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Buoyancy regulation through modulation of onboard gas volume
by resting sperm whales (Physeter macrocephalus)

Noémie Freymond'2*, Alec Burslem' and Patrick J. O. Miller’

ABSTRACT

Sperm whales rest while drifting under the surface in a unique
stereotypical vertical position. This position is thought to enable them to
sleep effectively by buffering them from surface wave action, while
avoiding the costs of transiting to deeper depths. While resting, sperm
whales release bubbles, hypothesised to help them regulate their
buoyancy. As sperm whales are breath-hold divers, if they slowly drift
up while resting, the gas in their lung will slowly expand following
Boyle—Mariotte’s gas law. Hence, releasing bubbles would enable
them to counteract the expanding diving gas and achieve neutral
buoyancy. To test this hypothesis and examine how buoyancy
influences resting sperm whales, we created a simulation based on
tissue density, drag coefficient and onboard gas volume, and matched
it to depth profiles from 10 of 42 tagged individuals in Norway that
rested primarily by diving head-down. All individuals resting during
such dives released bubbles, and the results from the simulation
confirmed that release of bubbles functioned to regulate their buoyancy
to remain submerged while resting. Additionally, the results indicate
that sperm whales start resting dives with less diving gas volume than
for deep foraging dives. These results demonstrate that sperm whales
actively regulate their buoyancy while resting by releasing bubbles
and adjusting their initial diving gas volume. We cannot rule out the
possibility that releasing bubbles is related to the offgassing of excess
CO; or N, fromtissues into the lungs, so this behaviour could also have
implications for metabolic gas exchange.

KEY WORDS: Sleep, Resting dives, Bubbles, Biologging data,
Biomechanics

INTRODUCTION

Sleep can be defined as a behavioural state that fulfils four criteria:
(1) a specific posture, (2) quiescence, (3) reduced responsiveness
to external stimuli, and (4) rapid reversibility to wakefulness
given sufficient stimulation (Flanigan, 1972; Piéron, 1913).
Sleep can also be defined using electrophysiological correlates
associated with behaviourally defined sleep. Although several
physiological parameters differ between sleep and wakefulness,
electroencephalogram (EEG) changes have received the most
attention. Despite being relatively well studied in captive toothed
whales, sleep remains poorly understood in larger free-ranging
whales. Most studies on sleep have been conducted on small captive
marine mammals, on which an EEG could be performed. Although
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recent technological improvements have enabled the recording of
brain activity in free-ranging northern elephant seals (Mirounga
angustirostris) and minke whales (Balaenoptera acutorostrata)
(Kendall-Bar et al., 2023; Houser et al., 2024), these recordings
involved, respectively, anaesthetising and handling the individuals,
approaches that are currently not feasible for larger whale species.
When EEG cannot be used, the detection of sleep relies on
behavioural criteria, such as those described by Piéron (1913).
Visual observation of sleeping behaviour is challenging because of
the need to monitor a 24 h time frame. This challenge can be
addressed using biologging tags equipped with accelerometers,
allowing fine-scale movement data collection over extended
periods, ranging from hours to days.

Sperm whales rest in a stereotypical vertical position, drifting
under the surface (Miller et al., 2008). This position is thought
to buffer them from surface wave action. While drifting in this
stereotypical position, sperm whales showed reduced responsiveness
to the close proximity of boats, in contrasts to their usual response
while horizontally logging, and only reacted once touched by the
boat, reflecting rapid state reversibility (Miller et al., 2008). This
behaviour, hence, fulfils the behavioural criteria of sleep, namely a
specific posture (which facilitates detection of resting in tag records)
(Isojunno and Miller, 2015), quiescence, reduced responsiveness and
rapid reversibility (Piéron, 1913). However, unlike for other smaller
toothed cetaceans that can be studied in captivity, the brain activity
of resting sperm whales has not been measured via an EEG.
Consequently, in this study this behaviour will be referred to as
resting rather than sleep.

Sperm whales initiate resting dives in two different ways (Miller
et al., 2008). They either let the posterior part of their body sink,
directly leading to a head-up position (‘head-up resting’), or they first
dive head-down before reversing into a head-up position (‘head-
down/head-up resting’). When first diving head-down, the whales
have previously been shown to reach depths of 16.5+4.9 m, shielding
the resting whale from surface wave action (Miller et al., 2008). The
rotation to a head-up position is thought to occur passively, driven by
low-density organs located in the anterior part of their bodies (e.g.
lungs, respiratory tract and spermaceti organ; Miller et al., 2008,
Clarke, 1978). In addition, Isojunno and Miller (2015) described
another resting behaviour, in which whales drifted passively upward
after a foraging dive (‘deep drifting resting’). Sound recordings of
resting sperm whales identified the occurrence of bubble releases,
which were hypothesised to help sperm whales regulate their
buoyancy while resting (Miller et al., 2004, 2008; Movie 1).

In the present study, we aimed to: (1) describe the underwater
resting behaviour of sperm whales, (2) detail the bubble releases
happening during resting periods, and (3) investigate the influence
of buoyancy forces on their resting behaviour, testing whether
bubble releases help sperm whales regulate their buoyancy. To test
this hypothesis, we created a simulation to derive depth profiles of
resting individuals based on varying amounts of onboard gas, and
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compared simulated profiles with empirical data collected by
biologging tags.

Net buoyancy is proportional to the difference in density between
an animal’s body and the surrounding medium. Animals denser than
the surrounding seawater sink, whereas those with lower density float
upward. In addition to net buoyancy, moving animals are also
affected by drag forces, which oppose the direction of movement and
increase with the speed of the animal (Fig. 1A). In the case of breath-
hold divers, such as sperm whales, total body density is influenced
by the combination of the density of their non-gaseous tissue
(tissue density) and the volume of diving gases they carry in their
lungs and acoustic apparatus (Miller et al., 2004). The influence of
carried gas decreases with depth, as diving gas volumes compress
under hydrostatic pressure according to Boyle’s law (Fig. 1B). Tissue
density is largely determined by the ratio of adipose to lean tissue
of animals, as lipids are less dense than other tissue constituents
(Moya-Larafio et al., 2008). Consequently, individuals with greater
proportions of lipids will have more buoyant tissues than leaner
individuals (Webb et al., 1998). Variation in net buoyancy has been
shown to modulate the stroking and gliding pattern of swimmers and
the rate of drift during passive drifting dives (Miller et al., 2004; Biuw
et al., 2003).

Because of the substantial influence of buoyancy forces, aquatic
animals have developed strategies to regulate their net buoyancy.
For instance, teleost fish adjust the gas content of their swim
bladder, while king penguins (Aptenodytes patagonicus) and Adélie
penguins (Pygoscelis adeliae) modify their gas volume before
diving (Arnold and Geer Walker, 1992; Sato et al., 2002). Resting
sperm whales would benefit from neutral buoyancy to maintain
their position in the water column without expending energy, and
we hypothesise that bubble releases help them achieve this. As
sperm whales drift upward after their body rotates to a head-up
orientation (Miller et al., 2008), the diving gas volume in their lung
will expand as a result of decreasing hydrostatic pressure, resulting
in continued ascent to the surface (Fig. 1B; Boyle-Mariotte’s gas
law). Active regulation of buoyancy through bubble releases
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(detectable on tag sound recordings) would help them counteract
the expanding diving gas underwater, enabling prolonged periods of
rest.

MATERIALS AND METHODS
Data collection
Biologging data from 42 sperm whale tag deployments were used.
The deployments took place in Northern Norway (a foraging ground
for sexually segregated male North Atlantic sperm whales), in the
region of the Lofoten Islands, between 69.0—70.5° northern latitude
and 13.0-18.0° eastern latitude, and the data collection took place
during eight boreal summers between 2005 and 2019. Free-ranging
sperm whales, Physeter macrocephalus Linnaeus 1758, were tagged
opportunistically using a pole from a small tag boat. Individuals were
tagged with audio- and movement-recording data loggers, called
Dtags (Johnson, Aguilar de Soto and Madsen, 2009), equipped with
suction cups. These Dtags contained stereo hydrophones, pressure
and temperature sensors, and a 3-axis accelerometer and 3-axis
magnetometer. During the 2008 to 2019 field seasons, conductivity,
temperature and depth (CTD) casts were also taken (for detailed
methods, see Miller et al., 2011; Lam et al., 2018a,b; Kvadsheim
et al., 2020; Teloni et al., 2008).

All field procedures involving sperm whales were approved by the
Animal Welfare Ethics Committee at the University of St Andrews,
and permitted by the Norwegian Animal Research Authority.

Data processing

Audio data were sampled at 96 kHz while movement sensor data
were sampled at 50 Hz. Movement sensor data were then reduced to
a sampling rate of 5 Hz and used to calculate the depth, acceleration
and pitch (Johnson and Tyack, 2003; Miller et al., 2011, 2012).
Where available, CTD casts were converted to seawater density
using the standard international thermodynamic equation of state for
seawater (Millero, 2010). During the 2016 deployments, only
temperature casts were recorded. In order to estimate seawater
density, temperature profiles were used, with salinity extrapolated

Fig. 1. Forces acting on resting sperm whales. (A) lllustration of
the forces acting on a drifting whale. The buoyant force, directed
upward, arises from the displacement of seawater by the body. The
gravitational force, directed downward, is proportional to the mass of
the individual, equivalent to its volume multiplied by the density of all
tissue and air components. The net buoyancy is the difference
between buoyant and the gravitational forces. In this schematic
diagram, buoyant force exceeds gravitational force, resulting in
positive net buoyancy. The drag force opposes the direction of
movement; as the whale moves upward, the drag force is directed
downward. The pitch angle indicates the inclination of the body, with
an absolute value of pitch of 90 deg representing a vertical position.
(B) lllustration of Boyle—Mariotte’s gas law, showing the compression
of the air carried by the whale at depth due to hydrostatic pressure.

Compression of the air volume due to
hydrostatic pressure
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from 2017 CTD casts (see Lam et al., 2018a,b). Deployments from
2005 were excluded from analysis as no CTD cast was recorded.

Data analysis

Identification of resting periods

Resting periods can be detected using depth and pitch data, as typical
resting periods have a near-vertical pitch and a shallow depth. In order
to detect these periods consistently, a hidden state model developed
by Isojunno and Miller (2015) was used; only resting periods longer
than 5 min were included in the analyses. Moreover, during some
resting periods, there were periods of high pitch instability, which
were not considered resting by the model. Periods of instability within
resting periods of up to 2 min were still included in the resting dive,
while longer periods were excluded from the analysis. Only resting
dives that started with a head-down orientation were used for further
analyses. Head-up resting dives were shallow enough for the head of
the whale to potentially break the water surface, which would violate
a key assumption of our modelling that the whole body is submerged
and subject to buoyancy forces. Moreover, in such cases, the
blowhole of the whale may not be immersed, which could make
bubble releases inaudible.

Acoustic detection of bubble releases

For each resting period, acoustic recordings were inspected both
aurally and visually using the ‘tagaudit’ and ‘d3audit’ function
from the DTAG MATLAB toolbox (spectrogram frequency range:
0-3 kHz, time span: 7 s; https:/soundtags.wp.st-andrews.ac.uk/dtags/
dtag-toolbox/) (The MathWorks Inc., https:/www.mathworks.com).
For each bubble release event, the start and the end of the release were
noted and a quality score was assigned (see Appendix: ‘Bubble
auditing’). Only bubble releases that were classified with high
confidence were included in downstream analyses. The bubble
releases varied in both duration and intensity, as indicated by the
colour on the spectrogram showing the intensity of the sound (Fig. 2).

Simulation of the physical forces acting upon a resting sperm whale

The simulation aimed to integrate the external forces acting on a
resting sperm whale to investigate their influence on the resting
behaviour and whether bubble releases can help sperm whales
regulate their net buoyancy. In order to mimic the depth profile of a
resting sperm whale, two physical equations describing the motion
of an object under constant acceleration were used (Eqns 1 and 2):

v= v+ at, (1)

1
x:ial2 + ot + X, (2)

Frequency (kHz)

where v, and x, correspond respectively to the velocity and position
at time /=0, v and x correspond to the velocity and position at any
later time #, and a corresponds to the acceleration at a time #. In our
case, the position (x) corresponds to the depth of the individual, and
velocity (v) and acceleration (a) refer to the vertical vector. The
vertical velocity of the resting individuals was calculated as the
change in depth between each 0.2 s interval and transformed into
metres per second. A symmetric filter impulse response (FIR) filter
was subsequently used to filter the background noise from the
vertical velocity.

An estimation of the acceleration of the whale was needed to
simulate vertical speed and position (Eqns 1 and 2). The acceleration
of a passive individual is mainly affected by two forces:
hydrodynamic drag and net buoyancy (Fig. 1A). The hydrodynamic
performance equation from Miller et al. (2016), which is simplified in
Eqn 4, describes the acceleration of a gliding whale according to these
two forces. The equation is derived from Newton’s second law,
describing that force (F) is equal to the mass (m) of the object
multiplied by its acceleration (a) (Eqn 3):

F=m-a. (3)
In the case of a passively drifting individual, the acceleration is

calculated as the sum of the drag and the net buoyancy divided by the
mass of the individual (Eqn 4):

a4 = —F Drag + R Net buoyancy ) ( 4)
m

Eqn 4 was combined with Eqns 1 and 2 to estimate the velocity, depth
and acceleration at each time step of 0.2 s. Acceleration was assumed
to be constant within each 0.2 s interval.

Eqn 5 shows a slightly modified version of the hydrodynamic
performance equation from Miller et al. (2016), with the
abbreviations and their units explained in Table 1. The
modification of the equation concerns the pitch (p) present in the
second and third additive terms (Eqn 5, ‘Influence of tissue density’
and ‘Influence of air carried in the lung’), which relates to the
influence of net buoyancy on acceleration (Miller et al., 2016). A
drifting individual is expected to move vertically regardless of
its body orientation, as seen in the drifting model elaborated by
Biuw et al. (2003). As a result, the sine of pitch was removed
and replaced by the pitch angle divided by the absolute value
of the pitch. Negative pitch values indicate a head-down
position, while positive ones reflect a head-up position. Hence,
dividing the pitch by its absolute value provides the direction

dB
= 0

Duration (s)

Fig. 2. Example spectrogram of a loud release of bubbles. The typical frequency was between 0 and 3 kHz, with a stronger intensity than the background
noise, as shown by the yellow colour. The colour bar indicates the relative intensity of the sound in decibels (dB).
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Table 1. Description of the abbreviations and their units used in the
hydrodynamic performance equation (Eqn 5)

Variable Description Units
a Acceleration ms™2
A Surface area m?
Cq Drag coefficient unitless
d Depth m
g Gravitational constant (9.80665 m s2) ms™2
m Mass kg
P Pitch angle rad
Pair Gas density kg m~3
Psw Seawater density kg m~3
Piissue Tissue density kg m~3
v Speed ms™!
Vair Volume of diving gas ml
of net buoyancy:
Drag force Influence of tissue density
1 Cy4-4
a:__d—pbwvz+<ps—w_1 -g- p
2 m Ptissue abs(p) (5)

Influence of air carried in the lung

Vair p (psw — (pair i (1 +0.1- d)))

o 8 abs(p) (1+0.1-d)

The first additive term of Eqn 5 (‘Drag force’) describes the
influence of hydrodynamic drag on acceleration. Drag always
opposes the motion of any moving object and is proportional to the
square of speed (v), the passive drag coefficient (Cy) and the
individual’s surface area (4). C4 for sperm whales was estimated to
be 0.003 by Miller et al. (2004).

The second and third additive terms of Eqn 5 (‘Influence of tissue
density’ and ‘Influence of air carried in the lung’) relate to the
influence of net buoyancy on the acceleration of the whale. Net
buoyancy corresponds to the difference between buoyant and
gravitational forces (Fig. 1A) and determines whether the animal
will rise or sink. The critical aspect determining net buoyancy is the
overall body density; for breath-hold divers, net buoyancy is treated
separately into two parts: the influence of non-gaseous tissue and
the diving gas carried by the whale.

The second additive term of Eqn 5 (‘Influence of tissue density’)
relates to the influence of the whale’s non-gaseous tissue (pyissue)- A
whale’s tissue density reflects its proportion of lipids, which varies
between individuals. The magnitude of the influence of the tissue
density depends on the surrounding seawater density (psy). Sperm
whale tissue is expected to be relatively incompressible compared
with the diving gas carried in the lung (Miller et al., 2004).
However, substantial depths are expected to compress this tissue. As
some deep drifting resting dives exceeded 300 m in depth, the tissue
density was adjusted for the compressibility encountered at depth
(see Appendix, Eqn A2; Miller et al., 2016).

Finally, the third term of Eqn 5 (‘Influence of air carried in the
lung’) represents the influence of the gases carried by the whale on
net buoyancy. This influence is greatly affected by depth (d), as
individuals are subject to hydrostatic pressure. The initial gas
volume at the surface (V,;) and diving gas density (p,;) were
adjusted for the increased hydrostatic pressure at depth following
Boyle—-Mariotte’s gas law.

Implementation of the simulation
The simulation was implemented in the R programming environment
(https:/www.r-project.org/). The hydrodynamic performance equation

(Eqn 5) and the equation for velocity and position (Eqns 1 and 2) were
combined in the simulation. The simulation aimed to mimic the depth
profile of a resting whale as a time series with 0.2 s intervals (matching
the 5 Hz sampling rate of the biologging data). Biologging data were
integrated into the simulation in the form of initial conditions, making
the simulation a hybrid model that compared observed depth data with
simulated outcomes.

To account for differences in density between animals not
attributable to differences in diving gas volumes, estimates of each
individual tissue density were needed. Tissue density estimates were
obtained using the hydrodynamic performance equation (see
Appendix, Eqn Al; Miller et al., 2016). This method estimates
several parameters based on the acceleration of gliding individuals,
namely initial diving gas volume (V;,), tissue density (pgssue) and the
drag coefficient (Cg4). These different parameters were estimated at
the individual and population level using a Bayesian approach (Miller
etal., 2016). The estimates were obtained based on gliding periods of
5's occurring at depths greater than 100 m. The coefficients were,
therefore, estimated using deep dives and excluded shallow resting
dives, allowing us to use the same coefficients for resting dives.
Several individuals (11/42) had to be excluded from the simulation
because tissue density could not be estimated as a result of an
insufficient number of gliding periods or the lack of seawater density
estimates (Burslem et al., 2025).

As the surface area (4) and mass (m) of each individual were
unknown (apart from the individuals shown in Table S3), the diving
gas volume (V,;) and the drag coefficient (C4) were treated as
combined terms, as respectively the diving gas volume per unit mass
(Vai/m) and the combined drag term (Cyq-A/m). Air volume values
were converted from standard reporting units (ml kg=') to SI units
(m? kg™") by applying a correction factor of 107°. The population
estimate of the combined drag term of 9.59-107° m? kg3 was used
for all individuals (Miller et al., 2004; Burslem et al., 2025).
Individual estimates were used for tissue density.

Estimation of the onboard gas volume

Empirical estimates from the analyses described above were specified
for all the parameters of Eqns 1-5 except for the diving gas volume
during the resting dive. The simulation was therefore used to estimate
the onboard gas volume during resting dives. To specifically test how
bubbles modulated buoyancy, resting dives were subdivided into
segments between bubble releases. For each of these segments, the
simulation was used to estimate the onboard gas volume that best
replicated the depth profile of each segment.

The beginning of the dive was defined as the first time point when
individuals had a steep head-down position, characterised by an
absolute pitch angle steeper than —75 deg, and when the depth
recorded by the tag was at least 10 m deep, to ensure that the entire
body of the whale was submerged. The end of the resting dive was
characterised as the last time point when the whale had a steep head-
up position (pitch >+75 deg). The period of time during rotation from
a head-down to a head-up position was excluded from the simulation
as the drag term is expected to change during that period. Rotation
was defined as the period taken for the pitch to pass from —75 deg to
+75 deg plus neighbouring periods where the rate of pitch rotation
exceeded 0.3 deg s~!. [Note, for some head-down/head-up resting
dives, no head-down periods were selected as the individuals did not
have a pitch steeper than —75 deg and a depth greater than 10 m. For
these individuals, the beginning of the rotation was set to —75 deg.]

Segments shorter than 25 s were excluded from the simulation as
depth changes during this short time period were not large enough
to materially influence diving gas volume estimates. Moreover,
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periods with sudden changes in pitch (s.d.>4.9 deg over 15 s) were
excluded as sudden changes in pitch would affect the drag force as a
result of changes in the surface area. Periods during which depth
data indicated that the head of the whale could have reached the
surface were also excluded.

In order to estimate the onboard gas volume, the simulation
aimed to mimic the depth profile of each segment. To do so, the
velocity (smoothed using a 4 s moving average) and depth of the
first time point of the segment were taken from the biologging data
as starting points (Fig. 3). The simulation generated time series for
the estimated acceleration, velocity and depth throughout each
segment’s duration. The simulation was run over a wide range of
plausible diving gas volumes from 2 to 30 ml kg~! with intervals
of £0.0001 ml kg~!. As an adult male sperm whale of 15 m is
estimated to weigh about 36 tons (mass=1.10x19.6xlength>74,
where mass is in kg and length is in m; 19.6 is an allometric scaling
factor and 1.10 accounts for blood loss when whales are weighed in
pieces; Lockyer, 1991), the precision of the total diving gas volume
would be within millilitres. The best-fitting onboard gas volume was
determined as the simulated gas volume that led to the smallest
difference from the final depth of the segment (Fig. 3). Only
segments with a final depth difference smaller than 50 cm between
the simulation and recorded depth for head-down/head-up resting
dives, and smaller than 150 cm for deep drifting resting dives were
retained for further analysis. The best onboard gas volume was then
saved for each segment. For each segment, the goodness of fit was
estimated via a root mean squared error (RMSE) of the depth
contour. These errors excluded the first and last time point of the
segment, as the first one was taken from the biologging data and the
last one was selected to be the closest to the data.

Fluking detection

Segments were inspected for fluking using body rotations estimated
from magnetometer data (Martin Lopez et al., 2022). For each
individual, a body rotation magnitude threshold (in radians) was
defined to detect strokes (Burslem et al., 2025).

Statistical analysis

All statistical analyses were performed in the RStudio statistical
programming environment (https:/posit.co/). To test for a negative
monotonic relationship between the estimated onboard gas volume

and the segments predicted by our hypothesis, Spearman rank
correlations were performed for each resting dive. To test whether
there was a common relationship for all the resting dives, generalised
estimating equations (GEEs) were applied to account for the
longitudinal structure of the data. GEEs were implemented using
the function geeglm in the geepack package (Hojsgaard et al., 2006)
with a Gaussian family and an autoregressive (AR-1) working
correlation structure. Segment number was used as the explanatory
variable, and the interaction between individual whale identifier and
dive number was specified as the clustering factor to account for
repeated measures within individuals and dives. A natural logarithm
was applied to diving gas volume to improve normality. A finite-
sample bias-corrected sandwich variance estimator (fij correction)
was used to adjust for the low number of clusters (N=10). Models
were applied only to head-down/head-up resting dives owing to the
small sample size of deep drifting resting dives. The estimated diving
gas volumes of each individual between foraging and resting dives
were compared using a paired #-test. Finally, to test the relationship
between the depth and the velocity at the time of bubble releases, a
Pearson correlation test was performed. All values are presented
as meansts.d., except when noted otherwise. The threshold for
statistical significance was set at P=0.05.

RESULTS
Resting dives
Of the 42 tagged individuals, 17 were recorded resting. Among the
individuals that rested, the total duration of resting ranged from
7 min to over 3 h (meants.d. duration 68.4+56.7 min). Resting
accounted for an average of 9.24+9.0% of the duration of tag
deployments (minimum 1.0%, maximum 29.1%), and the number
of resting dives ranged from 1 to 8 (3.6£2.3). The duration of resting
dives ranged between 6 and 31 min (19.0+6.5); however, it is worth
noting that the minimal duration of a resting dive was constrained by
the selection criterion that resting dives should be longer than 5 min.
The same three ways of resting described in the Introduction
(‘head-up’, ‘head-down/head up’ and ‘deep drifting’) were found in
the dataset (Fig. 4). Isojunno and Miller (2015) only included in the
last of these category classifications resting dives that happened
after a period of foraging. However, in this study, any deep resting
dives with descent parts not classified as resting were classified as
deep drifting dives. Individual sw09_141a had three resting dives

Fig. 3. Conceptual illustration of the implementation of
the simulation on a segment. The simulation was run with

® 0.2 s intervals. The initial velocity and depth of the simulation

® were taken from the data. The best onboard gas volume is
considered to be the one that minimises the error between the
final depth of the data and the final depth estimated by the
simulation. The root mean squared error (RMSE) between the
simulated and actual depth was calculated for each segment
to estimate the goodness of fit.
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Fig. 4. The three different types of

Deep drifting resting dives observed in the data.
-1001 L 90 Depth is in black, velocity is in pink and
pitch is in blue. Deep drifting dives
_504 represent resting dives where
individuals drifted up to the surface
0 ) after a dive (ID: sw09_142a). Head-
down/head-up dives represent resting
1 dives where whales first dived in a
50 head-down position before reversing
L 90 into a head-up position (ID:
100 sw10_147a). Head-up resting
represents resting dives where
0 10 20 30 individuals go straight into a head-up
position (ID: sw17_179a).
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during which it seemed to be resting for a short period just before
reversing into a head-up position; however, these short moments of
resting were preceded by heavy fluking and happened at great depth
(>150 m); they were therefore classified as deep drifting (Fig. 4; e.g.
Fig. S35). Echolocation clicks were heard on the descent part of
most of these deep drifting dives (75%).

During deep drifting, individuals started drifting at an average
depth of 203.6£107.2 m, while individuals resting during head-up
resting dives started drifting at an average depth of 8.1+4.1 m (not
accounting for the distance from the rostrum to the tag), and
individuals resting during head-down/head-up resting dives started
at an average depth of 27.5+11.9 m.

Among the 17 individuals that rested, 9 rested only during
head-down/head-up dives, 3 rested only during head-up dives and 2
rested during deep drifting dives (Table S1). The 3 remaining
individuals rested in two different ways: 2 individuals rested during
head-up and head-down/head-up dives, and 1 individual rested
during head-down/head-up and deep drifting dives (Table S1).
Within the dataset, head-down/head-up resting dives were the most
common way for sperm whales to rest (60% of individuals;
Table S1).

15

Bubble releases

For 91.8% of all the resting periods (56 out of 61 resting periods),
releases of bubbles were heard. The remaining five resting dives for
which no bubble releases were heard were either head-up resting
dives close to the surface, very deep drifting (>200 m) or deep
drifting dives where fluking was detected.

The duration of bubble releases had an average duration of 7.8
+5.8 s (minimum 0.3 s, maximum 32.7 s). The number of release
events per dive ranged from 0 to 36 (7.947.3 bubble releases). Head-
down/head-up dives had the most bubble releases with an average of
10.9£7.5 (minimum 1, maximum 36). Head-up dives had an
average number of bubble releases of 2.0+1.6 (minimum O,
maximum 5) and deep drifting dives had an average number of
bubble releases of 3.5+4.1 (minimum 0, maximum 11).

Simulation performance

For the majority of segments (89.4%), the simulation provided a
satisfactory fit with low associated errors (terminal error <50 cm for
head-down/head-up and <150 cm for deep drifting resting dives).
The mean RMSE was 0.4+0.7 m for head-down/head-up and
2.6+3.1 m for deep drifting resting dives. For both types of resting
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dives, RMSEs were positively correlated with the duration of the
166 segments (Pearson correlation coefficient, r14,=0.81, P<10~!%).

Diving gas volume at the start of resting dives

The average tissue density of the individuals was 1029.6+0.9 kg m™>
(Burslem et al., 2025), and the estimated seawater density between
0 and 100 m for all the deployments was 1027.0£0.3 kg m™.
Diving gas volume estimates indicated that individuals carried
8.0+1.6 mlkg™' of diving gas at the start of head-down/head-up
resting dives, significantly lower than the 26.4+3.9 ml kg~ estimated
for foraging dives (Miller et al., 2004; Burslem et al., 2025; Fig. 5;
paired r-test, t,=18.6, P<10~>) and corresponding to a total diving gas
volume of 234 1 for an individual weighing 30 tons.

The simulation was also applied to two individuals resting during
deep drifting resting dives (Table S2). Diving gas volume before
any bubble releases could only be estimated for one of the two
individuals (sw09_141a). The estimated diving gas volume was
27.9+3.0 ml kg~!, which was greater than the diving gas volume
estimated for head-down/head-up resting (8.0+1.6 mlkg™') and
more similar to the diving gas volume estimated for foraging dives
(26.4+£3.9 ml kg™'). For the other individual, sw09_142a, the
diving gas volume could only be estimated after a bubble release
and the estimated diving gas volume was 12 ml kg™!, suggesting
that for this individual the initial diving gas volume was closer to the
diving gas volume of head-down/head-up resting dives. The two
deep drifting resting dives of individual sw09_142a were atypical,
with a substantial initial ascended distance (>35m) and a
subsequent decrease in vertical velocity (Figs S39 and S40).

Regulation of buoyancy via bubble releases
A negative monotonic relationship was found between the estimated
diving gas volume and the head-up segment number within all
head-down/head-up resting dives, indicating that the resulting diving
gas volume decreased across segments (Table 2, Figs S1-S40;
Spearman rank correlations). This negative relationship was found for
all the resting dives for which it could be calculated (resting dives with
at least two head-up segments). Similarly, GEE analysis across all
whales found a significant relationship between the segment number
and the diving gas volume (Wald statistic=51.5, P<10~'?), with an
average difference of —5.2% in diving gas volume between segments
(Fig. S1), supporting the hypothesis that the whales reduced their
diving gas volume to maintain their position in the water column.

In contrast to the observed dives, a depth profile simulated with
an onboard gas volume fixed to that in the previous segment led to

rapid ascent, causing the head-up period to be drastically reduced in
duration relative to the observed dives and simulations in which
onboard gas volume was estimated to have decreased (Fig. 6). A
negative monotonic relationship was also found between onboard
gas volumes and segment numbers of deep drifting resting dives
(Table S2; Spearman rank correlation). Although a decreasing trend
was found for both types of resting, there were a few cases (10.4% of
the head-up segments) where the estimated diving gas volume was
lower than that of the following segment.

DISCUSSION

Despite variation in the number of bubble releases among
individuals, all sperm whales tagged in this study released bubbles
during head-down/head-up resting dives. Some individuals seemed
to achieve near-neutral buoyancy via relatively few bubble releases,
while others released bubbles throughout the resting dive. There was
no indication that the number of bubble releases during a heads-down
resting dive was related to animal tissue density (Table 2). However,
as we were not able to estimate the rate of gas discharge during
individual release events, the number of release events does not
necessarily correspond to total air volume released or deviation from
neutral buoyancy. In contrast, head-up resting dives exhibited fewer
bubble releases, possibly associated with limitations of detectability
or because, by not swimming underwater, these individuals were not
aiming to achieve a specific position in the water column. In the
context of deep drifting resting dives, releases of bubbles varied
considerably from one resting dive to another. In cases where resting
dives started at depths exceeding 100 m, the number of bubble
releases decreased. This suggests that these individuals did not need
to modulate buoyancy via bubble release to rest long enough because
of the greater ascent distances.

A physical simulation was created and used to investigate the role
of bubble releases, which highlighted a decrease in the onboard gas
volume throughout resting dives, indicating active control of onboard
gas volumes to control net buoyancy. Whales also began their resting
dives with a smaller initial diving gas volume relative to foraging
dives, suggesting they were planning to rest in the dive and needed
less diving gas as a result. The simulations demonstrated satisfactory
reproduction of the majority of the tested segments, unlike alternative
simulations assuming a fixed diving gas volume, which deviated
markedly from the observed dive profile data (Fig. 6). This study
therefore provides a detailed description of the influence of net
buoyancy on resting sperm whales and supports the hypothesis that
sperm whales use bubble releases to regulate their net buoyancy.
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Fig. 6. Profile of the seventh resting dive of individual sw10_147a. Top: the depth profile of sw10_147a, with the simulation indicated in red and the data
indicated in black. The purple line represents the depth profile with a fixed amount of gas. Middle: the pitch for each segment. Bottom: the estimated gas
volume for each segment. Onboard gas volume is represented as gas volume per unit mass on the left y-axis; the equivalent in total gas volume, estimated
for an individual of 30 tons (length of around 14 m), is shown on the right y-axis. The different shading indicates the different parts of the dive: rotation (blue),
excluded parts of resting dives (light grey), bubble releases (yellow) and segments (pink).

Although examples of buoyancy regulation mechanisms exist in
the literature, only two other species have been documented to release
bubbles specifically for this purpose. Grey whales (Eschrichtius
robustus), for example, appear to strategically release bubbles to
extend foraging dives, particularly in more buoyant individuals (Bird
et al., 2024). Similarly, bowhead whales (Balaena mysticetus) were
shown to release bubbles during drift dives, which was also
hypothesised to aid buoyancy regulation (Blackwell et al., 2022).
Other marine species also release bubbles for functions other than
buoyancy regulation. Humpback whales (Megaptera novaeangliae)
and bottlenose dolphins (Tursiops truncatus), for instance, appear to
blow bubbles for purposes of prey capture and apparent play
(Friedlaender et al., 2011; McCowan et al., 2000), respectively. These
behaviours are inconsistent with observed sperm whale bubble
releases, which occur mainly during resting dives. Antarctic fur seals
(Arctocephalus gazella) also release bubbles, but continuously
during ascent (Hooker et al., 2005). In this case, exhalations are
thought to help seals prevent shallow-water blackouts rather than
maintain neutral buoyancy. Unlike fur seals, sperm whales release
bubbles intermittently and primarily during resting dives, suggesting
that the functional roles differ between the two species.

Results from the simulation indicated that sperm whales take less
diving gas for head-down/head-up resting dives than for foraging
dives, suggesting that sperm whales adjust their diving gas volume
depending on the type of dive. This finding was supported by

footage of sperm whales filmed immediately before and after resting
dives (Movies 2 and 3). In the footage, sperm whales seem to
exhale diving gas before diving head down without inhaling and do
not seem to exhale after the resting dive once they reach the surface.
The diving gas volume brought from the surface varied across
individuals (s.d.=1.6 mlkg™') and showed greater consistency
among dives of the same individual (s.d.=0.9 ml kg~').
Modification of diving lung volume has been reported for king
penguins (Aptenodytes patagonicus) and Adélie penguins (Pygoscelis
adeliae), and southern elephant seals (Mirounga leonina), which
modulate inspired diving gas volume to optimise buoyancy (Sato et al.,
2002, 2025). Because of the shallow depths of head-down/head-up
resting dives, sperm whales would need less diving gas to remain
neutrally buoyant near the surface. In contrast, foraging dives require
more diving gas to support echolocation (Madsen et al., 2002), whereas
shallow resting dives generally lack click production. For deep drifting
resting dives, the estimated diving gas volume appeared greater than for
head-down/head-up resting dives in at least one individual (sw09_
141a). This may reflect the greater maximum depths of deep drifting
dives, as a larger diving gas volume would be needed to achieve passive
upward drift. Furthermore, in dives which immediately preceded
drifting, sperm whales (including sw09_141a) typically produced
echolocation clicks, requiring a sufficient amount of diving gas.
While our results indicate that presence and timing of bubble
releases suggest they are used to maintain neutral buoyancys, it does
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not necessarily follow that this represents the only function of bubble
releases during resting. It is possible that release of dissolved CO, and
N, gases from blood and tissues could increase the volume and
mixture of gases in the lungs. Indeed, resting near the surface would
reduce partial pressure of those gases in the lungs, enabling more
effective diffusion from the blood into the lungs and thus facilitating
the release of slower-diffusing gases that might build up over multiple
deep foraging dives. This potential function of bubble release would
not affect our biomechanical conclusions as we neither measured the
volume of gas released as bubbles nor assumed that inspiration before
diving is the only possible gas input. Rather, our analysis indicates
that the amount of gas retained in the body following each bubble
release (regardless of any other inputs or outputs) diminished over the
course of resting dives in a manner consistent with the maintenance of
neutral buoyancy. Further research could assess this possible function
more directly. For example, to test this possibility empirically, our
methodology could potentially be extended to compare water column
position and velocity against expected gas kinetics as predictors of
bubble release timing.

Methods considerations

Some minor potential indications of potential fluking motions were
visible in the rotations signal during resting, predominantly occurring
during the descent or just after the rotation. Fluking during descent
could allow sperm whales to rest deeper, while fluking during ascent
may happen when individuals ‘overshoot’ their depth of neutral
buoyancy. We therefore conclude that minor exceptions to the overall
excellent fit between simulated and measured depth data may have
been influenced by the length of the segments and the potential
presence of minor stroking movements (that were below the threshold
to detect fluke strokes). Such missed stroking could also introduce
minor discrepancies between estimated diving gas volume before
and after the rotation, resulting in respective underestimations and
overestimations. However, we concluded that as any such stroking
events were limited to a few isolated, transient cases and were of
insufficient amplitude to be detected using established methods, they
are unlikely to have affected our overall conclusions. Differences in
gas volume estimates before and after body rotation could arise from
the lung being higher in the water column after rotation (see ‘Location
of the centre of rotation” in Supplementary Materials and Methods).
The vast majority of the biologging data was collected in the context
of sonar experiments. Such sonar exposure may have altered the
behaviour of the whales to some extent; however, the mechanisms of
buoyancy regulation should not have been affected as they reflect
physical processes.

Another methodological limitation of our study includes our
reliance on acoustic data alone. While efforts were made to
thoroughly examine bubble releases and include only high-quality
data, some faint releases may not have been audible, or other signals
may have been mistakenly labelled as bubble releases. While
inaudible releases are likely to be small and therefore exert relatively
minor influences on the whale’s body, future studies could involve
video-recording tags placed close to the blowhole of sperm whales,
to improve bubble release detectability and positively confirm their
occurrence from acoustic scoring (Nazario et al., 2022).

By releasing bubbles, sperm whales appear to actively regulate
their position in the water column while resting. These actions indicate
a certain level of awareness of the environment to gauge when
adjustments to their net buoyancy are needed. However, it is unknown
whether the release of bubbles is a conscious process. Because of
feasibility issues, the brain activity of resting sperm whales has not
been measured; it remains, therefore, unknown whether they sleep

unihemispherically or bihemispherically. If sperm whales sleep
unihemispherically, buoyancy regulation could be overseen by the
awake hemisphere; however, such regulation might also be compatible
with bihemispheric sleep. Videos capturing both eyes of resting sperm
whales could help to shed light on which of these forms of sleep they
use. Similarly, it remains unknown what cues (e.g. lung volume versus
vertical speed) prompt the animals to release bubbles. Future work
comparing the predictions of alternative potential cues with observed
data could help to shed light on the cues used and in turn the level of
awareness likely to be necessary for buoyancy regulation. Ultimately,
improved insights into the awareness level of sperm whales while
resting near the surface could potentially have important implications
for their vulnerability to anthropogenic threats such as ship strikes.
While head-down/head-up resting dives appeared, from the
dataset, to be the most prevalent way of resting, sperm whales also
rested during head-up and deep drifting resting dives. Although head-
down/head-up resting dives seem to grant a greater buffering from
whale surface action than head-up resting dives, it remains unclear
why some individuals rested while drifting up from substantial
depths. An advantage associated with deep drifting could be a
reduced need for active buoyancy regulation. The fact that certain
individuals exhibit more than one resting behaviour suggests that
environmental conditions or internal state might influence the type of
resting dive. For example, the type of resting dive might also depend
on their body condition, particularly for individuals with less buoyant
tissues, for which neutral buoyancy at depth would be hard to achieve
(Miller et al., 2004). Humpback whales (M. novaeangliae) were also
shown to rest in two ways: while logging at the surface or drifting up
from greater depths (Iwata et al., 2021). It was hypothesised that the
use of one of the two ways of resting depends on several conditions,
such as sea state, body density and buoyancy. The motivations
underlying the selection of a given resting behaviour in sperm whales
could potentially be investigated using longer tag deployments
covering a greater range of internal and environmental states.

Conclusions

Our study demonstrates active buoyancy regulation in resting sperm
whales, achieved through bubble release and a reduction of surface-
borne gas volumes throughout resting dives. Release of bubbles was
found to mechanistically predict their ability to maintain near-
neutral buoyancy at a shallow depth during resting dives. These
results highlight the important role of buoyancy in the resting
behaviour of sperm whales, illustrate the diverse strategies they
employ to achieve extended periods of resting, and indicate the
extent to which they are able to gauge their environment and
optimise their behaviour during this time. If the whales are indeed
sleeping during these resting periods, our findings indicate that they
are capable of fine positioning control even during sleep. To explore
this question further, it would be interesting to confirm sleep during
these periods using novel EEG tags, and to identify the precise cues
used by the whales to determine when to release gases.

APPENDIX

The hydrodynamic performance equation

Eqn Al is the original equation for hydrodynamic performance by
Miller et al. (2016):

1 Cd -4 2 (psw ) :
a=—=. Py VA [~ 1) -g-sin(p)
2 m $ Ptissue
air . — ir * i
(Psw = (Pair - (1 +0.1 - d)))
Lo . Al
T 8 sin(p) (1+0.1-d) (A1)

For a detailed description of the abbreviations, see Table 1.
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Compressibility of the tissue
Eqn A2 is the equation describing the compressibility of the tissue
by Miller et al. (2016):

Ptissue (0)

. d) = ’
pussue( ) 17 (1 0.1 d) ]0],325 10*9

(A2)

Pussue corresponds to the tissue density, » to the whale tissue
compressibility factor (value of 0.386; Burslem et al., 2025), d to the
depth and 101,325 to a constant to convert pressure in atmospheres
into Pascals.

Bubble auditing

Bubble releases vary substantially in both duration and intensity.
The intensity of the bubble releases was assessed by looking at the
colour on the spectrogram, with warmer colours indicating greater
sound intensities. A typical event of bubble release comprises a loud
period of clustered bubbles followed by a period of fainter and
sparser bubbles. The variation in sound intensity and spacing
suggests that during the initial part, air is forcefully expelled from
the blowhole and that during the second part, the open blowhole
allows bubbles to escape. Some bubble release events did not start
with an initial loud release of bubbles and instead only consisted of
faint and sparse bubbles. Discrete bubble releases were defined as
bubble releases separated by intervals exceeding 2 s. Notably,
instances with drastic increases in sound intensity were categorised
as a new bubble release, regardless of the interval.
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