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Abstract
It is notoriously difficult to measure physiological parameters in cryptic free-ranging marine mammals. However, it is critical to understand how marine mammals
manage their energy expenditure and their diving behavior in environments where
the predation risks are low and where survival is mainly linked to capacities to maintain physiological homeostasis and energy budget balance. Elephant seals are top
marine predators that dive deeply and continuously when at sea. Using acoustic
recorders deployed on two postbreeding southern elephant seals (SES) females, we
developed methods to automatically estimate breathing frequency at the surface.
Using this method, we found that seals took successive identical breaths at high frequency (0.29 Hz) when recovering at the surface and that breath count was strongly
related to postdive surfacing time. In addition, dive depth was the main factor
explaining surfacing time through the effects of dive duration and total underwater
swimming effort exerted. Finally, we found that recovery does not only occur over
one dive timescale, but over a multidive time scale for one individual. The way these
predators manage their recovery will determine how they respond to the change in
oceanic water column structure in the future.
Key words: southern elephant seal, Mirounga leonina, bio-logging, acoustics, ecophysiology, diving behavior, dive recovery.

Foraging strategies of diving marine predators are heavily constrained by the management of their oxygen stores. Postdive recovery only occurs during surfacing times
when breathing is possible. The management of oxygen stores is consequently crucial
to foraging success and yet, remains poorly investigated in free-ranging animals. It
has been investigated in ice seals, such as the Weddell seal (Leptonychotes weddellii)
(Williams et al. 2004, Falke et al. 2008) and the emperor penguin (Aptenodytes forsteri)
(Kooyman and Wahrenbrock 1980, Kooyman et al. 1983, Ponganis et al. 1997) that
maintain specific breathing holes in the ice pack. In this case, it is possible to perform
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direct measurement of breathing frequency, gas exchange, and metabolic rate for
these animals.
These experiments provided insightful data on postdive or postforaging recovery
of marine divers (Kooyman et al. 1983, Falke et al. 2008), but they have only been
linked to energy expenditure recently. Williams et al. (2004) showed that the postdive oxygen intake of Weddell seals was linearly related to the swimming effort (in
number of flipper strokes) and the duration of the dive. Similarly, trained Steller sea
lions (Eumetopias jubatus) in semicaptive conditions were asked to dive at specific
depths and recover by breathing in a metabolic chamber at the surface (Fahlman et al.
2008, Hindle et al. 2010). These studies showed that animals can voluntarily accumulate an oxygen debt that is paid for only a few dives later. However, data from
free-ranging animals in the open sea remain scarce, but Maresh et al. (2014) recently
estimated the absolute cost of locomotion for 12 translocated northern elephant seals
(Mirounga angustirostris). They showed that seals spent more time recovering at the
surface when cost of transportation was artificially increased.
The aim of this paper is to study the dive-recovery metabolism in seals with freeranging individuals, using the southern elephant seal (Mirounga leonina, SES hereafter) as a case study. Elephant seals are known to be excellent pelagic divers. At the
end of the reproduction season, SES disperse at sea in the Southern Ocean (between
45°S and 70°S), and continuously dive for 3 mo until they come back to land to
molt. Elephant seals are among the most efficient divers in pinnipeds. They routinely
dive for 20 min and at 450 m, but they can dive to over 1,400 m and stay submerged for up to 2 h (Slip et al. 1994). Their swimming effort has been shown to
vary depending on their foraging success, as they are more likely to accelerate when
catching prey (Thums et al. 2011). However, foraging does not necessarily imply
active swimming. Elephant seals can glide passively during the ascent or descent
phases of their dives (Davis and Weihs 2007) depending on their buoyancy. Cost of
Transport (COT) is minimal at neutral buoyancy (Miller et al. 2012) but buoyancy
can change over several days as body fat fluctuates. Furthermore, elephant seals drift
passively during drift or recovery dives to rest and/or process food (Crocker et al.
1997, Biuw et al. 2003). Therefore, we expect the total energy spent during a dive to
vary depending on the underwater behavior and swimming effort and to be correlated
to breathing patterns when the seal surfaces. Oxygen consumption rates reflect energy
expenditure (e.g., Williams et al. 2004). Breathing behavior, breath count or breathing frequency during postdive intervals may thus provide insights on the energy
expenditure while diving.
Fletcher et al. (2006) recorded respiratory frequency and heart rate of six translocated northern elephant seals (Mirounga angustirostris) using a tape recorder for about
4 h. Later, Le Boeuf et al. (2000) used sound recordings to determine the breathing
rate of three adults and six juveniles Northern elephant seals during 8–29 postdive
surface intervals. However, they only recorded the maximum dive depth and had no
access to any other dive behavior or parameter. Dive depth was found to be a significant predictor of the surface interval duration, but with an estimated coefficient that
varied widely (typically tenfold). Current technology allows collecting a more extensive set of data and provides a more complete understanding of diving behaviors.
Using the latest acoustic tags, our goal is to quantitatively estimate how dive parameters affect the seal’s postdive recovery. More specifically, this work aims at answering
three questions. (1) Can we reliably and automatically estimate the number of breaths
southern elephant seals take while at the surface from acoustic signals? (2) Is number
of breaths related to dive parameters such as dive duration, foraging success and
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swimming effort? (3) Do elephant seals recover from diving at a single-dive or multidive timescale?
Material and Methods
Logger Deployment
In October 2011 two postbreeding females of similar body conditions (see
Table 1) were captured and equipped with data loggers on Kerguelen Island
(49°200 S, 70°200 E). The two females (ind. 1 and ind. 2) were sedated using tiletamin
and zolazepam (Zoletil 100) (McMahon et al. 2000) before gluing three tags on their
fur using quick-setting epoxy (Araldite AW 2101, Ciba). First, an Argos-GPS satellite tag (SPLASH10 FastLoc GPS, Wildlife Computers, Redmond, WA) was
attached to the head of the seals. It provided real-time position of the seals through
the Argos system and collected GPS location data. Second, a TDR-accelerometer data
logger (MK10-X, Wildlife Computers) was glued in front of the SPLASH10 tag. It
samples tri-axial acceleration at 16 Hz and pressure (i.e., dive depth) every second.
Third, an Acousonde device (Greenridge Sciences) (Burgess and Tyack 1998, Burgess
2000) was glued on the back of the seal on the longitudinal axis, 10 cm behind the
scapula. The Acousondes recorded sound at a frequency of 6,278 Hz by its built-in,
low-frequency hydrophone. To save battery lifetime, the instrument only sampled for
3 h every 12 h. It also recorded depth and tri-axial acceleration at a 5 Hz frequency
continuously. The tags stopped recording after 10–12 d of operation (Table 1) due to
battery exhaustion, providing approximately 60–72 h of recording per animal.
Signal Processing
Estimating swimming effort—Dives were defined and separated into descent, bottom
and ascent phases, and postdive surface intervals were quantified from data recorded
by the Acousondes and using custom-made MATLAB scripts (available upon request)
described in Vacquie-Garcia et al. (2012). We considered that animals were at the
surface when depth was above 15 m. We chose this value to account for subsurface
movements of seals between dives and to be able to separate dives with accuracy: a
lower depth threshold produces short, bogus dives due to the seals’ subsurface movements or wave effects on the pressure transducer. However, it introduces an underestimation of breathing rates (see Discussion). All acceleration signals were corrected
for body orientation before analysis, using the mean surface orientation of ind. 1 as
the frame of reference and assuming that the animals had the same mean position
when at surface.
The frequency spectrum of the complete lateral acceleration data showed a clear
bimodality (Fig. 1). The high-frequency peak corresponds to the dynamic acceleration due to tail movements (Watanabe et al. 2006). Using high-pass filters bounded
at 0.63 Hz for ind. 1 and 0.72 Hz for ind. 2, we isolated this part of the signal and
extracted peak number and values using the built-in findpeaks MATLAB function.
We calculated swimming effort by summing the maximum value of these peaks over
a time-series window that integrates the number of tail swings and their intensity.
However, since our result does not have a straightforward SI unit (number of tail
swings 9 m/s2), we did not include it in the results.
Descent phases are mostly passive (gliding) for negatively buoyant elephant seals.
It is also the case when animals alternate gliding descents and active ascents during

Ind. 1
Ind. 2

254
238

Length
(cm)

255
245

Weight
(kg)
Number
of dives
590
1021

1,038.7  3.4
1,033.1  5.8
10.3
12.1

Length of
deployment
(d)

Deployment
characteristics

Estimated
density
(kg/m3)

Body
characteristics

19.8  4.1
14.8  3.0

Dive
duration
(min)
512.3  186.1
413.4  156.3

Maximum
depth (m)
5.3  4.5
6.6  5.7

Number
of capture
attempts
per dive

209.9  39.4
272.7  50.9

Swimming
effort (total)

Swimming
effort
(bottom
phase)
71.7  41.0
106.0  49.7

Mean dive parameters

104.5  48.2
145.6  49.8

Swimming
effort
(ascent
phase)

2.5  0.5
2.3  3.5

Time spent
at surface
(min)

Table 1. Individual characteristics and dive habits of two equipped southern elephant seals (mean  SD). Body characteristics are given at deployment
time.
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Figure 1. Power spectral density of the lateral acceleration for ind. 1 (red) and ind. 2 (blue).
Note the peak in power for both individuals corresponding to the tail swing frequency. Colored ticks indicate value for maximum frequency.

the bottom phase of the dive. Consequently, negatively buoyant elephant seals only
swim actively and continuously when ascending (Sala et al. 2011, Aoki et al. 2011,
Miller et al. 2012, Richard et al. 2014) or during short feeding events. Therefore, we
only calculated the total swimming effort during the ascent and the bottom phases,
respectively referred to as SEa and SEb. We found differences in absolute values
between our two individuals: a much lower swimming effort was found for ind. 1 for
dives at identical depth (Table 1). We assessed whether methodological biases could
explain this difference. We first verified that it was not due to differences in logger
position using in-field photographs. Second, proper in-factory calibration of the accelerometers was also verified by comparing the recordings of the two loggers in several
identical static positions and exposed to identical accelerations. We also tested the
difference in density between the 2 individuals as seal buoyancy has a strong effect on
seal swimming effort—seals closer to neutral buoyancy have a lower Cost of Transport (Miller et al. 2012)—following a methodology from Biuw et al. (2003) and
Richard et al. (2014).
Estimating seal density—We estimated seal density using Richard et al.’s (2014)
methodology. We isolated drifting phases by first selecting data (1) from the descent
or bottom phase, (2) for which instantaneous swimming effort (as described previously) had values in the –0.2–0.2 m/s2 range, and (3) for which vertical speed was
below 0.4 m/s. We then only kept data sequences longer than 20 s and used the
mean vertical speed of each sequence to obtain the seal density q(seal) using the following equation:
qðsealÞ ¼ qðswÞ þ

UðdriftÞ2  Cd  qðswÞ SðsealÞ

2g
VðsealÞ

where U(drift) is the mean vertical speed, Cd the drag coefficient of 0.69 (Aoki et al.
2011, Biuw et al. 2003), q(sw) the average density of sea water (1,027 g/L), V(seal),

6

MARINE MAMMAL SCIENCE, VOL. **, NO. **, 2015

and S(seal) the volume and total area of the seal respectively, and g the gravity acceleration (9.8 m/s2). Volume and total area were calculated by considering the shape of
the seal as two opposing cones with a common base as followed:

SðsealÞ
¼
VðsealÞ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L2
2L2
1 þ 3R
1 þ 3R
2 þ
2
L

where L is the measured length of the seal at tag deployment and R is the radius of
the cones’ common base. R was not measured in the field and was obtained using
empirical relationships between m the mass (kg), L the size (m), and G the girth (m)
measured at tag deployment: (Castellini and Calkins 1993). The mass was estimated
using a scale with a precision of 1.0 kg. Combining the previous equation and
using R as follows:
R2 ¼

m
45:7L  4p2

Prey capture attempts—Jaw opening motions indicative of prey capture attempts can
be detected from head mounted accelerometers (Gallon et al. 2012, Naito et al.
2010, Viviant et al. 2010). We identified prey capture attempts from the acceleration
data using custom-written MATLAB scripts applied on the signal obtained by the
head-mounted SPLASH10 tag using a method derived from Viviant et al. (2010).
First, we calculated the standard deviation over 1 s static windows of the three channels individually. Then, we calculated a standard deviation over a 5 s moving window
on these signals. Finally, we applied a k-means clustering method using two output
centroids on the final three signals. This categorized each sample of the acceleration
signal into high- and low-variance clusters. A capture attempt was then defined as a
continuous sequence of samples in which all of the three axes were classified in the
high-variance cluster.
Breath count—We isolated and extracted sound samples when the seal was at the
surface of the water only. Acoustic and visual inspections indicated that when the seal
is surfacing, most of the sound recorded is due to breathing excepted when water
splashes produced high-amplitude noise (possibly due to rough weather conditions)
which masked the breathing sound. Spectrograms showed that each seal exhibited a
stereotypical breathing behavior with constant breathing intensity (magnitude of one
breath) and duration within and between breathing sequences (Fig. 2).
The sound signal amplitude reached a maximum in the middle of a breath when
the seal stops inhaling and begins breathing out. Consequently, we estimated breathing frequency by identifying and counting these peaks using the following method:
we first standardized the sound samples by dividing the signal by its standard deviation (computed on the whole data set) to remove any possible differences due to individual microphone sensitivity. We then applied a band-pass filter to select
frequencies within the 200–240 Hz range. This attenuated the part of the signal that
was not related to breathing. Filtered sound samples with amplitude above 0.3r were
considered water noise and their values were zeroed to limit their influence in subsequent processing. We then filtered the remaining signal using a moving average
with 1, 1.2, and 5 s windows to obtain curves (a), (b), and (c) of Figure 3. Peaks
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Output signal (SD)

Standardized sound signal (SD)

Figure 2. Spectrogram of recorded sound during a post dive surface interval performed by
ind. 1 showing the stereotyped and continuous breathing behavior of the seal when surfacing.
Seal surfaces at timestamp 15 s and dives at 120 s.
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Figure 3. Extract of a sound recording processed for breath count. Upper panel: filtered
input signal in which breaths are distinguishable. Lower panel: output smoothed amplitude in
dark red (curve [a] in text), and lower bound for peak detection in blue (maximum of curves
[b] and [c] in text). Triangles correspond to output detected peaks. Y-axis units have no absolute meaning.

corresponding to breathing were then detected in curve (a) using the MATLAB
built-in function findpeaks. Only peaks separated by at least 1.2 s and with values
above signal (b) and (c) were retained.
Water splash noise was the main source of peak miscount. We thus used the proportion of the signal during which splash noise did not occur as an accuracy index for
this method. We only kept breathing events with an accuracy index over 0.994,
which gave us 248 breathing sequences across the two individuals (86 sequences were
omitted). We evaluated the accuracy of this method by comparing the result obtained
from the automated algorithm mentioned above to a visual count on spectrograms of
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eight randomly chosen surface intervals for each individual. The mean breath duration and interbreath durations were also visually evaluated using the same samples.
Statistical Analyses
Number of breaths taken during the surface interval
We looked at the relationship between the number of breaths and the duration of the
surface interval using linear mixed-effects models. We set individuals as random factor to estimate the significance of variations in breathing rate across individuals. We
used a stepwise model selection based on AIC to select the most adequate model
between a model with random intercept and slope across individuals, random intercept only or without random effect. We followed the procedure suggested by Nakagawa and Schielzeth (2013) to obtain the R2 for the relationship.
Energy spent and recovery time—We first used a linear-mixed effects model in R (R
Development Core Team 2012) to explore the effects of dive parameters on postdive
surface interval and the variation between individuals. We then used standard linear
modeling to compare the effects of the fixed factors within individuals. To do so, we
standardized the within-individuals fixed factors (by subtracting the mean and dividing them by the standard deviation) so that the value of each coefficient is indicative
of its relative contribution to the explained factor. All models were evaluated for surface intervals between 0 and 450 s. Values exceeding the 1.5 interquartile range
were considered outliers and removed from the analysis which represent 11 data
points (less than 0.7 % of the whole surface interval data set of n = 1,683, 2 for ind.
1 and 9 for ind. 2). We focused on recovery periods likely to be related directly to the
previous dive as extended surface intervals may be related to other surface behaviors,
such as socializing or extended recovery periods linked to food processing (Sparling
et al. 2007).
Time scale of recovery—Recovery can happen over a single dive time-scale during
which the animal pays back its oxygen debt from its previous dive completely before
the next dive. It can be also occur over a time-scale of a few dives depending on the
effort made during the preceding sequence of dives. This could be the source of outliers mentioned earlier and removed from the linear model analysis. We summed dive
durations, total swimming effort, and corresponding recovery times over an increasing number of dives to evaluate the time-scale used. We used Spearman’s correlation
coefficients to evaluate time-scale of recovery: if the seal recovered its oxygen debt
over several dives, we expected a higher coefficient. This was done using the entire
data set for each individual, including the extended surface intervals.

Results
Ind. 1 performed significantly deeper and longer dives compared to ind. 2
(t = 27.3, P ≤ 0.001; see Table 1).
Breath Characteristics
Both elephant seals in this study showed a stereotypical behavior during their surfacing intervals. They repeatedly took a series of regular, high-frequency breaths
when surfacing, separated with short duration interbreath intervals. Using handcounted samples, breath duration was found to be significantly different across
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individuals, although the difference was minimal (mean  standard deviation):
1.56  0.22 s (ind. 1) and 1.52  0.22s (ind. 2) (t = 2.56, n = 16, P = 0.01). A
relative error of 7%  4% on automated breath counts was found compared to visual
count. Ind. 1 took significantly more breaths during surface intervals (ind. 1: 56.6 
5.6, n = 28; ind. 2: 40.5  6.1, n = 135, t = 13.7, P ≤ 0.001) and made longer surface
intervals than ind. 2 (152  29 s vs. 128  36 s, n = 248, t = 15.31, P ≤ 0.001).
There is a strong linear relationship between number of breaths and time at the
surface across both individuals (Fig. 4). The model selection process favored a mixedmodel with random intercept only, thus supporting the assumption that both individuals had the same average breathing rate as measured by our automatic process:
0.30  0.01 breaths/s (estimate  SE). This model had a marginal R2 (proportion of
variance explained by fixed factors) of 0.81 and a conditional R2 of 0.84 (proportion
of variance explained by both fixed and random factors). Given these high R2 values,
we neglected the residual error in this relationship, and used the time spent at the
surface as a direct proxy for the number of breaths taken. This procedure allowed us
to have more robust estimates by using the whole data set and not only the short
durations.
Swimming Effort

Number of breaths taken

Ind. 1 showed a significantly lower total swimming effort compared to ind. 2 at
the dive scale: ind. 1 = 0.177  0.039, n = 590; ind. 2 = 0.313  0.052,

90
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30

100

200

300

Surface interval duration (s)

Figure 4. Linear relationship between surface duration (Sd) and number of breath (Bn) taken
by the two seals (ind. 1 is in red, ind. 2 in blue). Only counts with a confidence index over
0.994 were used in this representation. Two linear fits are shown for both seals: ind. 1 Bn =
8.95 + 0.29Sd and ind. 2 Bn = 6.11 + 0.29Sd. Model selection through AIC supports the similarity of the slopes which represent the breath rates (see Results).
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n = 1019; t = –59.6, P ≤ 0.001; bottom of the dive: ind. 1 = 0.211  0.141; ind. 2
= 0.232  0.146; t = –2.79, P ≤ 0.005 or during ascent: ind.1 = 0.474  0.190;
ind. 2 = 0.737  0.812; t = –9.87, P ≤ 0.001). Similarly, ind. 2 swimming effort
was on average 1.73 times greater than ind. 1 when departing from the same maximum depth (Fig. 5). No differences in Acousonde calibrations were detected, and
visual inspection of logger position on the seal’s back showed no conclusive difference. However, seal densities were found to differ significantly (ind. 1:
1,038.7  3.4 kg/m3, n = 97; ind. 2: 1,033.1  5.8 kg/m3, n = 32, t = 5.13,
P ≤ 0.001).
Postdive Recovery
The two individuals were found to adjust the duration of their surface interval
according to dive duration (T), maximum diving depth (Dd), swimming effort during ascent (SEa), swimming effort during bottom (SEb), and the number of prey capture attempts (PCA). Correlations between pairs of variables were tested using the
Pearson’s correlation coefficient. When two variables had a correlation coefficient
above 0.7, we kept the variable that was directly related to energy expenditure. Maximum diving depth was found to be highly correlated to SEa. We kept SEa as an
explanatory variable to compare the respective contribution of SEa and SEb on surface
recovery. The number of prey capture attempts was also found to be positively related
to SEb but the correlation coefficient (ind. 1, R2 = 0.33, n = 590, P ≤ 0.001; ind. 2
R² = 0.42, n = 1,020, P ≤ 0.001) was lower than the threshold value so both variables were kept for the analyses. The relationship of post dive duration recovery was
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Figure 5. Swimming effort performed during the ascent phase compared to the maximum
depth of the dive. Ind. 2 (blue) has a 1.79 greater swimming effort to return to the surface
from the same depth than ind. 1 (red).
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thus investigated in relation to dive duration, number of prey capture attempts,
swimming effort at bottom (SEb) and during ascent (SEa) of the previous dive.
Linear mixed models showed that the relationships varied significantly depending
on the individual: ind. 2 exhibited a greater SEa for a given dive depth than ind. 1.
Significant differences were found in the slope (ind. 1: 0.202  0.005; ind. 2:
0.233  0.007, t = 36.5, P ≤ 0.001) and intercepts (ind. 1: 5.08  2.66; ind. 2:
49.20  2.99, t = 48.17, P ≤ 0.001) of the two linear models (Fig. 6). A linear
model was fitted for each individual to explore the relative importance of each explanatory variable. SEa had the largest contribution for both seals, followed by dive duration and SEb. Number of prey capture attempts did not influence the duration of the
post dive surface interval for any of the individuals (see Table 2 and Fig. 5). However, ind. 2 spent a longer time at the surface than ind. 1 for a given dive duration,
SEa and SEb as all parameter estimates were higher for ind. 2 (Table 2). Indeed, ind.
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Swimming effort during bottom

Figure 6. Relationship between the duration of the surface interval and dive duration (A–
B), dive swimming effort (C–D), and swimming effort at the bottom of the dive (E–F). Ind. 1
is shown in red and ind. 2 in blue.
Table 2. Results of linear models looking at the surface interval durations in relation to
dive parameters.
Explanatory
variable

Individual 1 (red)
Coefficient estimate
(mean  sd)

Individual 2 (blue)
Coefficient estimate
(mean  SD)

Dive duration
Nb PCA
Swimming effort (bottom)
Swimming effort (ascent)

4.14  00.90***
ns
2.48  1.14*
11.09  0.91***

9.00  1.64***
ns
4.42  1.41**
11.98  1.53***

Note: Asterisks indicate levels of significance, either *** for P < 0.001, ** for P < 0.01, or *
for P < 0.05. Color names in columns headers refer to colors in the graphs of this paper.
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1 spent significantly less time at the surface per minute spent diving compared to
ind. 2 (ind. 1: 8.16  1.68, n = 590; ind. 2: 8.53  3.78, n = 1,019, t = –3.25
P = 0.001).
Time-scale of Recovery
Previous studies have shown that some diving mammals can recover their oxygen
debt over a few dives rather than over a single dive time-scale. The maximum correlation coefficient was found when dive duration and total swimming effort were
summed over a window of about 20 dives for ind. 1 (Fig. 7). Adjustment capabilities
then plateaued past this threshold. Ind. 2 exhibited no such trend.

Discussion
Describing the Respiration of Elephant Seals Through Sound Recordings
This study shows that southern elephant seals are breathing at very high frequency
while at the surface. The relationship between number of breaths and surface duration
suggest a mean breathing frequency of 0.3 Hz, which is within the range of breathing frequencies reported for juvenile and male northern elephant seals (Le Boeuf et al.
2000). Despite very short surfacing intervals, elephant seals recovered primarily by
adjusting the duration of surface intervals—and therefore number of breaths—rather
than breathing rate (R2 = 0.84, Fig.4).
The low error in automatic detection shows that it is possible to reliably estimate
the number of breaths taken by elephant seals when at the surface. This study acts as
a proof-of-concept and highlights that automatic quantitative analyses of sound
recordings provide a useful piece of information to explore multiple aspects of the
recovery of these animals. However, acoustic recordings are a very information-rich
support and much work remains to be done to fully extract the available information.
In this study we extracted the number of breaths from a sample based on the
sole amplitude of the sound signal after filtering. However, a more robust spectrum
analysis could certainly identify more precise breath patterns. This powerful technique is routinely used in the audio world where algorithms identify and match audio
Correlation to dive duration
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Figure 7. Correlation coefficient for different sizes of window used to sum the dive characteristics. For ind. 1 (red) both correlations plateaued after 20 dives summed. This suggests that
ind. 1 is managing its effort over multiple dives. There is no comparable trend for ind. 2 (blue).
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patterns against a database using the full dimensionality of the sound signal (Cano
et al. 2005). This approach would likely be very efficient given the stereotyped nature
of the elephant seal recordings presented here. It would also likely efficiently detect
events such as hauling out for example during which the sound spectrum changes
drastically (Fig. 2). In addition, robust estimates with biologically meaningful errors
should be preferred instead of a confidence index quantifying noise. In other words,
detecting a breath in a sound sample is likely to be straightforward given modern
sound processing. However, extracting breath characteristics (e.g., duration, intensity,
volume of air inspired with errors) might remain challenging.
Recording sound for several months in cold water is expensive. It requires a sampling frequency that is several orders of magnitude higher than for other dive parameters. The two loggers deployed here were heavily duty-cycled and provided only
2 wk of data in a 2–3-mo-long postreproductive trip. However, this work suggests
that breaths have a very low-frequency signature in the sound signal. This characteristic allowed us to detect and count them after submitting the raw signal to multiple
smoothing low-pass filters. A much lower sampling frequency should thus still capture breathing frequency as the automatically extracted breathing rate of 0.30 Hz
(Fig. 4) gives a theoretical minimum frequency of 0.60 Hz (Nyquist frequency). Of
course, a proper threshold should be empirically determined by subsampling an existing signal for example. However, this shows that the sampling effort—and thus the
battery drain—could be considerably reduced and yet similar results could still be
obtained.
As far as breathing rate is concerned, a critical parameter to set is the maximum
depth that defines surface intervals. In this work, we set it to 15 m to be able to rely
on previous work (Vacquie-Garcia et al. 2012), and knowing that lower depth thresholds are known not to discriminate dive phases well enough for subsequent analyses.
Lower thresholds result in short and very shallow, false positive dives. Indeed, closer
inspection of simultaneous depth and acoustic recordings show that pressure variations are present even though the seal is breathing at the surface, possibly due to wave
splash effects on the logger. However, the 15 m depth threshold we chose led to an
overestimation of the surface interval of about 6%–8% and therefore an underestimation of breathing rates of 7%–10%: any time spent in shallow water (above 15 m) is
considered as breathing time, although seals can obviously not breathe everywhere in
the whole 0–15 m depth interval. Further processing of sound recordings could provide an elegant way to circumvent this, similar to the way swimming effort is computed. As elephant seals breathe in a very regular fashion at the surface, the spectrum
of the corresponding sound recording should show a spike in the frequency that corresponds to the breathing patterns. This frequency is the breathing rate. The threshold of 15 m discussed above would thus only be used to roughly select the surface
interval where the breathing behavior dominates the signal, and would not affect the
actual breathing rate value.
We could also extract other interesting variables linked with effort and recovery
from the sound signal. However, it would necessitate a refined process for automatic
detection. For example, Le Boeuf et al. (2000) showed significant correlations
between dive parameters and heart rate at the surface. These are visually and acoustically detectable in the sound signals recorded here but our automatic process does not
yet provide enough resolution to extract heart rate. Beyond technical caveats linked
to the automatic processing of these recordings, our results highlight that sound
provides a useful tool to unravel how elephant seals manage their postdive recovery
when associated with other loggers.
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Recovery and Swimming Effort
Duration of the previous dive and the total swimming effort significantly predicted
surface interval duration in southern elephant seals as also reported for their northern
counterparts (Le Boeuf et al. 2000). Despite interindividual differences, both individuals exhibited the same general patterns of postdive recovery. Time at the surface was
directly related to the dive duration and the swimming effort, and in particular to
the ascent swimming effort. This is in accordance with previous results obtained on
Weddell seals (Williams et al. 2004). Postbreeding females remain negatively buoyant during most if not the entire duration of their postbreeding trip. Therefore, they
mostly passively glide down to the dive bottom but actively swim back to the surface. This is supported by our results that show that SEa and dive duration have the
largest contribution explaining the post dive recovery. Although it is commonly
hypothesized that the main foraging costs for deep diving predators such as elephant
seals are from getting to the resource location in the water column, our work provides
direct evidence that in negatively buoyant recovery time is heavily influenced by the
effort exerted to return to the surface from the foraging depth (SEa). This is probably
why Le Boeuf et al. (2000) found that dive duration had an unclear effect on recovery
time. Another important result of our study is that individuals can manage their
recovery either at a dive or at a multi-dives time scale.
Energy Management and Individual Characteristics
Both seals had similar body size (Table 1) but different body conditions: ind. 1
was in poorer condition (i.e., denser) than ind. 2. We thus expected that ind.1 would
exert a higher SEa because of its higher density. However, ind. 1 was found to exert a
lower SEa suggesting the existence of interindividual differences in diving behaviors.
Ind. 2 swam more actively than ind. 1 and exerted a significantly greater swimming
effort per unit of time spent diving. When controlling for dive duration, ind. 2 was
found to spend more time at the surface per unit of time spent diving, possibly due
to its greater swimming effort per unit of time. In comparison, ind. 1 dove deeper,
favored a less active diving strategy, and exerted a lower swimming effort per unit of
time spent diving.
One possible explanation to these differences is that our measure of swimming
effort was biased across individuals. Swimming effort is only an indirect proxy of
energy expenditure and the direct proportionality between our estimated swimming
effort and actual energetic costs remains to be validated (see Perspectives). While this
may contribute to the interindividuals differences, it unlikely explains it all. Indeed,
both accelerometers were calibrated and attached on an identical location for both
seals. Another possible explanation is intrinsic differences in foraging/diving/swimming behavior between individuals. Ind. 1 showed a lower swimming effort per
ascended meter (Fig. 5) and thus a lower locomotion cost compared to ind. 2, even
though we expected the opposite due to its higher density. This suggests that ind. 1
was swimming differently than ind.2 as reflected also in a significantly steeper ascent
angle for Ind. 1 (50°  17° vs. 48°  13°, t = 2.2, P = 0.03). This difference might
be due to extrinsic factors such as the number of prey encounters (Gallon et al. 2012)
or environmental cues (McIntyre et al. 2011, Guinet et al. 2014) known to affect
swimming angle. However, intrinsic factors affecting physiology such as hypoxia
conditioning (Hassrick et al. 2010) or differences in metabolic capacities (Tift et al.
2013) cannot be ruled out. Monitoring a broader number of individuals and over a
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longer time period would help in better understanding the effect of these factors on
swimming behaviors.
The recovery behavior of the two females also suggests interindividual differences.
Ind. 2 performed shallower and shorter dives and was mainly recovering at the single-dive scale, while ind. 1 performed longer, deeper dives and with a lower swimming effort per unit of time recovered. This suggests that ind. 1 could manage its
energy balance over several dives and thus accumulate an oxygen debt paid off only a
few dives later. The body of literature suggests that elephant seals mostly dive aerobically to maximize time underwater (Meir et al. 2009, Hassrick et al. 2010, Meir et al.
2013). However, elephant seals sometimes do exceed their apparent aerobic dive limit
(ADL) as observed by Hassrick et al. (2010). We thus cannot yet rule out that seals
pay off their oxygen debt through sustained breathing during extended surface intervals. We did not see such intervals in our audio recordings probably because of our
sampling constraints. The increase in sampling effort in future work could help
answering this question. Seals could also defer digestion costs to periods of rest at the
surface (Crocker et al. 1997). This could also explain the difference observed between
our two seals.
Despite differences in their recovery strategy, similar general relationships were
found for both individuals. Ascent swimming effort was the most influent factor on
surface recovery time (or likely descent swimming effort in positively buoyant seal),
then dive duration and to a lesser extent swimming effort at the bottom of the dive.
This latter variable is probably positively correlated to the foraging success of these
seals as the higher the swimming activity during the bottom phase, the higher the
number of possibly successful prey capture attempts.
Measuring Swimming Effort
Tri-axial overall dynamic body acceleration (ODBA) has been shown to reflect
swimming effort in numerous taxa (Wilson et al. 2006). In this study, we used a
more selective measure of swimming effort because it favored the count and amplitude of tail swings, thus taking into account the propelling-related motions rather
than the sum of the overall acceleration. While ODBA was found to provide a good
proxy of energy expenditures in some species (Fahlman et al. 2008; Halsey et al.
2008, 2009), in other cases the relationship was weak.2 It is possible to take partly
into account the position of the logger on the animal by using a peak count and correcting for orientation. This is critical as further work based upon this study will be
based on data collected by accelerometers attached on the head of the animal.
From Breath Counts to Oxygen Acquisition
We provided a method to count the number of breaths taken by seals when surfacing with reasonable accuracy using an automated counting process. This process
depends on numerous parameters, especially the peak detection. We also showed that
breath count could predict energy expenditure (dive duration and swimming effort).
However, we need to determine the amount of oxygen inhaled in a breath to translate
breath count into oxygen intake, the energetics currency. Refining the process using
2
Personal communication from Tiphaine Jeanniard-du-Dot, Marine Mammal Research Unit, AERL
Building, 2202 Main Mall, University of British Columbia, Vancouver, British Columbia V6T 1Z4,
Canada, 4 November 2014.
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mechanical data derived from sibling species such as the Weddell seal (Castellini
et al. 1992, Falke et al. 2008) or by calibrating Acousondes on captive seals for example could provide better Information on Breath Types and Inhaled Volumes
Perspectives: Understanding the energy strategy of free-ranging marine mammals using indirect evidence—The relationships found between indirect measurements of energy gains
(recovery time) and losses (underwater exertion and dive duration) suggest that estimating the energetic balance through indirect, noninvasive bio-logging data can be a
valid strategy for free-ranging animals.
Energy costs are often split into several oxygen-consuming additive components:
resting metabolism costs, locomotor costs, digestion costs, and thermoregulatory
costs (Williams et al. 2004, Maresh et al. 2014). The multilinear relationship we
found supports the additive effect of dive duration and swimming effort on oxygen
consumption. However, these behavioral characteristics are not related to the above
components in a simple way. The total number of strokes underwater has been shown
to be strongly proportional to the locomotor costs (Williams et al. 2004), which corresponds here to our measure of swimming effort. Dive duration is likely to be most
correlated to costs proportional to the time spent underwater such as resting metabolism and thermoregulation. However, our method does not provide insights on digestion costs. This is still hard to quantify as digestion is a complex process involving
variables beyond oxygen consumption, such as prey quality or metabolism time lags.
For example, some seals are known to defer their digestion costs to extended surface
intervals (Rosen et al. 2007, Sparling et al. 2007) or drift dives (Crocker et al. 1997).
In any case, the new variables presented here likely summarize accurately the short
time-scale components of energy costs (basal metabolism, locomotion costs, and thermoregulatory costs).
However, since seals tend to end their dive at a given level of oxygen store (Meir et al.
2013), our results suggest that variations in surface intervals provide insights into energetic costs linked to digestion and/or thermoregulation after taking into account dive
duration and swimming effort. Thermoregulatory costs, although probably very small in
near –0°C water conditions (Noren 2002), could vary to some extent as elephant seals forage in water temperatures ranging from –1°C to 13°C (Guinet et al. 2014). Consequently, digestion costs are probably the main driver of the total oxygen expenditure
during a dive after correcting for the above variables (Rosen et al. 2007).
Other parameters and longer time-scaled processes need to be better understood to
get a fuller picture of the energy balance. In particular the relationship between
energy balance and absolute costs should be better investigated for predictive analyses
(e.g., the work conducted by Maresh et al. (2014) on pricing the strokes of northern
elephant seals). This is beyond the scope of this work but our results suggest that it is
possible to estimate energy balance of free-ranging marine mammals through indirect, noninvasive logging. Understanding foraging cost benefit ratio of foraging and
its energy efficiency is critical to better understand environmental changes will
impact top predators.
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