies within the Kerguelen Archipelago: Pointe Suzanne (49°26'S,
70°26’E) between 2014 and 2019, Estacade (49°16’S, 70°32’E) in 2020 and 2022, and Port-Aux-Frangais
(49°34’S, 70°21’E) in 2021.

Female elephant seals were captured during the molt and anesthetized using tiletamine and

59'82). Individuals were equipped with devices provided by Wildlife Computers

zolazepam (Zoletil® 100
(USA): TDRs (TDR10-LX-340, 57 x 38 x 30 mm, 75 g in air), Argos satellite transmitters (SPLASH10-L-309D,
76 x 55 x 32 mm, 125 g in air) and Stomach Temperature Pills (TDR-STP-207D, 63 x 21 mm, 31 g in air).
Argos location was obtained each day from resulting transmissions. Locations are classified as 3, 2, 1, 0
according to the error radius (<250m, 250-500m, 500-1500m, >1500m). We show an example of good at-
sea locations in Supplementary Figure S1. Stomach temperature pills (STP) were placed in the stomach
under anesthesia using a lubricated flexible tube, and SPLASH10/TDR10 tags were glued on the head
with epoxy bi-component glue (Araldite®). Data-logging tags were set to measure depth (resolution of
0.5 m with an accuracy of 1% of reading), light-level (range from 5 x 10> W/cm? to 5 x 10> W/cm? with a
resolution of 20 units/decade), stomach temperature (resolution: *0.1°C; accuracy: +0.3°C), and
wet/dry sensor every 10 s. Tags were retrieved at recapture, while remaining STP were naturally ejected
later at sea or on land. Individuals were recaptured between the completion of the molt and their final
departure to sea.

Of the 55 instrumented seals, we obtained stomach temperature data over 2 days from 39 of the
seals. Data were analyzed starting from 6 hours following capture (to discard the effects of anesthesia)
until the STP was ejected or the seal was recaptured. For each individual, the molting stage was visually
estimated at both capture and recapture and during daily monitoring (0-40%: initial stage; 50-80%: mid
stage; >90%: final stage, as described in previous study®). Eighteen of the instrumented seals were
weighed at capture and recapture, allowing us to calculate the daily mass loss (kg/day). Length (m) was
calculated from the mean length measured at capture and recapture. From this, we calculated a body
mass index (BMI, kg/m?).

Local meteorological data was retrieved from Météo-France base station archives in Port-aux-
Francais (Kerguelen archipelago). These data included temperature under cover (°C), relative humidity
(%), sunshine duration (min), and wind speed (m/s). Data were recorded per hour and summed per day
for sunshine duration.

Data were processed and analyzed using “pandas”, a Python data analysis package (versions:

Python 3.10; pandas 1.5.0), and R software (R version 4.1.2).
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Diving pattern analysis

Because Argos locations were poor, diving patterns were analyzed only from depth, light level,
and wet/dry sensor data. When necessary, a depth-zero correction was made on land at the time of
capture. Diving behavior was determined using a Python algorithm especially developed for this study
(Hex-Data, France). To make sure light level variations involved depth and not daily changes, day-night
light-level variations were removed using a seasonal decomposition function based on moving averages
(function "seasonal decompose" from Python package "statsmodels"; version 0.13.2). We combined a
depth threshold of 0.5 m and a “wet” display to spot the start of a dive. To distinguish mud pools
(wallows) from sea-water baths, we made sure the light level varied by more than 5 units (values ranging
from 0 to 255) during the presumed dive.

At-sea behavior was characterized by 1) a submerged phase, 2) a maximum depth, and 3) a
surface phase. We distinguished surface swimming and diving behavior according to maximum depth.
Surface swimming was defined to occur between 1 and 5 m, with a maximum surface time of 20 minutes
between two submerged phases (based on our own data exploration, Figure 3A). Dives were described
by a descent, a bottom, and an ascent phase with a maximum depth greater than 5 m and showed
different profiles (Figures 3B, 3C, 3D). A dive cycle was characterized by at least two successive dives
separated by less than 20 minutes at the surface, as surface duration intervals showed a break around

17 minutes. Events were described by their mean duration, mean and maximum depth, and frequency.
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Figure 3: Diving parameters during different at-sea behaviors; diving or surface swimming.

Surface swimming occurs between 1 and 5 m, while a dive is characterized by a maximum depth of more

than 5 m. A dive or a surface swimming cycle is characterized by at least two successive dives or surface

swimming separated by less than 20 min at the surface. Fig 3A. represents a surface swimming cycle and

different profiles of dive cycles (B, C, D) of a female southern elephant seal in 2017. Each dive is defined

by the succession of a submerged phase (blue area) and a surface phase (green area) (B).
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Stomach temperature analysis

Ingestion events were identified by a sharp decline in stomach temperature followed by a logarithmic
increase (Figure 4A, 4B, 4C, 4D). The ingestion detection algorithm identified:
1. The minimum temperature below 36.5°C (under the lowest core temperature described for

36,44

elephant seals ), referredto as T,

2. The previous stable temperature before the drop (T4, backward from T,)

48 (T,, forward

3. The point at which temperature returned to baseline for at least 10 minutes
from T,)
T,, T, and Tz are illustrated in Figure 4A. Events that were close together were merged into a single event.
Each ingestion event was assigned to a female behavior: on land, diving, surface swimming, or unknown.
Following the algorithm analysis, a visual check of ingestion curves led to the removal of 12 anomalous
events (non-logarithmic curves or abrupt variations consistent with STP measurement errors). The STP
was considered lost when the stomach temperature reading remained constant for at least 3 hours.
Outliers were deleted using a filter based on the rolling average and bounded by the 1** and 3" quartiles.
To examine STP temperature drift over time, we downsampled the data to one measurement
every 15 minutes (factor of 100) and examined the trend in temperature over time using Kendall’s tau
correlation coefficient. The temperature increased for 16 individuals, decreased for 12 individuals, and
did not change for the remaining 11 individuals. The mean absolute value of the correlation coefficient
was t=0.11+£0.09, with the mean absolute value of the slope estimator s= 5.1.107 £6.2.107,
corresponding to a variation of + 0.1°C every 10 days (for 72% of the 39 individuals; n = 31). Therefore,
based on the temperature pill accuracy (+ 0.3°C) and mean survey duration (over a week), we considered
that the signal drift was trivial and chose not to apply a correction.
STP were synchronized with diving patterns, that were filtered with a seasonal decomposition of

light-level function to cancel the effect of the day/night cycle. As this function required 48 hours to work,

six animals with less than 2 days of recording were discarded (R documentation). Eight seals ejected the
pill before recapture. In total, 80% of monitored seals were recaptured with the temperature pill still
recording (n = 31), with an average retention duration of 7.2 + 2.9 days.

To distinguish between water and prey ingestions, we followed two published methods**
using the index of the rate of stomach temperature recovery (I, s.°C?), calculated as follow:

I=tos/(T1—T,)

where T, (°C) is the initial stomach temperature before the drop due to the ingestion of sea water, T, (°C)
is the minimum temperature reached during the drinking or feeding event, and t, 5 (seconds) is the time
from the beginning of the temperature decrease to the point of half recovery (half-way temperature

between initial T; and minimum T,; Figure 4A). The threshold of 250 s.°C* was used to distinguish

between fish and water consumption, as previously reported*.
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We also calculated the area above the curve (integral) of drop in stomach temperature during ingestion

events, as it may be related to ingested mass in NES, based on the trapezoid method**”

(for more
details, see Supplementary Figure S2).
Ingestion events were compiled with dry/wet and light sensor to identify whether they occurred at sea
or on land (mud pools).

We investigated on-land stomach temperatures to detect hyperthermia events that could have

initiated at sea movements. We calculated the mean stomach temperature on land (36.6 + 0.2°C) and

considered hyperthermia if values were higher than the 97.5% quantile for more than one hour.

Figure 4: Stomach temperature variations (°C) during ingestion events recorded for two female
Southern elephant seals in 2014 and 2019.

A: standard temperature variation. B, C: double ingestions. D: extreme temperature variations

T, is the initial temperature, T, the minimum temperature, T; the recovery temperature, AT the
difference of temperature between T, and T,, Ty the half-way recovery temperature between T, and T,
(Tos =T, + AT/2) and tg5 the time of half-way recovery (black arrow: tys =t - tr1). The area above the

curve (integral) was calculated from the asymptote.
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Statistics and Reproducibility

Statistical analyses were performed with R software (R version 4.3.1). Results are expressed as
mean + standard deviation (minimum to maximum), unless otherwise specified.
As at-sea behavior and diving parameters were variable among individuals, we defined a swimming score
to determine the amount of time spent in water, including surface swimming and diving. To do so, we
used a centered-scale Principal Component Analysis (PCA) to account for diving parameters (number of
dives per individual, number of surface swims per individual, and mean dive or surface swimming
duration). The first component (PC1) accounted for 59.0% of the variation, and the second component
(PC2) accounted for 23.8% of the variation. PC1 was characterized by the number of dives, the number
of surface swims, and the mean dive duration. PC2 was defined by the surface swimming duration. We
decided to define three groups according to the behavior of each female (diving, surface swimming, on
land, Figure 5) in the models when group size was sufficient. As an animal’s behavior was well separated
by the PCA, PC1 values were kept as a proxy of swimming score for the group Diving, and PC2 for the

group Surface swimming.

Figure 5: Principal Component Analysis (PCA) including number of dives per individual, number of
surface swims per individual, and mean dive or surface swimming duration.

The first component (PC1) accounted for 59.0% of the variation and the second component (PC2)
accounted for 23.8% of the variation. PC1 was characterized by number of dives, number of surface
swims, and mean dive duration. PC2 was defined by surface swimming duration. Individuals are reported
on the PCA and identified through their behavior (red circles, diving; orange star, on land; blue triangle,

surface swimming only). Orange star represents eight individuals on the same point.
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To investigate the reason for variability in SES swimming score, we used linear mixed models (LMM) with
molting stage when equipped, BMI, monitoring duration as explanatory variables, PC1 (group diving) or
PC2 (group surface swimming) as response variables. To determine if physiological parameters
influenced ingestion behavior, we ran a generalized linear mixed model with molting stage when
instrumented, BMI, monitoring duration as explanatory variables, ingestion counts per individual as
response variable. To correct for overdispersion, we used a negative binomial distribution®. Each time,
animal ID was used as random. For each model, an ANOVA type |l was performed (Anova function in R
library ‘car’).

Then, to determine if weather influenced when seals spent time in the water we ran a generalized linear
model with temperature, relative humidity, sunshine duration and wind speed as explanatory variables,
and the daily probability of female SES diving, surface swimming, and ingesting as response variables.
Models were fitted with a binomial distribution (logistic regressions for probabilities), checked for
overdispersion, and adjusted with a quasibinomial distribution if necessary.

Last, to determine if changes in SES behavior and molt phenology influenced their condition before their
next travel, we used LMM with the swimming score, ingestion counts, body mass/length and molting
stage at capture, and monitoring duration as explanatory variables, body mass loss (kg) as response

variable, and animal ID as random.

Acknowledgements

The overall study was funded by the Institut Polaire Francais Paul-Emile Victor (IPEV Programs
1037 HEnergES and 1201 Cycleleph) and doctoral fellowships of French Ministry of Higher Education and
Research. We thank the Terres Australes et Antarctiques Francaises for logistic support, and the
fieldwork volunteers who helped in tags deployments and retrievals (in alphabetic order; Hassen Allegue,
Jérome Badaut, Batshéva Bonnet, Antoine Bertault, Laureline Chaise, Laura Charlanne, Océane Cossu-
Doye, Lucas Delalande, Liane Dupon, Susan Gallon, Manon Ghislain, Christophe Guinet, Adélie
Krellenstein, Alex Lathuilliere, Marion Nebot, William Paterson, Julie Pauwels, Baptiste Picard, Erwan
Piot, Manon Potin, Camille Toscani, Martin Tournier, Yakov Uzan, Coline Vulliet, Pauline Vuarin). D.M

was funded by the Carnegie Trust for the Universities of Scotland.

Author contributions

C.G. and A.A. and D.M conceived and designed the overall study. L. Chaise, L. Charlanne and E. P.

contributed to field work. L. Chaise and D.S. conceived the algorithm and performed the analyzes. L.

20



580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598

599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622

Charlanne performed the statistical analyzes and wrote the manuscript. All authors reviewed and agreed

on the final content of the manuscript.

Competing interests

The authors declare no competing interests.

Data availability

All diving data are available in the figshare public data at: 10.6084/m9.figshare.24773235

Code availability

The Python code is available on request from the authors.

The R code can be downloaded from Zenodo®.

References

1. Schmidt-Nielsen, K. How Animals Work. (Cambridge University Press, 1972).

2. Bourliére, F. Schmidt-Nielsen, K. Animal Physiology-Adaptation and Environment.
London, Cambridge University Press, 1975. Revue d Ecologie (La Terre et La Vie) 29, 490-491
(1975).

3. Ling, J. K. Pelage and Molting in Wild Mammals with Special Reference to Aquatic
Forms. The Quarterly Review of Biology 45, 16-54 (1970).

4. Beltran, R. S., Burns, J. M. & Breed, G. A. Convergence of biannual moulting strategies
across birds and mammals. Proceedings of the Royal Society B: Biological Sciences 285,
20180318 (2018).

5. Zimova, M. et al. Function and underlying mechanisms of seasonal colour moulting in
mammals and birds: what keeps them changing in a warming world? Biological Reviews 93,
1478-1498 (2018).

6. Kjellén, N. Moult in relation to migration in birds—a review. Ornis Svecica 4, 1-24
(1994).
7. Hellebuyck, T., Pasmans, F., Haesebrouck, F. & Martel, A. Dermatological diseases in

lizards. Vet J 193, 38-45 (2012).

8. Wheler, C. Skin Diseases of Exotic Pets. Can Vet J 48, 432 (2007).

9. Newton, I. Moult and plumage. Ringing & Migration 24, (2009).

10.  Ruppert, E. E., Fox, R. S. & Barnes, R. D. Invertebrate zoology: a functional evolutionary

approach. (Thomson-Brooks/Cole, 2004).

11. Valdez, D. J. & Benitez-Vieyra, S. M. Annual molt period and seasonal color variation in

the Eared Dove’s crown. PLOS ONE 18, e0280819 (2023).

12.  Maurel, D., Coutant, C., Boissin-Agasse, L. & Boissin, J. Seasonal moulting patterns in

three fur bearing mammals: the European badger (Meles meles L.), the red fox (Vulpes vulpes L.),
21



623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672

and the mink (Mustela vison). A morphological and histological study. Canadian Journal of
Zoology 64, 1757-1764 (1986).

13.  Zuberogoitia, I., Zabala-Albizua, J. & Martinez, J. Moult in Birds of Prey: A Review of
Current Knowledge and Future Challenges for Research. Ardeola: revista ibérica de ornitologia
65, (2018).

14.  Ashwell-Erickson, S., Fay, F. H., Elsner, R. & Wartzok, D. Metabolic and hormonal
correlates of molting and regeneration of pelage in Alaskan harbor and spotted seals (Phoca
vitulina and Phoca largha). Canadian Journal of Zoology 64, 10861094 (1986).

15.  Walcott, S. M., Kirkham, A. L. & Burns, J. M. Thermoregulatory costs in molting
Antarctic Weddell seals: impacts of physiological and environmental conditions. Conservation
Physiology 8, coaa022 (2020).

16.  Thometz, N. M. et al. Maintaining control: metabolism of molting Arctic seals in water
and when hauled out. Journal of Experimental Biology 226, jeb244862 (2023).

17. Boeuf, B. J. L., Blackwell, S. B., Morris, P. A. & Thorson, P. H. Sex differences in diving
and foraging behaviour of northern elephant seals. Marine Mammals: Advances in Behavioural
and Population Biology (1993) doi:10.1093/0s0/9780198540694.003.0009.

18.  Kooyman, G., Hunke, E., Ackley, S., Van Dam, R. & Robertson, G. Moult of the emperor
penguin: travel, location, and habitat selection. Marine Ecology Progress Series 204, 269-277
(2000).

19.  Feltz, E. T. & Fay, F. H. Thermal requirements in vitro of epidermal cells from seals.
Cryobiology 3, 261-264 (1966).

20.  Kuhn, C. E., Crocker, D. E., Tremblay, Y. & Costa, D. P. Time to eat: measurements of
feeding behaviour in a large marine predator, the northern elephant seal Mirounga angustirostris.
Journal of Animal Ecology 78, 513-523 (2009).

21.  Scholander, P. F., Walters, V., Hock, R. & Irving, L. Body insulation of some arctic and
tropical mammals and birds. Biology Bulletin 99, 225-236 (1950).

22.  Worthy, G. a. J., Morris, P. A., Costa, D. P. & Boeuf, B. J. L. Moult energetics of the
northern elephant seal (Mirounga angustirostris). Journal of Zoology 227, 257-265 (1992).

23.  Nadel, E. R. Energy exchanges in water. Undersea Biomedical Research 11, 149-158
(1984).

24.  Paterson, W. D. et al. Increased Metabolic Rate of Hauled-Out Harbor Seals ( Phoca
vitulina ) during the Molt. Physiological and Biochemical Zoology 94, 152-161 (2021).

25.  Perrin, W. F., Wrsig, B. & Thewissen, J. G. M. Encyclopedia of Marine Mammals.
(Academic Press, 2009).

26.  An Introduction to Marine Mammal Biology and Conservation by E. C. M. Parsons -
Read - 2013 - Marine Mammal Science. https://onlinelibrary.wiley.com/doi/abs/10.1111/].1748-
7692.2012.00612.x.

27.  Atkinson, S., Becker, B. L., Johanos, T. C., Pietraszek, J. R. & Kuhn, B. C. S.
Reproductive morphology and status of female Hawaiian monk seals (Monachus schauinslandi)
fatally injured by adult male seals. Reproduction 100, 225-230 (1994).

28. Badosa, E., Pastor, T., Gazo, M. & Aguilar, A. Moult in the Mediterranean monk seal
from Cap Blanc, western Sahara. African Zoology 41, 183-192 (2006).

29.  Slip, D.J., Gales, N. J. & Burton, H. R. Body-Mass Loss, Utilization of Blubber and Fat,
and Energetic Requirements of Male Southern Elephant Seals, Mirounga leonina, During the
Molting Fast. Australian Journal of Zoology 40, 235-243 (1992).

30.  Beck, C. A, Bowen, W. D. & Iverson, S. J. Sex differences in the seasonal patterns of
energy storage and expenditure in a phocid seal. Journal of Animal Ecology 72, 280-291 (2003).
31. Boyd, I., Arnbom, T. & Fedak, M. Water Flux, Body Composition, and Metabolic Rate
during Molt in Female Southern Elephant Seals (Mirounga leonina). Physiological Zoology 66,
43-60 (1993).

22



673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721

32.  Carlini, A. R., Marquez, M. E. I., Daneri, G. A. & Poljak, S. Mass changes during their
annual cycle in females of southern elephant seals at King George Island. Polar Biology 21, 234—
239 (1999).

33.  Liwanag, H. E. M., Berta, A., Costa, D. P., Abney, M. & Williams, T. M. Morphological
and thermal properties of mammalian insulation: the evolution of fur for aquatic living.
Biological Journal of the Linnean Society 106, 926-939 (2012).

34.  Testut, L., Woppelmann, G., Simon, B. & Téchiné, P. The sea level at Port-aux-Francais,
Kerguelen Island, from 1949 to the present. Ocean Dynamics 56, 464472 (2006).

35.  Chaise, L. L. et al. Local weather and body condition influence habitat use and
movements on land of molting female southern elephant seals (Mirounga leonina). Ecology and
Evolution 8, 6081-6090 (2018).

36.  Chaise, L. L. et al. Environmental and physiological determinants of huddling behavior of
molting female southern elephant seals (Mirounga leonina). Physiology & Behavior 199, 182—
190 (2019).

37.  Guinet, C., Roux, J. P., Bonnet, M. & Mison, V. Effect of body size, body mass, and body
condition on reproduction of female South African fur seals (Arctocephalus pusillus) in Namibia.
Canadian Journal of Zoology 76, 1418-1424 (1998).

38.  Crocker, D., Williams, J., Costa, D. & Le Boeuf, B. Maternal Traits and Reproductive
Effort in Northern Elephant Seals. Ecology (Washington D C) 82, 3541-3555 (2001).

39.  Sato, K., Tsuchiya, Y., Kudoh, S. & Naito, Y. Meteorological factors affecting the
number of Weddell seals hauling-out on the ice during the molting season at Syowa Station, East
Antarctica. Polar Bioscience 16, (2003).

40.  Wilson, R., Cooper, J. & Plotz, Joachim, J. Can we determine when marine endotherms
feed? A case study of seabirds. Journal of Experimental Biology 167, (1992).

41.  Charrassin, J.-B. et al. Feeding Behaviour of Free-Ranging Penguins Determined by
Oesophageal Temperature. Proceedings: Biological Sciences 268, 151-157 (2001).

42.  Putz, K. et al. Foraging Strategy of King Penguins (aptenodytes Patagonicus) During
Summer at the Crozet Islands. Ecology 79, 1905-1921 (1998).

43.  Catry, P., Phillips, R. A., Phalan, B., Silk, J. R. D. & Croxall, J. P. Foraging strategies of
grey-headed albatrosses Thalassarche chrysostoma: integration of movements, activity and
feeding events. Marine Ecology Progress Series 280, 261-273 (2004).

44.  Kuhn, C. E. & Costa, D. P. Identifying and quantifying prey consumption using stomach
temperature change in pinnipeds. Journal of Experimental Biology 209, 45244532 (2006).

45.  Carlini, A. R. et al. Lactation costs in southern elephant seals at King George Island,
South Shetland Islands. Polar Biology 27, 266-276 (2004).

46.  Enstipp, M. R., Grémillet, D. & Jones, D. R. The effects of depth, temperature and food
ingestion on the foraging energetics of a diving endotherm, the double-crested cormorant
(Phalacrocorax auritus). Journal of Experimental Biology 209, 845-859 (2006).

47.  Adams, N. J. & Brown, C. R. Energetics of Molt in Penguins. in 297-315 (Elsevier,
1990). doi:10.1016/B978-0-08-057106-5.50022- X.

48.  Guillemette, M., Pelletier, D., Grandbois, J.-M. & Butler, P. J. Flightlessness and the
energetic cost of wing molt in a large sea duck. Ecology 88, 29362945 (2007).

49.  Ankney, C. D. Does the Wing Molt Cause Nutritional Stress in Lesser Snow Geese? The
Auk 96, 68-72 (1979).

50.  Stout, B. E. & Cooke, F. Timing and Location of Wing Molt in Horned, Red-necked and
Western Grebes in North America. Waterbirds 26, 88-93 (2003).

51. Hindell, M., Slip, D. & Burton, H. The Diving Behavior of Adult Male and Female
Southern Elephant Seals, Mirounga leonina (Pinnipedia, Phocidae). Australian Journal of
Zoology 39, 595-619 (1991).

23



722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772

52. McConnell, B., Fedak, Mike., Burton, H. R., Engelhard, G. H. & Reijnders, P. J. H.
Movements and foraging areas of naive, recently weaned southern elephant seal pups. J Anim
Ecology 71, 65-78 (2002).

53.  Campagna, C., Fedak, M. & Mcconnell, B. Post-Breeding Distribution and Diving
Behavior of Adult Male Southern Elephant Seals from Patagonia. Journal of Mammalogy 80,
1341-1352 (1999).

54, Mclntyre, T., de Bruyn, P. J. N., Ansorge, I.J., Bester, M. N., Bornemann H., Pl6tz, J.,
Tosh, C. A. A lifetime at depth: vertical distribution of southern elephant seals in the water
column. Polar Biology 33, 1037-1048 (2010).

55.  Le Boeuf, B. J. & Laws, R. M. One. Elephant seals: an introduction to the genus. in
Elephant Seals (eds. Le Boeuf, B. J. & Laws, R. M.) 1-26 (University of California Press, 1994).
d0i:10.1525/9780520328150-003.

56.  Carlini, A. R. et al. Food consumption estimates of southern elephant seal females during
their post-breeding aquatic phase at King George Island. Polar Biology 28, 769775 (2005).

57.  Baird, R. W., Hanson, M. B. & Dill, L. M. Factors influencing the diving behaviour of
fish-eating killer whales: sex differences and diel and interannual variation in diving rates.
Canadian Journal of Zoology 83, 257-267 (2005).

58. Horsburgh, J. M., Morrice, M., Lea, M. & Hindell, M. A. Determining feeding events and
prey encounter rates in a southern elephant seal: a method using swim speed and stomach
temperature. Marine Mammal Science 24, 207-217 (2008).

59.  Chaise, L. L. et al. Implantation of subcutaneous heart rate data loggers in southern
elephant seals (Mirounga leonina). Polar Biology 40, 2307-2312 (2017).

60.  Kingma, B., Frijns, A. & van Marken Lichtenbelt, W. The thermoneutral zone:
implications for metabolic studies. Frontiers in Biosciences (Elite Ed) 4, 1975-1985 (2012).

61. Hansen, P. J. Effects of heat stress on mammalian reproduction. Philosophical
Transactions of the Royal Society B: Biological Sciences 364, 3341-3350 (2009).

62.  Alsharif, I. Comprehensive exploration of the molecular response, clinical signs, and
histological aspects of heat stress in animals. Journal of Thermal Biology 110, 103346 (2022).
63. Ortiz, C. L., Costa, D. & Le Boeuf, B. J. Water and Energy Flux in Elephant Seal Pups
Fasting under Natural Conditions. Physiological Zoology 51, No 2.
https://www.journals.uchicago.edu/doi/abs/10.1086/physzo0l.51.2.30157864.

64. Costa, D. P, Boeuf, B. J. L., Huntley, A. C. & Ortiz, C. L. The energetics of lactation in
the Northern elephant seal, Mirounga angustirostris. Journal of Zoology 209, 21-33 (1986).

65. Codde, S. A, Allen, S. G., Houser, D. S. & Crocker, D. E. Effects of environmental
variables on surface temperature of breeding adult female northern elephant seals, Mirounga
angustirostris, and pups. Journal of Thermal Biology 61, 98-105 (2016).

66.  Campagna, C. & le Boeuf, B. J. Thermoregulatory behaviour of southern sea lions and its
effect on mating strategies. Behaviour 107, 72-90 (1988).

67.  Twiss, S. et al. Behavioral evidence of thermal stress from overheating in UK breeding
gray seals. Marine Mammal Science 18, 455-468 (2002).

68. Mauck, B., Bilgmann, K., Jones, D. D., Eysel, U. & Dehnhardt, G. Thermal windows on
the trunk of hauled-out seals: hot spots for thermoregulatory evaporation? Journal of
Experimental Biology 206, 1727-1738 (2003).

69. Ryg, M., Lydersen, C., Markussen, N. H., Smith, T. G. & @ritsland, N. A. Estimating the
Blubber Content of Phocid Seals. Canadian Journal of Fisheries and Aquatic Sciences 47, 1223—
1227 (1990).

70.  Slip, D., Burton, H. & Gales, N. Determining Blubber Mass in the Southern Elephant
Seal, Mirounga leonina, by Ultrasonic and Isotopic Techniques. Australian Journal of Zoology
40, 143 (1992).

71. Mellish, J., Nienaber, J., Polasek, L. & Horning, M. Beneath the surface: Profiling
blubber depth in pinnipeds with infrared imaging. Journal of Thermal Biology 38, 10-13 (2013).

24



773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809

810
811
812
813
814
815
816

817
818
819
820

72.  de Kock, L., Oosthuizen, W. C., Beltran, R. S., Bester, M. N. & de Bruyn, P. J. N.
Determinants of moult haulout phenology and duration in southern elephant seals. Scientific
Reports 11, 13331 (2021).

73.  Wilson, R. P. et al. Reliability of Stomach Temperature Changes in Determining Feeding
Characteristics of Seabirds. Journal of Experimental Biology 198, 1115-1135 (1995).

74.  Rembauville, M. et al. Plankton Assemblage Estimated with BGC-Argo Floats in the
Southern Ocean: Implications for Seasonal Successions and Particle Export. Journal of
Geophysical Research (Oceans) 122, 8278-8292 (2017).

75.  Lubcker, N. et al. Low trophic level diet of juvenile southern elephant seals Mirounga
leonina from Marion Island : a stable isotope investigation using vibrissal regrowths. Marine
Ecology Progress Series 577, 237-250 (2017) doi:10.3354/meps12240.

76.  Orgeret, F., Cox, S. L., Weimerskirch, H. & Guinet, C. Body condition influences
ontogeny of foraging behavior in juvenile southern elephant seals. Ecology and Evolution 9, 223—
236 (2019).

77.  Walters, A. et al. Spatially Explicit Estimates of Prey Consumption Reveal a New Krill
Predator in the Southern Ocean. PLOS ONE 9, e86452 (2014).

78.  Lawson, G. L. et al. Development of an animal-borne “sonar tag” for quantifying prey
availability: test deployments on northern elephant seals. Animal Biotelemetry 3, 22 (2015).

79.  Goulet, P., Guinet, C., Swift, R., Madsen, P. T. & Johnson, M. A miniature biomimetic
sonar and movement tag to study the biotic environment and predator-prey interactions in aquatic
animals. Deep Sea Research Part I: Oceanographic Research Papers 148, 1-11 (2019).

80.  Adachi, T. et al. Forced into an ecological corner: Round-the-clock deep foraging on
small prey by elephant seals. Science Advances 7, eabg3628 (2021).

81.  Gille, S. T. Warming of the Southern Ocean Since the 1950s. Science 295, 1275-1277
(2002).

82.  McMahon, C. R., Burton, H., McLean, S., Slip, D. & Bester, M. Field immobilisation of
southern elephant seals with intravenous tiletamine and zolazepam. Veterinary Record 146, 251
254 (2000).

83.  Sauvé, C.C., Walle, J. V. de, Hammill, M. O., Arnould, J. P. Y. & Beauplet, G. Stomach
Temperature Records Reveal Nursing Behaviour and Transition to Solid Food Consumption in an
Unweaned Mammal, the Harbour Seal Pup (Phoca vitulina). PLOS ONE 9, €90329 (2014).

84.  Payne, E. H., Gebregziabher, M., Hardin, J. W., Ramakrishnan, V. & Egede, L. E. An
empirical approach to determine a threshold for assessing overdispersion in Poisson and negative
binomial models for count data. Communications in Statistics - Simulation and Computation 47,
1722-1738 (2018).

8b. Charlanne, L. M. Rcode_Breaking_the fast. doi:10.5281/zenodo.10400487.

25



821
822
823

824

825
826
827

828
829

830
831

832

833

834
835

836
837

838

839
840
841
842
843
844
845
846
847
848
849
850
851
852

Supplementary information

Breaking the fast: First report of dives and ingestions events in moulting southern elephant seals.
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Supplementary Figure S1. At-sea movement recorded in one monitored female southern elephant seal
at mid-stage of moult in 2016, from the site of Pointe Suzanne (49°26’S, 70°26’E), with a corresponding
maximum dive depth of 18.5 m. Red arrows represent the direction of travel between the grey dots

(Argos locations).

10 km

Supplementary Figure S2. Method used to calculate the area above the curve of drop in stomach
temperature during ingestion events.
We used the equation:

AreQeyen: = [QreQyapesial = (1Ts=T1| * (tz—1t1)) /2
Where areayapeois Was calculated using the integral function “trapezoid()” from Python package “scipy”
(version: 1.9.1), and T4, T3 (°C) and ty, t5 (s) are respectively the stomach temperature and time at points
T, and T; (start and end of the ingestion event).
Recovery temperature T; can be greater than initial temperature T, (A) or lower (B) (based on Kuhn and
Costa, 2006): the grey area below corresponds to areaiapesoiq Calculated with the trapezoid method, and

hatched area corresponds to half of the additional rectangular area calculated (/T;—T;/ * (t;—t;) / 2).
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Supplementary Table S1: Summary of ingestion event variables from 31 female Southern elephant seals

monitored between 2014 and 2022 (n = 87 events).

Mean (SD) Min - Max
Minimum temperature T, (°C) 33.8(2.0) 27.1-36.5
Delta of temperature T;- T, (°C) 3.4(2.0) 0.5-10.7
Time to minimum temperature T;- T, (min) 11.3(30.4) 0.2-182.2
Time to temperature recovery T,-T3 (min) 36.9 (17.6) 9.2--98.2
Area above the curve (s.°C) 2361 (1536) 151-6976
Index of rate of temperature recovery | (s.°C | 474 (840) 13-5213

)

28



