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Highlights

e During the on-land post-weaning period, the time spent resting decreases and an increasing
proportion of physical activity shifts from land to shore.

e The leanest weanlings are active earlier and to a greater degree than their corpulent
congeners.

e During the post-weaning period, a clear circadian activity with two peaks at dawn and dusk is
observed.

e Pups on Kerguelen rarely dive and never deeper than a few meters prior to their first at-sea
foraging trip.

Abstract

Weaned southern elephant seals (SES) quickly transition from terrestrial to aquatic life after a 5- to 6-
week post-weaning period. At sea, juveniles and adult elephant seals present extreme, continuous
diving behaviour. Previous studies have highlighted the importance of the post-weaning period for
weanlings to prepare for the physiological challenges of their future sea life. However, very little is
known about how their body condition during this period may influence the development of their
behaviour and brain activities. To characterise changes in the behavioural and brain activity of
weanlings prior to ocean departure, we implemented a multi-logger approach combining
measurements of movements (related to behaviour), pressure (related to diving), and brain electrical
activity. As pups age, the amount of time allocated to resting decreases in favour of physical activity.
Most resting (9.6 + 1.2 h/day) takes place during daytime, with periods of slow-wave sleep
representing 4.9 + 0.9 h/day during the first 2 weeks. Furthermore, an increasing proportion of
physical activity transitions from land to shore. Additionally, pups in poorer condition (lean group) are
more active earlier than those in better condition (corpulent group). Finally, at weaning, clear
circadian activity with two peaks at dawn and dusk is observed, and this pattern remains unchanged
during the 4 weeks on land. This circadian pattern matches the one observed in adults at sea, with
more prey catches at dawn and dusk, raising the question of whether it is endogenous or triggered by
the mother during lactation.

Keywords (3-6)
Mirounga leonina, post-weaning fast, body condition, circadian rhythms, activity budget,
electroencephalogram
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Introduction

The transition from maternal provisioning to independent feeding is a critical period for young
mammals. During the suckling period, pups rely entirely on maternal milk [1], [2] whereas after
weaning, to be able to survive, they must develop the physical and physiological capacities and
behavioural skills necessary to independently forage and acquire sufficient resources to cover their
overall metabolism [2], [3], [4], [5], [6], [7], [8]. Marine mammals forage at great depths and, as is
required for air breathers, surface between dives for oxygen replenishment [9], [10], [11], [12], [13],
[14]. Their foraging aptitude depends on dive durations and depths constrained by their oxygen
reserves and diving abilities [11], [15], [16], [17], [18], [19], [20], [21].

Different maternal care strategies are observed in pinnipeds [22], [23]. Otariids and
Obobenids tend more to be income breeders, with suckling periods ranging from a few months to
several years. Mothers alternate foraging trips at sea and shore visits to suckle their pups, thereby
allowing prolonged mother-offspring contact [1], [3]. Among phocids, some species such as harbour
seals (Phoca vitulina) or Weddell seals (Leptonychotes weddellii), tend to behave more as capital-
income breeders. Their pups are able to swim and dive shortly after birth [6], [10] allowing
synchronous dives with the mother during lactation [24], [25]. On the other hand, other phocid
species, such as grey (Halichoerus grypus), hooded (Cystophora cristata) and elephant seals
(Mirounga spp.), behave as capital breeders. Females suckle their pups while fasting and mobilizing
their reserves accumulated over an extended at-sea foraging trip. After a short lactation period, pups
are weaned abruptly and abandoned at the natal site on the shore [3], [4], [22], [26], [27]. Among the
latter species, this period is particularly critical as weanlings face the challenge of an amphibious
lifestyle: after being born and fed on maternal milk on land or sea ice, the offspring must transition to
an aquatic life [1], [3].

After weaning, pups undergo a post-weaning fast (PWF), mainly on land, for several weeks
prior to their first departure to sea [28], [29], [30], [31]. The PWF, common to many phocid species
[31], is very energy-intensive, with pups losing up to 50% of their lipid reserves and 10% of the
protein reserves acquired during the lactation period [28], [32], [33], [34], [35]. Although the function
of the PWF period is not clearly understood, it is a critical time for the development of coordination
and mobility, particularly in the aquatic environment [30], [36], [37], [38], [39]. A number of recent
studies have highlighted the importance of the PWF in the development of diving ability, with a
significant increase in both blood and muscle oxygen reserves, the development of cardiovascular
control and of the main glycolytic and aerobic enzymes activities [36], [40], [41], [42], [43], [44], [45],
[46]. Before their departure to sea, total oxygen stores in grey seals and northern elephant seals
reach respectively 67% and 75% of adult total mass-specific oxygen stores [28]. The duration of the
PWF could also impact the development of diving capacities [47]. In northern elephant seals, a longer
PWF than in southern elephant seals (56 + 16 versus 37 + 11 days [29]) could explain the differences
in the diving abilities of individuals during their first trip at sea, with northern elephant seals diving
earlier, longer and deeper than southern elephant seals [47]. At the same time, maintaining limited
movement during this period is probably also important to conserve energy reserves [28]. Within a
given species, the PWF duration varies between individuals. What is also noteworthy is that in
elephant and harp seals, weanlings in better body condition (i.e. heavier in relation to their size,
tending to have more adipose and protein tissue at weaning) stay on shore longer than leaner ones
[29], [31], [33], [42], [48]. This plasticity in fasting duration ensures that leaner individuals have
sufficient reserves remaining to travel to favourable foraging areas [49]. However, leaving the beach
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prematurely can also be disadvantageous for the development of diving skills, as the physical and
physiological maturity of young phocids is linked to age [36], [41], [42].

Although physiological and body-composition changes during the PWF have been
documented, little is known about the early behavioural development of phocids. This area calls for
further attention however, since behavioural as well as physiological components are necessary for
the acquisition of swimming and diving skills [6]. Only a few studies have investigated animal
behaviour during the PWF, but most of them have focused on diving, and the others have only
consisted of fixed-hour observation [29], [30], [36], [37], [38], [50]. No previous studies have used
biologgers to detail behavioural changes during the PWF in relation to the body condition at
weaning.

In this regard, the southern elephant seal (SES hereafter, Mirounga leonina) represents a particularly
interesting model. It is the largest phocid species whose pups nurse for only about 21 days before
undergoing a PWF lasting 5-6 weeks [51]. There are few data on the behaviour of weaned SESs
during the post-weaning period on land [29], [30], [38], [50], and any link with the body condition of
individuals is unknown. Thanks to its fairly long PWF and its amphibious lifestyle during this period,
the SES is an excellent model for studying the post-weaning behavioural development of weanlings
in preparation for aquatic life.

The main objective of our present study is to investigate the behavioural changes in weaned SESs
during the PWF period according to their body condition at weaning. We hypothesised that active
behaviour, particularly swimming and diving, increases with age, and that changes should occur
earlier in leaner individuals. Furthermore, we hypothesised that in order to reduce their energy
expenditure, pups in poorer body condition tend to be less active than their counterparts.

Material and Methods

All data processing was performed using Python version 3.9.13 [52] on Spyder 5.3.2.

To explore behavioural changes during the post-weaning period, we analysed the activity budgets
and movements of weaned female SESs monitored by accelerometery, Argos/GPS and EEG data, on
the Kerguelen Islands (49°27’S and 70°54’E).

1. Animals and instruments
Female pups were captured and sedated following the procedure described elsewhere [55]. For each
pup, size (standard length) was measured to the nearest centimetre and body mass was measured to
the nearest kilogram.

In December 2014, 10 weaned female SESs (age > 4 weeks post-weaning) were each fitted
with a DSA tag (SCOUT-DSA-296, Wildlife Computers) and a SPOT tag (SPOT-293 Wildlife Computers)
glued on their head and back fur respectively (Araldite® AW 2101, Ciba, see Supplementary Material,
Table S1 for detailed information).

Subsequently, between 2020 and 2022, 20 newly weaned female SESs (19-24 days old) were
equipped with accelerometer + Electroencephalogram (EEG, hereafter) recorders glued on their head
fur using fast-setting epoxy glue (Araldite® AW 2101, Ciba), divided as following (see Supplementary
Material, Table S2):

- 13 pups with Axytrek® logger (Axytrek® Marine, TechnoSmArt, Italy)

- 4 pups with Axytrek® + EEG recorder (Neurologger®3, Evolocus LLC, USA)

- 3 pups with Neurologger®3 system including only an accelerometer, without EEG recording.
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The loggers were recovered 2 to 26 days after deployments (see Supplementary Material, Table S2 for
detailed information on tagging numbers, types and durations by individuals).

2. Data collection
1.1. Accelerometry and Argos data just prior to their departure to sea
The DSA tags recorded pressure at a rate of 1Hz and were set to start emitting when
pressure exceeded 5 meters. Real-time diving data were transmitted via the Argos satellite system
(Collect Localisation Satellite-CLS, Toulouse, France) and all tag specifications were described in [53],
[54]. The SPOT tags transmitted Argos positions when the animals were at the surface.
1.2. Accelerometry and GPS data just after weaning
In order to obtain body condition data independent from body length, we determined, based
on the method described in [52], the body mass index (BMI) of the individuals as the residual values
of the linear regression between body mass and body length at weaning. Depending on the logger,
acceleration was sampled at ~36Hz (Neurologger®3) or 25 Hz (Axytrek®). Axytrek® also recorded the
animal’s GPS location every minute (when satellites were detected). In 2021, on 3 pups, the
accelerometer recording was associated with a manual scoring of their behaviour every 30 seconds
for a period of 90 minutes after they were equipped, and twice a day for 60 minutes until they were

Behaviour Description

Resting SES is motionless, eyes are open or closed (A)

Quiet Waking SES is performing low intensity movements without displacement (scratching,
rolling etc) (B)

Moving SES is moving on ventral surface using fore- and hind-flippers and could play
with other pups (C)

Swimming SES is moving in water performing hind-flipper strokes (D)

Fig. 1 Ethogram of newly weaned female southern elephant seal (SES) behaviour with illustration for
each state. A, Resting. B, Quiet Waking. C, Moving. D, Swimming.
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unequipped (see Supplementary Material, Table S2). To characterise activities in relation to
accelerometer recordings, four major behavioural states were identified (Swimming, Moving on land,
Quiet Waking and Resting, see details in Fig. 1), and we removed the 30-s periods during which
multiple behavioural states were observed.
1.3. EEG data

Six pairs of sub-cutaneous electrodes for EEG recording (13 mm long and 0.40 mm in
diameter, Spes Medica, ltaly, ref: MN4013D10S) were fixed to the fur, in frontal, parietal and
occipital areas of the right and left hemispheres (see Supplementary Material, Fig.S1 for electrode
positions), using fast-setting glue (Loctite Super Glue, Henkel). EEG signals were recorded using a
differential amplifier at a sampling rate of 500 Hz. Binary electrophysiological data were converted
into European Data Format using a customised MATLAB application (Neurologger Converter &
Visualizer ©, Evolocus LLC).

3. Accelerometry-based behaviour classification
Acceleration data were downsampled to 25 Hz for the Neurologgers and used to compute 10
separate variables (4 temporal and 6 frequential features used and described previously [56], [57],
[58], [59], [60], see Table 1 for details) measured over 30-s periods. The first 5 minutes and the last
60 minutes of the data were excluded from the analyses to avoid the effects of anaesthesia or
handling disturbances. Static and dynamic accelerations were separated and processed according to
existing studies [18], [61], [62], [63], [64] to extract the animal’s position (pitch and roll) variance,
overall dynamic body position (ODBA), and number of hind-flipper movements. All body orientations
were corrected before analysis, using pitch and roll at the initial stage, assuming that the animals

were perfectly straight at that time. To extract frequential features, a fast-Fourier transform was
Table 1. Summary of predictor variables extracted from acceleration data

Variable Description
ODBA Overall Dynamic Body Acceleration
Pitch, Roll var Pitch and Roll variance

Hind-flipper strokes  Number of hind-flipper movements corresponding to swimming movements

PSD X, Y, Z Dominant power spectrum density in each axis

performed on each axis, and the maximum power spectral density peak was selected with its
associated frequency [60], [65], [66].
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Main Freq. X, Y, Z Frequency corresponding to the dominant power spectrum density in each
axis

The acceleration data from the behaviourally scored animals were extracted and temporally
mapped to the 4 behavioural states to create a training dataset as input for our classification
algorithm. Following a recent behavioural classification study on phocid seals [60], we applied a
random forest algorithm [67] using the “Scikit-Learn” Python library (version 1.0.2) and the
“RandomForestClassifier” algorithm. The data were split into 70/30% training and test sets, and a
stratified k-fold cross validation method was used to train the algorithm due to class imbalances.
Model performances (precision, recall and F1 statistic as described in Shuert et al. [60]) were
calculated from the confusion matrices resulting from each cross-validation used with the testing
dataset.

4. Accelerometry data processing

Using acceleration data from animals with exactly known weaning dates (n=17, see Supplementary
Material, Table S2-S3), behavioural states were predicted over 30-s period data using our
classification model. Activity budgets were calculated according to the age since weaning (in weeks)
and the time of day. As the recordings were not of the same duration, individuals did not all have the
same amount of data. For each behavioural state, the mean was then calculated as a weighted mean
based on the amount of data per individual. We computed the average daily activity budget for each
week after weaning to investigate temporal changes.

The time-of-day results were stratified into four periods of the day: night (20:00-03:00), dawn (03:00-
06:00), day (06:00-17:00), and dusk (17:00-20:00), according to the procedure provided by the US
National Oceanic and Atmospheric Administration (https://gml.noaa.gov/grad/solcalc/).

5. GPS and SPOT data processing
SPOT data were filtered to only include Argos data of high quality (i.e. quality 1, 2 or 3) prior to the
pups’ departure from Kerguelen Island.
To analyse the evolution of the animals' movement over time, daily distance covered was calculated
as the sum of the partial distances between each GPS/ Argos point recorded by the loggers on the
animals.

6. EEG data processing
For the animals equipped in 2022 with Neurologger®, accelerometry data were classified by our
random forest model and only the "Resting" periods were selected for the following analyses. In
conformity with the standard described in the American Academy of Sleep Medicine sleep scoring
manual [68], electrophysiological signals were band-pass filtered between 0.3-45 Hz to prepare for
visual sleep scoring. The signals were visualised at a single epoch time scale of 30-second and a
voltage scale of 80 pV. For visual sleep scoring, the guidelines were based on those established in
previous marine mammal studies [69], [70], [71], [72]. Based on previous studies in northern
elephant seals [70], [73], we scored sleep, in 30-s epochs, according to the following sleep states:
Slow-Wave Sleep (SWS), Potential REM (resting + apnoea just after SWS period), Quiet waking
(resting + eupnoea, unlikely to be REM) and Active. As electromyograms and electrocardiograms
were not recorded and animals were not video tape, REM sleep could not be clearly distinguished



Journal Pre-proof

from the awake state. Using the z-axis of the gyroscope, we visually detected breaths [70], and scored
“Potential REM” as apnoeic resting periods occurring just after SWS period [70], [73].

7. Statistical analysis
Statistical analyses were performed with Python (version 3.9.13) [52], using the “scipy.stats” module
(version 1.7.1). To test for differences in movement behaviour and age, daily distances covered were
log-transformed on the basis of the data’s assumed normality, and we used a Student’s t-test. To test
for differences in the mean number of at-sea positions and age, we used a Mann-Whitney U test. To
test for differences in the proportion of behaviours in relation to age or body condition, we used a x-
squared test of independence.

Results

BMI ranged from -22 to 32, with a median of 0.05, and two separate groups were clearly identifiable.
Individuals with a BMI of less than 0.05 were considered as “Lean” (n=9, mean=-13.5, SD= 8.3) and
the others as “Corpulent” (n=8, mean=12.0, SD=10.5) (t;s= -5.50, p< 0.05, see Fig. 2A and
Supplementary Material, Table S3 and Fig.S2).
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1. Movement activity

To understand how the activity of weaned SES pups increases with age just after weaning, we used
GPS data, recorded between 2020 and 2022. A total of 16 of the 17 GPS recordings were analysed.
The data of one individual were excluded because of GPS recording issues.

The average daily distance travelled by SES pups did not differ according to body condition (t,3= 0.80,
p=0.43). Thus, the two groups were combined for this analysis. Between the first week and the third-
and fourth-weeks post-weaning, the average daily distance travelled increased significantly (Fig. 3A,
ty5=-2.53, p= 0.019 and t;g= -2.12, p= 0.048 respectively). During the first 15 days following weaning,
the daily distance covered was not significantly different (t= -0.85, p=0.40), but increased
considerably after the third week (Fig. 3A). The weanling elephant seals travelled an average of 1,320
+ 428 m (mean * SE) per day during the first and second weeks, compared with 2,198 + 568 m (mean
+ SE) during the third week, and 3,050 + 904 m (mean + SE) during the fourth week post-weaning. As
well as the daily distance covered increasing with age, the area of activity also expanded (Fig. 3B and
3C). Between the first, second and third weeks post-weaning, the mean number of positions
recorded at sea increased significantly (Fig. 3B, U= 9, Nycek 1= 10, Nyeek 2= 6, p= 0.02 and U= 14, Nycex 1=
10, Nyeek 3= 12, p= 0.002 respectively), as shown on the GPS tracks in Figure 3C. Due to the low
quantity of data recorded in week 4 (n=3 for each group), the results for this week simply showed a
trend and should be viewed with caution.

Thanks to Argos data recorded with the SPOT tags in 2014, we studied the movements and dispersion
of individuals at a later stage, just before their departure to sea. A total of 7 of the 10 Argos
recordings were analysed, due to Argos transmission issues for the other 3 individuals.

One week before their departure to sea, the daily distance travelled and the dispersion of individuals
were visually greater than during the first 4 weeks post-weaning, as observed in Fig. 3C-D. The
weanling elephant seals travelled an average of 5,480 + 749 m (mean * SE) per day during their last
week ashore. As the locations were far from each other, even separated by bays, this illustrates a
substantial time spent in the water, swimming (Fig. 2D).
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2. Average daily activity budget per week post-weaning
To characterise behavioural changes in SES weaned before their first trip to sea, we classified
accelerometer data during the post-weaning period of the individuals recorded between 2020 and
2022.
2.1. Random forest accelerometry-based behaviour classifier from accelerometers

Using a random forest model, we could reliably classify four behaviours (Resting, Quiet Waking,
Moving, and Swimming, Fig. 1) during the post-weaning in newly weaned SESs (Table 2). The
behaviours were consistently well classified in terms of precision (true positive accuracy), recall
(sensitivity), and F1 (harmonic mean of Precision and Recall) between training (70%) and testing data
(30%) despite the class imbalances (Table 2). “Grooming” and “Moving” were the two least
accurately classified behaviours due to classification errors between these two categories (see
Supplementary Material, Table S4). However, their results are still acceptable (Table 2).

Table 2. Random forest classification report on the testing set. Precision (positive predictive
value), Recall (sensitivity), and F1 (harmonic mean of Precision and Recall) for the four behaviours
modelled using a random forest algorithm. Values closer to 1 indicate better model performance.

Behaviour Precision Recall F1 Total test observation
Resting 0.98 1.00 0.99 125
Grooming 0.92 0.81 0.86 27

Moving 0.834 0.89 0.86 18
Swimming 1.00 1.00 1.00 5

To identify the most important variables for classification, we used the mean decrease
impurity method. Impurity approaches zero as the data become separated. Thus, a larger Mean
decrease impurity indicates that the variable is more important for differentiating behaviours within
our random forest model. Therefore, of the predictor variables derived to summarise the acceleration
data, the dynamic acceleration component (relating to body movements) was found to be the most
important in classifying behaviours (see Supplementary Material Fig. S3). The ODBA is the most
important variable, followed by the maximum power spectral density for the lateral axis and the pitch
variance (see Supplementary Material Fig. S3).

2.2. Description of the average daily activity budget per week post-weaning and
before leaving for the first ocean trip

To compute the average daily activity budget, a total of 805,215 30-s periods from 17 individuals
were classified with our random forest model. The first 3 weeks following weaning were well
recorded (between 198,357 and 296,203 30-s periods per week) while the fourth week was less
detailed (55,632 30-s periods) as the individuals had either departed to sea or were too far from the
study site and had therefore been unequipped.

2.2.1. General changes in activity budgets
The time spent on each activity was affected by age (X%= 1014.17, p< 0.05) and by body
condition (X%= 135.44, p< 0.05, Fig. 2B-C and Supplementary Material Table S5). During the first 3
weeks post-weaning, the time spent resting decreased for both groups, but for a given age, corpulent
pups spent more time resting than leaner individuals (Fig. 2B-C and Supplementary Material Table
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S5). Conversely, the time spent active (Moving + Swimming) increased with age for both groups,
although lean-group weanlings were more active during the first 2 weeks than corpulent individuals,
both on land and in water (Fig. 2B-C and Supplementary Material Table S5). After the second week,
the situation reversed, with the corpulent individuals spending more time in the water in week 3 (Fig.
2B-C and Supplementary Material Table S5). Due to the low quantity of data recorded in week 4 (n=3
for each group), the results for this week simply showed a trend and should be viewed with caution.

2.2.2. Activity distribution throughout the day
To investigate activity patterns during the day, the average daily activity budget was analysed
according to the 24-hour day cycle. Both groups exhibit a clear circadian pattern with pups being
particularly active at dawn and dusk (Active behaviours > 50% of the time during dawn and dusk),
while resting mainly during the day (Resting > 50% of the time and Moving behaviours < 10% of the

time between 1lam and 5pm, Fig. 4). Quiet Waking behaviour remained relatively stable
throughout the day, with a slight drop when activity levels were highest (Fig. 4). This pattern was
maintained throughout the whole post-weaning period prior to the pups’ departure to sea but with
an increasing amount of time spent active, and in particular in the water, at dawn (swimming
behaviour > 20% of the time at dawn from the third week post-weaning age, Fig. 4 and Fig. 3C) and
dusk.
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3. Description of resting periods

The EEG data from one individual was excluded because the usable recording data lasted less than 24

hours. A total of 3 EEG recordings (223 hours recorded, 120.5 hours usable) were analysed to visually

score the "resting" periods and extract the SWS periods from “Potential REM” and “Quiet waking”

periods (Fig 5A). Two recordings were performed during the first post-weaning week (indiv Ids 553

and 559) and one during the second week (indiv Ids 605). Time spent in SWS accounted for between
34% and 40% of daily “resting” time, and “Potential REM” for between 5% and 9% of daily “resting”
time. Out of all behaviours considered over the day, the individuals spent between 3.9 and 5.5 hours
per day in SWS and, between 0.5 and 1.2h per day in potential REM (Fig. 5B).
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Fig. 5 Sleep patterns during the first two post-weaning weeks (n=3 EEG recordings). A, 30-s EEG
period showing a distinction between SWS (high-voltage and low-frequency waves) and
Potential REM or Quiet waking (low-voltage and high-frequency waves) stages. B, Mean daily
SWS quotas for SESs during the first and the second post-weaning week.

4. Diving behaviour just prior to the first at-sea foraging trip
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DSA-tag data revealed that pups on Kerguelen rarely dove before their first trip to sea. One of the 10
tags deployed, set to start emitting when pressure exceeded 5 metres, was never activated before
the pup’s departure, indicating that this individual never dove up till this point. The others started
emitting a few days before pup departure (mean + SD = 8 + 4 days before departure). These
individuals only performed an average of 12 + 8 dives (mean + SD, min. = 2 and max = 26 dives) at
about 27 + 3 m (mean % SD, min. = 19 m and max = 31 m) for 6.3 £ 0.9 min. (mean + SD, min. = 4.9
min. and max = 7.7 min.) before departing for their first foraging trip.

Discussion

The post-weaning period is a critical stage for weaned pinnipeds [3], essential for their physiological
development [28], [30], [33], [36], [40], [42], [43], [74]. However, only a few studies have focused on
physical maturation in preparation for future aquatic life and diving during this 4-5-week period [29],
[30], [36], [37], [38], [50]. In addition, to date, no research at all has focused the impact of body
condition at weaning on physical development during this period. Tofill in this gap, our study directly
quantified the behavioural changes of weanlings, according to their body condition, to understand
how SESs prepare for their departure to sea, i.e. the transition from terrestrial to aquatic life.

Our population of weanlings was not of homogeneous body size. Thus, we were unable to
use weight alone to compare body condition. For this reason, the two groups of individuals were
defined according to their individual BMI, based on the study of Orgerets et al. [53]. The calculated
BMI, independent of body length, was used to compare the body condition of individuals at weaning
[53], [75], and led to clear identification of a group of lean individuals and a group of corpulent ones.

We applied a supervised-classification method to three-axis accelerometer data to monitor
the behaviour of weaned SESs. In previous studies evaluating numerous machine-learning algorithms,
random forests have been demonstrated as successfully predicting behaviour via accelerometry [76],
[77]. This algorithm has thus been widely implemented to classify the behaviour of a large range of
animals (e.g. [78], [79], [80]), including pinnipeds [60], [77], using temporal and frequency predictor
variables. In our study, this model produced good results on both the training and test data, although
our training set was not very large and its different categories were unbalanced. As suggested by
Ladds et al. [77], our training and testing sets included several individuals of different body sizes to
obtain a more robust model for predicting the behaviour of many weaned SES. The four behavioural
categories selected for this analysis (Resting, Active w/o moving, Moving and Swimming) were
representative of the behaviour of weanlings in the wild [30], [37], [38]. Resting had the least cases of
misclassification, as it had minimal movements on all axes and was therefore easy to classify, as
shown by other studies [60], [77]. Active w/o moving and Moving were predicted with the least
accuracy in training and testing steps, the two being most often confused, which is not surprising
given that the behaviours overlap and our datasets are limited. Although the Swimming category was
only defined via visual scoring in small ponds and the sample size was very limited, this behaviour
was very well classified. This result may be explained partly because this behaviour produces an
accelerometer signal that is distinct from the other behaviours, in particular the presence of fin
strokes. Despite the sound performance of our model, it is uncertain whether it could be used for
other age categories.

The use of accelerometers to monitor behaviour on land, combined with a supervised-
classification method, provided an overview of the pups’ activity budget during the PWF. We showed
that resting was the most common behaviour of weanlings during daylight hours and that activity,
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both on land and at sea, increased at night, particularly at dawn and dusk. These behavioural
descriptions are similar in other elephant seal populations and some phocid species, with particularly
long rest periods around midday [6], [30], [31], [37], [38], [81], [82], [83]. Harbour seals and Weddell
seals exhibit the same rhythm, with less time spent in the water during the afternoon [6], [83]. This
circadian pattern becomes more prominent as the animals grow older [30], [38]. In older northern
elephant seals, it has been suggested that night-time activity may reduce predation risk [84].
Although our data suggest twilight activity peaks, we cannot link them to predation avoidance as no
predation has ever been reported on the Kerguelen shoreline by killer whales or sharks. Instead, this
tendency can be linked to the fact that adult elephant seals forage more efficiently at dawn and dusk
when their prey perform nychthemeral migration, and then at night rather than during the day when
prey are located deeper and are therefore less accessible [85].

We hypothesise that the more intense activity observed at dawn and dusk reflects an internal
cycle. Whether this circadian rhythm is endogenous or triggered by maternal or congener activity
during suckling remains to be demonstrated. In other phocid species, such as the bearded seal, this
circadian rhythm can be modulated by tidal rhythm [38], [86], or shifted toward daylight. Unlike the
phocids mentioned above, which tend to be more nocturnal, bearded seals tend to be diurnal [87],
[88]. Variations in foraging depths, benthic versus pelagic foraging, and diets between species, could
explain this difference, with relatively shallow benthic foragers being more light-dependent than
deep-foraging species such as Weddell or elephant seals.

In the activity budgets, “Resting” behaviour data were insufficient to differentiate sleep from
wakefulness. The use of EEG refined the pups’ activity budgets during the PWF, distinguishing SWS
and “Potential REM” periods. However, without electromyograms, electrocardiograms and associated
video, we were unable to obtain a complete sleep scoring including REM periods with absolute
certainty [68], [70], [71]. According to the individuals, the daily quota of SWS periods ranged from 3.9
to 5.5 hours during the first two post-weaning weeks. Unfortunately, due to the movement behaviour
of weanlings, we were unable to perform EEG recordings on older individuals. The values obtained
for the younger weanlings are slightly more than half those recorded on land in 2- and 4-month-old
northern elephant seals and the REM quota is also reduced in SESs [71], [73]. Different experimental
conditions, different physiological stages, and the short recording duration, did not allow a reliable
comparison between these two age categories. However, environmental and ecological processes,
such as habitat conditions or physiological constraints, may be involved to explain these differences
between northern elephant seals and SESs. In SESs, a shorter maternal dependency and PWF period
compared to northern elephant seals [29] forces them to hasten their physiological maturation and
possibly incompletely before their first at sea-departure [47], which may lead to shorter sleep
periods. In addition, tougher weather conditions and the presence of numerous peripheric male with
fights may affect sleeping periods. Studies on harp seals have revealed that daily SWS amounts
decrease during the first month of the animals' lives, just after weaning. The same trend could be
observed in SESs due to behavioural changes during this period. Weanlings are more active than
juveniles and adults, which could explain the lower SWS values. Performing additional recordings of
pre-weaning pups and of 2-month-old pups would provide new information on the evolution of sleep
quantity during the post-weaning period in SESs.

During the post-weaning period, the pups must maintain a low energy expenditure to survive
the fast while preparing for their first trip to sea [33], [49]. However, as they age and lose mass,
weanlings’” movements increase regardless if they are lean or corpulent. The same behaviour has
been observed on Marion Island and Valdes Peninsula, although the distances travelled are different
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[29], [38]. On Marion Island, SESs rarely travelled far from their natal beach [29] whereas on the
Kerguelen Islands and in Argentina they can disperse up to 50 km from their birth area [38], [50]. The
configuration of the coastline (small isolated bays versus long stretch of beaches) as well as predation
risk could explain these behavioural differences [29], illustrating the behavioural adaptation of
weaned SESs to their environment [3]. This increase in distance travelled suggests an improvement in
swimming skills. While young weanlings drift passively in shallow waters due to wind-driven surface
currents, older individuals deliberately move along the coast as their swimming/apnoea capacities
improve [36], increasing their dispersion [50]. The distance travelled per day by weanling SESs
increases with age, but the movement pattern is similar between lean and corpulent pups.
Admittedly, our GPS data must be considered with caution. Indeed, if the logger detected no
satellites, it switched to standby mode for 20-30 minutes before trying to take a new position. In
addition, submersion of the logger, the position of an individual leaning on its back on the shore, or a
cloudy sky could reduce satellite visibility, leading to a drop in the number of positions recorded
during such episodes [89]. Although the trend in our results was relevant, absolute values were
rather coarse.

As in grey seals, maintaining limited movement is probably advantageous for both groups to conserve
energy reserves [28]. This suggests that differences in physical development between lean and
corpulent weanlings are not related to movement patterns but more likely to the time allocated to
resting or active behaviours. We expected that leaner pups would have a lower level of activity as a
mean to reduce their metabolisms and therefore preserve their body store. However, we found the
opposite. Although resting is the most common behaviour, clear differences in the activity budgets
between lean and corpulent weanling SESs emerged. Leaner pups were more active earlier than
corpulent ones, both on land and at sea, and spent less time resting. However, as they aged, the
opposite trend was observed. These behavioural changes are likely to be related to differences in
body store between the two groups and could possibly lead to ecophysiological differences. In marine
mammals, usable oxygen stores are preferentially found in their red blood cells and muscles [90],
[91], [92], and compared with terrestrial mammals, their blood volumes, haematocrit, haemoglobin
and myoglobin contents are very high [93], [94], [95], [96], [97]. Previous studies have also
highlighted that although marine mammals have high body O, stores, their pups are physiologically
immature and must develop these stores during growth [1], [6], [10], [21], [42], [44], [46], [98], [99],
[100], [101], [102]. It has been shown that oxygen storage capacity in the muscles develops very
quickly after weaning and is not improved by a longer period on land in phocids [40], [42]. However,
these studies did not consider behaviour.

Significantly, more active behaviours associated with muscular hypoxia favour myoglobin synthesis
[103], [104], [105]. The myoglobin stock of lean pups could thus be boosted and the development of
their muscle oxygen storage accelerated compared to their more corpulent congeners. As lean pups
are more constrained by their lower body store, it is critical for them to depart to sea as early as
possible and in any case before the full depletion of their store. Therefore, developing their oxygen
stores as fast as possible might be critical to allow an early departure to sea. In support of this
hypothesis, a previous study has shown that the development of blood oxygen stores is faster in lean
pups compared to corpulent ones [40]. In this way, benefiting from an earlier and faster synthesis of
myoglobin due to their early active behaviour, lean weanlings can rapidly increase their apnoea and
therefore increase their dive duration. Interestingly, contrary to our predictions, both Axytrek and
DSA-tag data revealed that pups on Kerguelen rarely dove and never deeper than a few meters prior
to departing for their first at-sea foraging trip. One of the DSA tags, set to start emitting when
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pressure exceeded 5 meters, never transmitted prior to pup departure to sea while the others only
recorded around ten shallow dives, performed only a few days before the pups’ departures. Also
worth noting is that on the first day of their departure from shore for their first at-sea foraging trip,
the mean diving depth of 10 female pups equipped with DSA tags was 44 + 29 m, max. 94 m, with a
mean duration of 5.1 £ 1.1 min., max. = 8.5 min. (mean % SD, unpublished data). These observations
suggest that through the PWF, apnoea aptitudes develop more than absolute diving depths.
In phocids, as in grey or elephant seals, this development would compensate for the shorter PWF of
lean individuals [28], [31], [49], enabling them to depart to sea with sufficient oxygen reserves to dive
and forage. However, a longer PWF improves cardiovascular control [106] and the ability to suppress
oxygen consumption during breathing [74]. Pups are faced with a trade-off between staying ashore
for a long time to improve their diving physiology but reducing their fat reserves, or leaving earlier
with greater energy reserves but poorer physiological capacities [31], [47]. This would explain the
differences in diving behaviour between individuals during their first trip to sea [47], [107]. In
northern elephant seals, a longer offspring dependency and PWF duration allow weanlings to
develop diving behaviour much faster than SESs and to reach deeper and longer dives earlier in their
first year at sea [47]. Therefore, future studies should investigate the relationship between the
development of oxygen stores and the activity of pups during the PWF. Secondary factors such as
habitat, predation and diet may also influence the ontogeny of diving behaviour [47].

These behavioural and physiological changes during the post-weaning period enable weaned
SESs to prepare for their first trip to sea, which lasts several months. In addition to the development
of physical aptitude and oxygen stores, we can also expect them to undergo brain maturation. In
mammals, brain maturation in neonates is associated with a decrease in resting periods [108], [109],
[110], [111]. However, the proportion of time dedicated to true sleep during those resting periods
remains unknown. Assuming that drift dives represent sleeping dives, elephant seal females spend
only 2 hours per day sleeping while at sea [71]. It would thus be worth monitoring how the deep
sleep / resting pattern of pups changes over the PWF. Sleep in adult elephant seals is currently being
studied on land and at sea relying on dive characteristics ground-truthed by EEG [71]. Applying this
method to weaned SESs during the post-weaning period would provide a more detailed
understanding of ontogenic changes in activity within this species. Adaptation to aquatic life then
evolves gradually throughout the first foraging trip at sea, with diving duration and depths increasing
over time [53].

Ethics

The “Comité d’Ethiqgue ComEth Anses/ENVA/UPEC” validated all scientific procedures performed on
elephant seals under the project (no APAFiS: #32407-2021071212163407 v2): Physiological and
energy expenditure adaptations of elephant seals to environmental constraints during their life cycle
as part of the IPEV programme 1201-CycleEleph. All animals in this study were handled and cared for
in total accordance with its guidelines and recommendations.

Data, codes and materials

The datasets supporting the conclusions of this article and all scripts used for data treatment and
analysis are available upon request.

Supplementary figures and tables are provided in electronic supplementary material.



Journal Pre-proof

Author’s contribution

C. GUINET, C. GILBERT and J. BADAUT conceived the ideas and obtained funding; E. PIOT, L. HIPPAUF,
L. CHARLANNE collected the data; E. PIOT designed the model and E. PIOT with B. PICARD performed
the data and statistical analysis; C. GUINET, C. GILBERT, and J. BADAUT supervised data analysis; all
authors participated in the discussion and interpretation of results; E. PIOT, C. GUINET, C. GILBERT
and J. BADAUT led the writing of the manuscript. All authors contributed critically to the drafts and
gave final approval for publication.

Competing interests
We declare we have no competing interests.

Funding

This work was supported by the IPEV (Institut Polaire Francais Paul Emile Victor) programme no 1201
(CyclEleph, PI C. Gilbert); the Agence Nationale de la Recherche (HYPO2 project, PI. C. Gilbert) and
the ERC-Early Life Project led by H. Weimerskirch.

Acknowledgements

We are extremely grateful to all field teams for their efforts. We would like to specifically thank
Antoine Bertault and Nathan Thenon for valuable field support between 2020 and 2023. We also
thank Alexei Vyssotski for his valuable advice on EEG.

References

[1] M. Horning and F. Trillmich, ‘Ontogeny of diving behaviour in the galapagos fur seal’,
Behaviour, vol. 134, pp. 1211-1257, 1997, doi: https://doi.org/10.1163/156853997X00133.

[2] P. Martin, ‘The meaning of weaning’, Anim Behav, vol. 32, pp. 1257-1259, 1984, doi:
https://doi.org/10.1016/S0003-3472(84)80245-6.

[3] W. D. Bowen, ‘Behavioural ecology of pinniped neonates’, in Behaviour of pinnipeds, D.
Renouf, Ed., 1991, pp. 66—127. doi: 10.1007/978-94-011-3100-1_3.

[4] W. D. Bowen, ‘Pinniped Ecology’, in Encyclopedia of Marine Mammals (Third Edition), B.
Wiirsig, J. G. M. Thewissen, and K. M. Kovacs, Eds., Academic Press, 2018, pp. 705-712. doi:
https://doi.org/10.1016/B978-0-12-804327-1.00195-3.

[5] J. M. Burns, D. P. Costa, K. Frost, and J. T. Harvey, ‘Development of body oxygen stores in
harbor seals: Effects of age, mass, and body composition’, Physiological and Biochemical
Zoology, vol. 78, no. 6, pp. 1057-1068, Nov. 2005, doi: 10.1086/432922.

[6] C. Jgrgensen, C. Lydersen, O. Brix, and K. M. Kovacs, ‘Diving development in nursing harbour
seal pups’, J Exp Biol, vol. 204, pp. 3993-4004, 2001, doi:
https://doi.org/10.1242/jeb.204.22.3993.

[7] L. P. Folkow, E. S. Nordgy, and A. S. Blix, ‘Remarkable development of diving performance and
migrations of hooded seals (Cystophora cristata) during their first year of life’, Polar Biol, vol.
33, no. 4, pp. 433-441, Apr. 2010, doi: 10.1007/s00300-009-0718-y.

[8] M. A. Blanchet, C. Lydersen, R. A. Ims, and K. M. Kovacs, ‘Making it through the first year:
Ontogeny of movement and diving behavior in harbor seals from Svalbard, Norway’, Mar
Mamm Sci, vol. 32, no. 4, pp. 1340-1369, Oct. 2016, doi: 10.1111/mms.12341.



Journal Pre-proof

[9] S. Fletcher, B. J. Le Boeuf, D. P. Costa, P. L. Tyack, and S. B. Blackwell, ‘Onboard acoustic
recording from diving northern elephant seals’, J Acoust Soc Am, vol. 100, no. 4, pp. 2531
2539, Oct. 1996, doi: 10.1121/1.417361.

[10] J. M. Burns, M. A. Castellini, and J. W. Testa, ‘Movements and diving behavior of weaned
Weddell seal (Leptonychotes weddellii) pups’, Polar Biol, vol. 21, no. 1, pp. 23-36, 1999, doi:
10.1007/s003000050329.

[11] D. A. Croll, A. Acevedo-Gutierrez, B. R. Tershy, J. Urban-Ramirez, and D. Croll, ‘The diving
behavior of blue and fin whales: is dive duration shorter than expected based on oxygen
stores?’, 2001. doi: 10.1016/51095-6433(01)00348-8.

[12] S.L. Watwood, P. ). O. Miller, M. Johnson, P. T. Madsen, and P. L. Tyack, ‘Deep-diving foraging
behaviour of sperm whales (Physeter macrocephalus)’, Journal of Animal Ecology, vol. 75, no.
3, pp. 814-825, May 2006, doi: 10.1111/j.1365-2656.2006.01101.x.

[13] C. Lydersen and K. M. Kovacs, ‘Diving behaviour of lactating harp seal, Phoca groenlandica,
females from the Gulf of St Lawrence, Canada’, Anim Behav, vol. 46, no. 6, pp. 1213-1221,
1993, doi: https://doi.org/10.1006/anbe.1993.1312.

[14] D. J. Slip, M. A. Hindell, and H. R. Burton, ‘Diving Behavior of Southern Elephant Seals from
Macquarie Island: An Overview’, in Elephant Seals: Population Ecology, Behavior, and
Physiology, B. J. Le Boeuf and R. M. Laws, Eds., Berkeley: University of California Press, 1994,
pp. 253-270. doi: 10.1525/9780520328150-016.

[15] Y. Watanuki, Y. Niizuma, G. W. Gabrielsen, K. Sato, and Y. Naito, ‘Stroke and glide of wing-
propelled divers: deep diving seabirds adjust surge frequency to buoyancy change with
depth’, Proc Biol Sci, vol. 270, no. 1514, pp. 483-488, Mar. 2003, doi:
10.1098/rsph.2002.2252.

[16] P. M. Webb, R. D. Andrews, D. P. Costa, and B. J. Le Boeuf, ‘Heart rate and oxygen
consumption of northern elephant seals during diving in the laboratory’, Physiol Zool, vol. 71,
no. 1, pp. 116-125, 1998, doi: 10.1086/515894.

[17] J.Jouma’a et al., ‘Adjustment of diving behaviour with prey encounters and body condition in
a deep diving predator: The Southern Elephant Seal’, Funct Ecol, vol. 30, no. 4, pp. 636-648,
2016, doi: 10.1111/1365-2435.12514.

[18] G. Richard etal., ‘Variation in body condition during the post-moult foraging trip of southern
elephant seals and its consequences on diving behaviour’, Journal of Experimental Biology,
vol. 217, no. 14, pp. 2609-2619, 2014, doi: 10.1242/jeb.088542.

[19] A. Houston and C. Carbone, ‘The optimal allocation of time during the diving cycle’, Behavioral
Ecology, vol. 3, pp. 255-265, 1992, doi: https://doi.org/10.1093/beheco/3.3.255.

[20] D. L. Kramer, ‘The behavioral ecology of air breathing by aquatic animals’, Can J Zool, vol. 66,
no. 1, pp. 89-94, Jan. 1988, doi: 10.1139/z88-012.

[21] S. R. Noren and T. M. Williams, ‘Body size and skeletal muscle myoglobin of cetaceans:
adaptations for maximizing dive duration’, 2000. doi: https://doi.org/10.1016/s1095-
6433(00)00182-3.

[22] D. J. Boness and W. D. Bowen, ‘The Evolution of Maternal Care in Pinnipeds New findings
raise questions about the evolution of maternal feeding strategies’, Bioscience, vol. 46, no. 9,
1996, doi: https://doi.org/10.2307/1312894.

[23] J. P. Avery and S. A. Zinn, ‘Extraordinary diversity of the pinniped lactation triad: lactation and
growth strategies of seals, sea lions, fur seals, and walruses’, Animal Frontiers, vol. 13, no. 3,
pp. 93-102, Jun. 2023, doi: 10.1093/af/vfad037.



Journal Pre-proof

[24] T. Bekkby and A. Bjurge, ‘Diving behaviour of harbour seal Phoca vitulina pups from nursing to
independent feeding’, J Sea Res, vol. 44, pp. 267-275, 2000, doi:
https://doi.org/10.1016/51385-1101(00)00048-4.

[25] K. Sato, Y. Mitani, H. Kusagaya, and Y. Naito, ‘Synchronous shallow dives by Weddell seal
mother-pup pairs during lactation’, Marine Mammal Science, vol. 19, no. 2. Society for Marine
Mammology, pp. 384—395, 2003. doi: 10.1111/j.1748-7692.2003.tb01116.x.

[26] K. M. Kovacs, ‘Maternal behaviour and early behavioural ontogeny of grey seals (Halichoerus
grypus) on the Isle of May, UK’, J Zool, vol. 213, no. 4, pp. 697—-715, 1987, doi: 10.1111/j.1469-
7998.1987.tb03735.x.

[27] K. M. Kovacs and D. M. Lavigne, ‘Mass-transfer efficiency between hooded seal (Cystophora
cristata) mothers and their pups in the Gulf of St Lawrence’, Can J Zool, vol. 70, no. 7, pp.
1315-1320, 1992, doi: 10.1139/292-184.

[28] S. R. Noren, D. J. Boness, S. J. lverson, J. McMillan, and W. D. Bowen, ‘Body condition at
weaning affects the duration of the postweaning fast in gray seal pups (Halichoerus grypus)’,
Physiological and Biochemical Zoology, vol. 81, no. 3, pp. 269-277, May 2008, doi:
10.1086/528777.

[29] 1. S. Wilkinson and M. N. Bester, ‘Duration of post-weaning fast and local dispersion in the
southern elephant seal, Mirounga leonina, at Marion Island’, J Zool, vol. 222, no. 4, pp. 591-
600, 1990, doi: 10.1111/j.1469-7998.1990.tb06016.x.

[30] A. Modig, H. Engstréom, and T. Arnbom, ‘Postweaning behaviour in pups of the southern
elephant seal (Mirounga leonina) on South Georgia’, Can J Zool, vol. 75, no. 4, pp. 582-588,
Apr. 1997, doi: 10.1139/297-072.

[31] T. Arnbom, M. A. Fedak, I. L. Boyd, and B. J. McConnell, ‘Variation in weaning mass of pups in
relation to maternal mass, postweaning fast duration, and weaned pup behaviour in southern
elephant seals ( Mirounga leonina ) at South Georgia ’, Can J Zool, vol. 71, no. 9, pp. 1772-
1781, Sep. 1993, doi: 10.1139/293-252.

[32] B. McConnell, M. Fedak, H. R. Burton, G. H. Engelhard, and P. J. H. Reijnders, ‘Movements and
foraging areas of naive, recently weaned southern elephant seal pups’, Journal of Animal
Ecology, vol. 71, no. 1, pp. 65-78, 2002, doi: 10.1046/j.0021-8790.2001.00576.x.

[33] A.R. Carlini, M. E. l. Marquez, S. Ramdohr, H. Bornemann, H. O. Panarello, and G. A. Daneri,
‘Postweaning duration and body composition changes in southern elephant seal (Mirounga
leonina) pups at King George Island’, Physiological and Biochemical Zoology, vol. 74, no. 4, pp.
531-540, 2001, doi: 10.1086/322168.

[34] M. M. C. Muelbert and W. D. Bowen, ‘Duration of lactation and postweaning changes in mass
and body composition of harbour seal, Phoca vitulina, pups’, Can J Zool, vol. 71, no. 7, pp.
1405-1414, Jul. 1993, doi: 10.1139/2z93-194.

[35] E. S. Nordoy, O. C. Ingebretsen, and A. S. Blix, ‘Depressed metabolism and low protein
catabolism in fasting grey seal pups’, Acta Physiol Scand, vol. 139, no. 2, pp. 361-369, 1990,
doi: 10.1111/j.1748-1716.1990.tb08935.x.

[36] P. H. Thorson and B. Le Boeuf, ‘Developmental Aspects of Diving in Northern Elephant Seal
Pups’, in Elephant seals: population ecology, behavior, and physiology., B. J. Le Boeuf and R.
M. Laws, Eds., University of California Press, Berkeley, California., 1994, pp. 271-289. doi:
https://doi.org/10.1525/9780520328150-017.



Journal Pre-proof

[37] J. Reiter, N. L. Stinson, and B. J. Le Boeuf, ‘Northern Elephant Seal Development: The
Transition from Weaning to Nutritional Independence’, Behav. Ecol. Sociobiol, vol. 3, pp. 337-
367, 1978.

[38] V. Falabella and C. Campagna, ‘Behaviour of southern elephant seal weanlings during the
post-weaning fast in Patagonia’, Mammalia, vol. 63, no. 3, pp. 257-272, 1999, doi:
10.1515/mamm.1999.63.3.257.

[39] V. Falabella, M. Lewis, and C. Campagna, ‘Development of cardiorespiratory patterns
associated with terrestrial apneas in free-ranging southern elephant seals’, Physiological and
Biochemical Zoology, vol. 72, no. 1, pp. 64-70, Jan. 1999, doi: 10.1086/316637.

[40] D. A.Somo, D. C. Ensminger, J. T. Sharick, S. B. Kanatous, and D. E. Crocker, ‘Development of
dive capacity in northern elephant seals (Mirounga angustirostris): Reduced body reserves at
weaning are associated with elevated body oxygen stores during the postweaning fast’,
Physiological and Biochemical Zoology, vol. 88, no. 5, pp. 471-482, Sep. 2015, doi:
10.1086/682386.

[41] J. S. Prewitt, D. V. Freistroffer, J. F. Schreer, M. O. Hammill, and J. M. Burns, ‘Postnatal
development of muscle biochemistry in nursing harbor seal (Phoca vitulina) pups: Limitations
to diving behavior?’, J Comp Physiol B, vol. 180, no. 5, pp. 757-766, 2010, doi:
10.1007/s00360-010-0448-z.

[42] S. R. Noren, S. J. lverson, and D. J. Boness, ‘Development of the Blood and Muscle Oxygen
Stores in Gray Seals (Halichoerus grypus): Implications for Juvenile Diving Capacity and the
Necessity of a Terrestrial Postweaning Fast’, 2005. doi: 10.1086/430228.

[43] S. R. Noren, ‘Postnatal development of diving physiology: Implications of anthropogenic
disturbance for immature marine mammals’, Journal of Experimental Biology, vol. 223, no. 17,
Sep. 2020, doi: 10.1242/jeb.227736.

[44] S.R. Noren, T. M. Williams, D. A. Pabst, W. A. McLellan, and J. L. Dearolf, ‘The development of
diving in marine endotherms: Preparing the skeletal muscles of dolphins, penguins, and seals
for activity during submergence’, J Comp Physiol B, vol. 171, no. 2, pp. 127-134, 2001, doi:
10.1007/s003600000161.

[45] K. C. Lestyk, L. P. Folkow, A. S. Blix, M. O. Hammill, and J. M. Burns, ‘Development of
myoglobin concentration and acid buffering capacity in harp (pagophilus groenlandicus) and
hooded (cystophora cristata) seals from birth to maturity’, J Comp Physiol B, vol. 179, no. 8,
pp. 985-996, Oct. 2009, doi: 10.1007/s00360-009-0378-9.

[46] C. A. Clark, J. M. Burns, J. F. Schreer, and M. O. Hammill, ‘A longitudinal and cross-sectional
analysis of total body oxygen store development in nursing harbor seals (Phoca vitulina)’, J
Comp Physiol B, vol. 177, no. 2, pp. 217-227, Feb. 2007, doi: 10.1007/s00360-006-0123-6.

[47] J.Jouma’a et al., ‘Contrasting offspring dependence periods and diving development rates in
two closely related marine mammal species’, R Soc Open Sci, vol. 11, no. 1, Jan. 2024, doi:
10.1098/rs0s.230666.

[48] J. ). Reilly, ‘Adaptations to prolonged fasting in free-living weaned gray seal pups’, American
Journal of Physiology-Regulatory, Integrative and Comparative Physiology, vol. 260, no. 2, pp.
R267—-R272, Feb. 1991, doi: 10.1152/ajpregu.1991.260.2.R267.

[49] D. P. Noren, D. E. Crocker, T. M. Williams, and D. P. Costa, ‘Energy reserve utilization in
northern elephant seal (Mirounga angustirostris) pups during the postweaning fast: Size does
matter’, J Comp Physiol B, vol. 173, no. 5, pp. 443-454, 2003, doi: 10.1007/s00360-003-0353-
9.



Journal Pre-proof

[50] P.Y.Lenglart and M. N. Bester, ‘Post-weaning dispersion of southern elephant seal Mirounga
leonina underyearlings at Kerguelen.’, Terre et la Vie, vol. 36, no. 2, pp. 175-186, 1982, doi:
10.3406/revec.1982.4372.

[51] B. J. Le Boeuf and R. M. Laws, ‘Elephant Seals: An Introduction to the Genus’, in Elephant
seals: population ecology, behavior, and physiology, R. M. Laws, Ed., Berkeley: University of
California Press, 1994, pp. 1-28. doi: https://doi.org/10.1525/9780520328150-003.

[52] Python Software Foundation, ‘Python Language Reference, version 3.9.13’. Accessed: May 20,
2022. [Online]. Available: http://www.python.org

[53] F. Orgeret, S. L. Cox, H. Weimerskirch, and C. Guinet, ‘Body condition influences ontogeny of
foraging behavior in juvenile southern elephant seals’, Ecol Evol, vol. 9, no. 1, pp. 223-236,
Jan. 2019, doi: 10.1002/ece3.4717.

[54] S. L. Cox et al., ‘Processing of acceleration and dive data on-board satellite relay tags to
investigate diving and foraging behaviour in free-ranging marine predators’, Methods Ecol
Evol,vol. 9, no. 1, pp. 64—77, Jan. 2018, doi: 10.1111/2041-210X.12845.

[55] C. McMahon, H. Burton, S. McLean, D. Slip, and M. Bester, ‘Field immobilisation of southern
elephant seals with intravenous tiletamine and zolazepam’, Vet Rec, vol. 146, no. 9, pp. 251-
254, 2000, doi: 10.1136/vr.146.9.251.

[56] S. Watanabe, M. lzawa, A. Kato, Y. Ropert-Coudert, and Y. Naito, ‘A new technique for
monitoring the detailed behaviour of terrestrial animals: A case study with the domestic cat’,
Appl Anim Behav Sci, vol. 94, no. 1-2, pp. 117-131, Oct. 2005, doi:
10.1016/j.applanim.2005.01.010.

[57] R.P.Wilson, E. L. C. Shepard, and N. Liebsch, ‘Prying into the intimate details of animal lives:
Use of a daily diary on animals’, Endanger Species Res, vol. 4, no. 1-2, pp. 123-137, Dec. 2008,
doi: 10.3354/esr00064.

[58] E. L. C. Shepard et al., ‘ldentification of animal movement patterns using tri-axial
accelerometry’, Endanger Species Res, vol. 10, no. 1, pp. 47-60, 2010, doi: 10.3354/esr00084.

[59] K. Yoda et al., ‘A new technique for monitoring the behaviour of free-ranging Adelie
penguins.’, Journal of Experimental Biology, vol. 204, no. 4, pp. 685-690, Feb. 2001, doi:
https://doi.org/10.1242/jeb.204.4.685.

[60] C. R. Shuert, P. P. Pomeroy, and S. D. Twiss, ‘Assessing the utility and limitations of
accelerometers and machine learning approaches in classifying behaviour during lactation in a
phocid seal’, Animal Biotelemetry, vol. 6, no. 1, Oct. 2018, doi: 10.1186/s40317-018-0158-y.

[61] Y. Watanabe, E. A. Baranov, K. Sato, Y. Naito, and N. Miyazaki, ‘Body density affects stroke
patterns in Baikal seals’, Journal of Experimental Biology, vol. 209, no. 17, pp. 3269-3280,
2006, doi: 10.1242/jeb.02402.

[62] K. Sato, Y. Mitani, M. F. Cameron, D. B. Siniff, and Y. Naito, ‘Factors affecting stroking patterns
and body angle in diving Weddell seals under natural conditions’, Journal of Experimental
Biology, vol. 206, no. 9, pp. 1461-1470, 2003, doi: 10.1242/jeb.00265.

[63] K. Aoki et al., ‘Northern elephant seals adjust gliding and stroking patterns with changes in
buoyancy: Validation of at-sea metrics of body density’, Journal of Experimental Biology, vol.
214, no. 17, pp. 2973-2987, 2011, doi: 10.1242/jeb.055137.

[64] A. Génin et al., ‘Characterization of postdive recovery using sound recordings and its
relationship to dive duration, exertion, and foraging effort of southern elephant seals
(Mirounga leonina)’, Mar Mamm Sci, vol. 31, no. 4, pp. 1452-1470, 2015, doi:
10.1111/mms.12235.



Journal Pre-proof

[65] J. Shamoun-Baranes, R. Bom, E. E. van Loon, B. J. Ens, K. Oosterbeek, and W. Bouten, ‘From
sensor data to animal behaviour: An oystercatcher example’, PLoS One, vol. 7, no. 5, May
2012, doi: 10.1371/journal.pone.0037997.

[66] G. Fehlmann et al., ‘Identification of behaviours from accelerometer data in a wild social
primate’, Animal Biotelemetry, vol. 5, no. 1, Mar. 2017, doi: 10.1186/s40317-017-0121-3.

[67] D. R. Cutler et al., ‘Random forests for classification in ecology’, Ecology, vol. 88, no. 11, pp.
2783-2792, Nov. 2007, doi: 10.1890/07-0539.1.

[68] R. Berry et al., The AASM Manual for the Scoring of Sleep and Associated Events: Rules,
Terminology and Technical Specifications, Version 2.4. Darien, IL: American Academy of Sleep
Medicine, 2017.

[69] J. M. Kendall-Bar, A. L. Vyssotski, L. M. Mukhametov, J. M. Siegel, and O. I. Lyamin, ‘Eye state
asymmetry during aquatic unihemispheric slow wave sleep in northern fur seals (Callorhinus
ursinus)’, PLoS One, vol. 14, no. 5, May 2019, doi: 10.1371/journal.pone.0217025.

[70] J. M. Kendall-Bar et al., ‘Eavesdropping on the brain at sea: development of a surface-
mounted system to detect weak electrophysiological signals from wild animals’, Animal
Biotelemetry, vol. 10, no. 1, Dec. 2022, doi: 10.1186/s40317-022-00287-x.

[71] J. M. Kendall-Bar et al., ‘Brain activity of diving seals reveals short sleep cycles at depth’,
Science (1979), vol. 380, no. 6642, pp. 260-265, Apr. 2023, doi: 10.1126/science.adf0566.

[72] O. L. Lyamin, J. L. Lapierre, P. O. Kosenko, L. M. Mukhametov, and J. M. Siegel,
‘Electroencephalogram asymmetry and spectral power during sleep in the northern fur seal’, J
Sleep Res, vol. 17, no. 2, pp. 154-165, Jun. 2008, doi: 10.1111/j.1365-2869.2008.00639.x.

[73] M. A. Castellini et al., ‘Patterns of respiration and heart rate during wakefulness and sleep in
elephant seal pups’, American Journal of Physiology, vol. 266, pp. 863—869, 1994, doi:
https://doi.org/10.1152/ajpregu.1994.266.3.R863.

[74] M. S. Tift, E. C. Ranalli, D. S. Houser, R. M. Ortiz, and D. E. Crocker, ‘Development enhances
hypometabolism in northern elephant seal pups (Mirounga angustirostris)’, Funct Ecol, vol.
27, no. 5, pp. 1155-1165, 2013, doi: 10.1111/1365-2435.12111.

[75] C. Guinet, J. P. Roux, M. Bonnet, and V. Mison, ‘Effect of body size, body mass, and body
condition on reproduction of female South African fur seals (Arctocephalus pusillus) in
Namibia’, Can J Zool, vol. 76, no. 8, pp. 1418-1424, Aug. 1998, doi: 10.1139/2z98-082.

[76] R. Nathan, O. Spiegel, S. Fortmann-Roe, R. Harel, M. Wikelski, and W. M. Getz, ‘Using tri-axial
acceleration data to identify behavioral modes of free-ranging animals: General concepts and
tools illustrated for griffon vultures’, in Journal of Experimental Biology, Mar. 2012, pp. 986—
996. doi: 10.1242/jeb.058602.

[77] M. A. Ladds, A. P. Thompson, D. J. Slip, D. P. Hocking, and R. G. Harcourt, ‘Seeing it all:
Evaluating supervised machine learning methods for the classification of diverse otariid
behaviours’, PLoS One, vol. 11, no. 12, Dec. 2016, doi: 10.1371/journal.pone.0166898.

[78] F. A.P. Alvarenga, |. Borges, L. Palkovic, J. Rodina, V. H. Oddy, and R. C. Dobos, ‘Using a three-
axis accelerometer to identify and classify sheep behaviour at pasture’, App! Anim Behav Sci,
vol. 181, pp. 91-99, Aug. 2016, doi: 10.1016/j.applanim.2016.05.026.

[79] P. M. Graf, R. P. Wilson, L. Qasem, K. Hacklander, and F. Rosell, ‘The use of acceleration to
code for animal behaviours; a case study in free-ranging Eurasian beavers Castor fiber’, PLoS
One, vol. 10, no. 8, Aug. 2015, doi: 10.1371/journal.pone.0136751.



Journal Pre-proof

[80] Y. Wang et al., ‘Movement, resting, and attack behaviors of wild pumas are revealed by tri-
axial accelerometer measurements’, Mov Ecol, vol. 3, no. 1, 2015, doi: 10.1186/s40462-015-
0030-0.

[81] S. B. Blackwell and B. J. L. Boeuf, ‘Developmental aspects of sleep apnoea in northern
elephant seals, Mirounga angustirostris’, J Zool, vol. 231, no. 3, pp. 437-447, 1993, doi:
10.1111/j.1469-7998.1993.tb01930.x.

[82] B. J. Le Boeuf, R. J. Whiting, and R. F. Gantt, ‘Perinatal behaviour of northern elephant seals
females and their young’, Behaviour, vol. 43, no. 1, pp. 121-156, 1972, doi:
10.1163/156853973x00508.

[83] E. L. Weitzner, L. E. Pearson, L. Tomanek, and H. E. M. Liwanag, ‘Early diving behavior in
Weddell seal (Leptonychotes weddellii) pups’, Journal of Mammalogy, vol. 102, no. 4. Oxford
University Press, pp. 1000-1008, Aug. 01, 2021. doi: 10.1093/jmammal/gyab058.

[84] B.J. Le Boeuf, P. A. Morris, S. B. Blackwell, D. E. Crocker, and D. P. Costa, ‘Diving behavior of
juvenile northern elephant seals’, Can J Zool, vol. 74, no. 9, pp. 1632-1644, Sep. 1996, doi:
10.1139/296-181.

[85] ). Vacquié-Garcia, C. Guinet, C. Laurent, and F. Bailleul, ‘Delineation of the southern elephant
seal’s main foraging environments defined by temperature and light conditions’, Deep Sea Res
2 Top Stud Oceanogr, vol. 113, pp. 145-153, Mar. 2015, doi: 10.1016/j.dsr2.2014.10.029.

[86] C. D. Hamilton, C. Lydersen, R. A. Ims, and K. M. Kovacs, ‘Haul-out behaviour of the world’s
northernmost population of harbour seals (Phoca vitulina) throughout the year’, PLoS One,
vol. 9, no. 1, Jan. 2014, doi: 10.1371/journal.pone.0086055.

[87] C. Lydersen, M. O. Hammill, and K. M. Kovacs, ‘Diving activity in nursing bearded seal
(Erignathus barbatus) pups’, Can J Zool, vol. 72, no. 1, pp. 96-103, Jan. 1994, doi:
10.1139/z94-013.

[88] C. D. Hamilton, C. Lydersen, M. A. Fedak, C. Freitas, M. A. Hindell, and K. M. Kovacs,
‘Behavioural ontogeny of bearded seals Erignathus barbatus through the first year of life’,
Mar Ecol Prog Ser, vol. 627, pp. 179-194, Sep. 2019, doi: 10.3354/meps13072.

[89] TechnoSmart, ‘Axy-trek Operating manual’. Accessed: Aug. 16, 2023. [Online]. Available:
https://www.technosmart.eu/download/Axy-Trek%20manual.pdf

[90] P.J. Ponganis, J. U. Meir, and C. L. Williams, ‘In pursuit of Irving and Scholander: A review of
oxygen store management in seals and penguins’, Journal of Experimental Biology, vol. 214,
no. 20. pp. 3325-3339, Oct. 2011. doi: 10.1242/jeb.031252.

[91] J. L. Hassrick et al., ‘Condition and mass impact oxygen stores and dive duration in adult
female northern elephant seals’, Journal of Experimental Biology, vol. 213, no. 4, pp. 585-592,
2010, doi: 10.1242/jeb.037168.

[92] L. Irving, P. F. Scholander, and S. W. Grinnell, ‘Significance of the heart rate to the diving
ability of seals’, J Cell Comp Physiol, vol. 18, no. 3, pp. 283-297, Dec. 1941, doi:
10.1002/jcp.1030180302.

[93] A.S. Blix, ‘Adaptations to deep and prolonged diving in phocid seals’, J Exp Biol, vol. 221, no.
12,2018, doi: 10.1242/jeb.182972.

[94] C. Lenfant, K. Johansen, and J. D. Torrance, ‘Gas transport and oxygen storage capacity in
some pinnipeds and the sea otter’, Respir Physiol, vol. 9, no. 2, pp. 277-286, 1970, doi:
10.1016/0034-5687(70)90076-9.

[95] P. J. Ponganis, Diving Physiology of Marine Mammals and Seabirds. Cambridge: Cambridge
University Press, 2015. doi: 10.1017/CB09781139045490.



Journal Pre-proof

[96] R. W. Davis, ‘A review of the multi-level adaptations for maximizing aerobic dive duration in
marine mammals: From biochemistry to behavior’, J Comp Physiol B, vol. 184, no. 1, pp. 23—
53, 2014, doi: 10.1007/s00360-013-0782-z.

[97] K. Schmidt-Nielsen, Animal physiology: adaptation and environment. Cambridge: Cambridge
University Press, 1979.

[98] S. L. Fowler, D. P. Costa, J. P. Y. Arnould, N. J. Gales, and J. M. Burns, ‘Ontogeny of oxygen
stores and physiological diving capability in Australian sea lions’, Funct Ecol, vol. 21, no. 5, pp.
922-935, Oct. 2007, doi: 10.1111/j.1365-2435.2007.01295.x.

[99] L. M. Spence-Bailey, D. Verrier, and J. P. Y. Arnould, ‘The physiological and behavioural
development of diving in Australian fur seal (Arctocephalus pusillus doriferus) pups’, J Comp
Physiol B, vol. 177, no. 4, pp. 483—-494, May 2007, doi: 10.1007/s00360-007-0146-7.

[100] D. Verrier et al., ‘The ontogeny of diving abilities in subantarctic fur seal pups: Developmental
trade-off in response to extreme fasting?’, Funct Ecol, vol. 25, no. 4, pp. 818-828, Aug. 2011,
doi: 10.1111/j.1365-2435.2011.01846.x.

[101] S. R. Noren, G. Lacave, R. S. Wells, and T. M. Williams, ‘The development of blood oxygen
stores in bottlenose dolphins (Tursiops truncatus): Implications for diving capacity’, J Zool, vol.
258, no. 1, pp. 105-113, Sep. 2002, doi: 10.1017/50952836902001243.

[102] J. P. Richmond, J. M. Burns, and L. D. Rea, ‘Ontogeny of total body oxygen stores and aerobic
dive potential in Steller sea lions (Eumetopias jubatus)’, J Comp Physiol B, vol. 176, no. 6, pp.
535-545, Aug. 2006, doi: 10.1007/s00360-006-0076-9.

[103] S. B. Kanatous and P. P. A. Mammen, ‘Regulation of myoglobin expression’, Journal of
Experimental Biology, vol. 213, no. 16. pp. 2741-2747, Aug. 2010. doi: 10.1242/jeb.041442.

[104] S. B. Kanatous et al., ‘The ontogeny of aerobic and diving capacity in the skeletal muscles of
Weddell seals’, Journal of Experiméental Biology, vol. 211, no. 16, pp. 25592565, Aug. 2008,
doi: 10.1242/jeb.018119.

[105] S. J. Geiseler, A. S. Blix, J. M. Burns, and L. P. Folkow, ‘Rapid postnatal development of
myoglobin from large liver iron stores in hooded seals’, Journal of Experimental Biology, vol.
216, no. 10, pp. 1793—-1798, May 2013, doi: 10.1242/jeb.082099.

[106] M. A. Castellini, L. D. Rea, J. L. Sanders, J. M. Castellini, and T. Zenteno-Savin, ‘Developmental
changes in cardiorespiratory patterns of sleep-associated apnea in northern elephant seals’,
American Journal of Physiology-Regulatory, Integrative and Comparative Physiology, vol. 267,
no. 5, pp. R1294—R1301, Nov. 1994, doi: 10.1152/ajpregu.1994.267.5.R1294.

[107] M. A. Hindell et al., ‘Environmental and physiological determinants of successful foraging by
naive southern elephant seal pups during their first trip to sea’, Can J Zool, vol. 77, no. 11, pp.
1807-1821, 1999, doi: 10.1139/z99-154.

[108] N. Rensing, B. Moy, J. L. Friedman, R. Galindo, and M. Wong, ‘Longitudinal analysis of
developmental changes in electroencephalography patterns and sleep-wake states of the
neonatal mouse’, PLoS One, vol. 13, no. 11, Nov. 2018, doi: 10.1371/journal.pone.0207031.

[109] M. H. Kryger, T. Roth, and W. C. Dement, Principles and Practice of Sleep Medicine - E-Book:
Expert Consult - Online and Print. Elsevier Health Sciences, 2010. [Online]. Available:
https://books.google.fr/books?id=3B52V4PnrVkC

[110] J. M. Siegel, ‘Clues to the functions of mammalian sleep’, Nature, vol. 437, no. 7063, pp.
1264-1271, Oct. 2005, doi: 10.1038/nature04285.



Journal Pre-proof

[111] O. L. Lyamin and J. M. Siegel, ‘Sleep in Aquatic Mammals’, in Handbook of Behavioral
Neuroscience, vol. 30, Elsevier B.V., 2019, pp. 375-393. doi: 10.1016/B978-0-12-813743-
7.00025-6.



