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Abstract

Large pelagic fishes often dive and surface repeatedly as if they were airbreathers, raising a question about the functions
of these movements. Some species (e.g., bigeye tuna, ocean sunfish) apparently alternate foraging in deep cold waters and
rewarming in shallow warm waters. However, it is unclear how prevalent this pattern is among species. Blue sharks are the
widest-ranging pelagic shark with expanded vertical niches, providing a model for studying foraging—thermoregulation asso-
ciations. We used electronic tags, including video cameras, to record the diving behaviour, muscle temperature, and foraging
events of two blue sharks. During repeated deep dives (max. 422 m), muscle temperature changed more slowly than ambient
water temperature. Sharks shifted between descents and ascents before muscle temperature reached ambient temperature,
leading to a narrower range (8 °C) of muscle temperature than ambient temperature (20 °C). 2.5-h video footage showed a
shark catching a squid, during which a burst swimming event was recorded. Similar swimming events, detected from the
entire tag data (20 —22 h), occurred over a wide depth range (5 —293 m). We conclude that, instead of alternating foraging
and rewarming, blue sharks at our study site forage and thermoregulate continuously in the water column. Furthermore, our
comparative analyses showed that the heat exchange rates of blue sharks during the warming and cooling process were not
exceptional among fishes for their body size. Thus, behavioural thermoregulation linked to foraging, rather than enhanced
abilities to control heat exchange rates, is likely key to the expanded thermal niches of this ectothermic species.
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Introduction

Marine environments are characterised by vertical gradients of
physical (e.g., temperature, light level, oxygen concentration)
and biological properties (e.g., primary production). These gra-
dients, coupled with eco-physiological characteristics of each
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species and intra- and interspecific interactions such as com-
petition and predation, determine the vertical distributions of
marine animals (Longhurst 1967; Giske et al. 1990). Yet, many
marine animals do not stay at a particular depth but exhibit
vertical return movements or oscillations with various cycles
and amplitudes (Hays 2003; Andrzejaczek et al. 2019). Vertical
movements at a daily cycle, exhibited by a range of zooplankton
and nektons, are primarily caused by diel changes in light inten-
sity and associated shifts in predation risk and prey availability
(Hays 2003). Instead of (or in addition to) a daily cycle, large
pelagic fishes, including teleosts and elasmobranchs, perform
dives many times a day (Andrzejaczek et al. 2019). Fish move-
ments between the surface and great depth are often so consist-
ent that their depth profiles are similar to those of airbreathers
(e.g., seals) (Watanabe et al. 2019). This general phenomenon
among large pelagic fishes has interested researchers for dec-
ades (Carey and Scharold 1990). Proposed functions, which
are not mutually exclusive and may depend on species and the
environment, include foraging, locomotion cost saving, ther-
moregulation, and navigation (Weihs 1973; Carey and Scharold
1990; Klimley 1993; Andrzejaczek et al. 2019).
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Increasingly sophisticated electronic tags have allowed
recording of the behaviour, internal states, and environments
of free-living pelagic fishes, providing insights into how and
why they dive. Empirical records of fish body temperature
indicate that thermoregulation associated with foraging is a
main function of diving behaviour, at least in bigeye tunas
Thunnus obesus (Holland et al. 1992) and ocean sunfish
Mola mola (Nakamura et al. 2015). During the descending
phase of dives, the ambient water temperature decreases rap-
idly, whereas the body temperature of these fishes decreases
slowly due to large thermal inertia (i.e., low surface-area-
to-volume ratio). They can thus make short excursions to
deep cold waters for foraging without excessively lowering
their body temperature, given that they rewarm at shallow
depths after the excursions. Moreover, whole-body heat
transfer coefficients (i.e., the rate of change in body tem-
perature for a unit difference between body temperature and
ambient temperature) of large pelagic fishes can be higher
during the ascending (i.e., warming) phase of dives than
the descending (i.e., cooling) phase (Holland et al. 1992;
Nakamura et al. 2015, 2020). This observation indicates that
they can enhance the body warming process physiologically,
leading to shorter post-dive durations and higher foraging
efficiencies in a dive cycle (Nakamura et al. 2015). However,
it is currently unknown how prevalent this pattern is among
large pelagic fishes.

Blue sharks Prionace glauca are the most abundant
pelagic shark distributed globally in tropical and temperate
waters. They are an ectothermic species without the paral-
lel arrangement of arteries and veins that function as coun-
ter-current heat exchangers in muscles (Carey and Gibson
1987). In general, ectothermic fishes are thought to have
narrower thermal niches than regionally endothermic fishes
with well-developed heat exchangers (e.g., tunas, lamnid
sharks) (Block et al. 1993; Weng et al. 2005), although a
recent study challenged this view (Harding et al. 2021). Blue
sharks represent an interesting example as they dive to great
depths [occasionally > 1000 m, with the maximum record
of 1706 m (Queiroz et al. 2017)] and experience extensive
water temperature ranges (up to 20 °C) (Stevens et al. 2010;
Campana et al. 2011; Queiroz et al. 2012) despite their ecto-
thermic physiology. They feed on a range of prey (e.g., tel-
eosts, cephalopods, pelagic crustaceans) in the water column
(Markaida and Sosa-Nishizaki 2010), unlike bigeye tunas
and ocean sunfish that have more specialised diets and for-
age primarily in deep waters. We hypothesised, therefore,
that blue sharks would exhibit different thermoregulatory
and foraging behaviour from bigeye tunas and ocean sun-
fish, which apparently alternate foraging in deep waters and
rewarming in shallow waters. A previous study that recorded
blue shark body temperature and diving behaviour showed
that they change vertical swimming directions (descend-
ing or ascending) before their body temperature reaches
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the ambient water temperature (Carey and Scharold 1990).
Consequently, shark body temperature falls within a narrow
range, supporting the thermoregulatory function of repeated
deep dives (Carey and Scharold 1990). However, foraging
events were neither recorded in that study nor any other
blue shark tagging studies; therefore, possible associations
between thermoregulation and foraging remain unknown.

In this study, we attached a biologging package, includ-
ing multi-sensor data loggers and a video camera, to two
free-living blue sharks and recorded their diving behav-
iour, muscle temperature, and foraging events. We aimed to
understand the behavioural thermoregulation strategy and its
association with foraging behaviour in blue sharks. Further-
more, to assess their abilities to control heat exchange rates,
we estimated their whole-body heat transfer coefficients
during the warming and cooling process and compared the
values to other species reported in the literature.

Materials and methods
Fieldwork and instrumentation

Fieldwork was conducted off Taitung (N23.13°, E121.53°),
south-eastern Taiwan, in the Pacific Ocean in June 2019.
Two blue sharks captured by longline were brought onboard,
measured, instrumented, and then released into the water.
Body mass was estimated from fork length (Kohler et al.
1995). For each animal, a biologging package composed of
an accelerometer (W1000-PD3GT, Little Leonardo), video
camera (DVLW400M130-4R, Little Leonardo), depth-tem-
perature recorder (LAT1810, Lotek), float, time-scheduled
release mechanism (Little Leonardo), satellite transmitter
(Wildlife Computers), and radio transmitter (Advanced
Telemetry Systems) was attached. The W1000-PD3GT
accelerometer recorded depth, ambient water temperature,
and swim speed at 1 s intervals, and tri-axial acceleration
at 1/16 s intervals for the 1-day deployment period. The
DVLW400M130-4R camera recorded images of 640x480
pixels at 30 frames per second with near red flash. The cam-
era was facing forward on the shark’s back, and programmed
to start filming 7 — 8 h after the release (at 15:30 local time)
and record continuously until the battery ran out in 2.5 h.
The LAT1810 recorder had a 15-cm stalk temperature sensor
and recorded depth, ambient water temperature, and muscle
temperature (see below) at 1 s intervals for the deployment
period. A package weighed 350 g, representing 1.2% of the
mean estimated body mass of the sharks (29.5 kg).

A small hole was penetrated horizontally through the
shark’s skin on the back anterior to the first dorsal fin. A thin
plastic cable connected to the time-scheduled release mecha-
nism was passed through the hole and the biologging pack-
age was secured (Watanabe et al. 2008). To record muscle
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temperature, another small hole was pierced vertically on the
back and the stalk temperature sensor of the Lotek recorder
was inserted into the muscle to approximately 15 cm depth
(Nakamura et al. 2015). The plastic cable was cut by an elec-
tric charge 20 —22 h after the release and the whole package,
including the stalk temperature sensor, detached from the
animals and floated to the surface. It was located via radio
telemetry and recovered by a boat (Watanabe et al. 2004).

In January 2020, a dead male blue shark (fork length,
211 cm) with internal organs removed was obtained at the
Shinkang fish market and transported to the Eastern Marine
Biology Research Center of Fisheries Research Institute. A
biologging package composed of a Little Leonardo acceler-
ometer and Lotek recorder was attached in the same manner
as the live sharks. The dead shark was placed in two pools
with different water temperature (23 and 7 °C) for 2 h each.

Since then, travel restrictions due to the COVID-19 pan-
demic have precluded us from collecting more data from
wild individuals.

Tag data analyses

Tag data were analysed using the software Igor Pro (Wav-
eMetrics). To characterise the repeated vertical movements
of the sharks, a dive was defined as an event in which sharks
remained below 50 m depth. The threshold of 50 m was
chosen because blue sharks and other pelagic sharks do not
necessarily ascend to the top surface following excursions
to deep waters, and because they sometimes exhibit constant
ranging behaviour in the top 50 m layer (Queiroz et al. 2017;
Andrzejaczek et al. 2018). Relative swim speed, measured
by the propeller sensor of the Little Leonardo accelerom-
eter, was converted to actual swim speed (m s~") based on
a flow-tank calibration experiment (Watanabe et al. 2019).
Accelerometers were not perfectly aligned on the animals’
back, potentially leading to decreased propeller rotation rates
and underestimates of shark swim speed. To account for this
effect, the pitch angle of the accelerometer was calculated
from low-pass filtered longitudinal acceleration (Tanaka
et al. 2001). Then, the difference between the accelerometer
pitch angle and shark pitch angle was estimated, assuming
that shark pitch angle is zero when the rate of depth change
is zero (Kawatsu et al. 2010). The raw swim speed estimates
were divided by the cosine of the angle difference to obtain
the corrected swim speed estimates (Watanabe et al. 2019).
Tailbeat activities were examined from high-pass filtered
lateral accelerations. Gliding behaviour, in which sharks
stopped tailbeats, was detected visually as the periods show-
ing no cyclic changes in high-pass filtered lateral accelera-
tions (Watanabe et al. 2019). Animal-borne video footage,
which partially covered the recording periods of accelerom-
eters, was checked for the presence of prey capture events.
The event seen in the footage was linked to the specific

behavioural signal (i.e., increased swim speed) recorded by
accelerometers, and the signal was detected from the entire
accelerometer data to characterise shark foraging behaviour
(Watanabe and Takahashi 2013). Besides swim speed, tail-
beat activities based on lateral acceleration could also func-
tion as a behavioural signal of prey capture events. However,
because the baseline tailbeat activities differed between the
descending and ascending phase of dives, increased swim
speed was deemed a simpler signal in this study.

A heat exchange model was used to estimate the whole-
body heat transfer coefficients of blue sharks during the
warming and cooling process (Weller et al. 1984; Holland
et al. 1992; Malte et al. 2007; Nakamura et al. 2015). Heat
exchange of an animal at a time ¢ can be expressed as:

dT,,(H/dt = k(T, () =T,(1)) + T, 0

where T, is muscle temperature (°C), T, is ambient water
temperature (°C), k is whole-body heat transfer coefficient
(°C min~! °C™!), and T} is the rate of temperature change
due to internal heat production (°C min~!). To apply this
model to our dataset, muscle temperature and ambient
water temperature, recorded at 1 s intervals, were subsam-
pled at 1 min intervals. The differentiation of muscle tem-
perature (d7,, (#)/df) was smoothed using a filter to reduce
noise associated with sensor resolutions and plotted against
muscle temperature subtracted from ambient temperature
(T,(H-T,(1). Given that TO is zero for ectothermic blue
sharks, the plots were regressed linearly through the origin
for the warming process (when 7 (¢)-T,,(¢) is positive) and
cooling process (when T,(1)-T,,(t) is negative) separately.
The slopes of the regression lines represented the initial
estimates for k., and k... These values, combined with
the time-series records of ambient temperature, allowed us
to predict the changes in muscle temperature through time.
We produced a set of predictions by changing k., and k..,
around the initial estimates and compared them to the actual
time-series records of muscle temperature. Using the least-
squares method, we selected a combination of k., and k .,
that best fit the muscle temperature records.

Comparative analyses

Whole-body heat transfer coefficients of fishes, determined
experimentally in the laboratory or based on tag data
obtained in the field, were compiled from the literature.
We only included studies that examined the heat transfer
coefficients during the warming process (k) and cool-
ing process (k.,,) separately. When body mass was not
reported, it was estimated from body length using the pub-
lished length—weight relationships for the species. When
multiple studies were found for a species, we selected
the study with the largest sample size. The allometric
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relationships between k values and body mass (in kg) were
examined by phylogenetically informed statistics. A phy-
logenetic tree was created for the compiled species with
the published relationships among species (Velez-Zuazo
and Agnarsson 2011; Betancur-R et al. 2017; Ciezarek
et al. 2019) and an arbitrary branch length (Grafen 1989)
(Fig. S1). Both predictor (body mass) and response vari-
ables (k. ool and the ratio of k... to k.;) were log,
transformed, and regression lines were computed under the
Ornstein—Uhlenbeck evolutionary process model and non-
phylogenetic model (i.e., ordinally least-squares regres-
sion) using the Regressionv2 program (Lavin et al. 2008)
of the software Matlab (MathWorks). The two models
were compared by the Akaike Information Criterion (AIC)
to test for the presence of phylogenetic signal (i.e., the
tendency for related species to resemble each other).

warm? k

Results

We recorded the diving behaviour, ambient water tempera-
ture, and muscle temperature of the two female blue sharks
tagged (161 and 174 cm in fork length) for 20 —22 h each
(Fig. 1). However, muscle temperature data were missing for
the last few hours for Shark 2 due to a technical error. Grad-
ual decreases in swim speed (Sundstrdm and Gruber 2002)
or tailbeat frequency following the release (Whitney et al.
2016), indicative of a recovery period, were not observed
(see swim speed traces in Fig. 1A, B). We thus presume that
the effect of capture and tag attachment on shark behaviour
was minimal in this study.

Both individuals exhibited similar, repeated vertical
movements, with a mean (+SD) dive depth and duration
of 227 +69 m and 75+ 62 min (N=25 dives), respectively

Fig.1 Behavioqral ther.moregu— (A) Shark 1 (B) Shark 2
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(Table 1, Fig. 1A, B). The maximum depth record was
422 m. Video footage (2.5 h for each individual) showed
that Shark 1 captured a squid at 17:28 local time (Fig. 1C);
however, other foraging events may have been missed due to
the limited view of the mouth from the back-mounted cam-
era. The video-confirmed foraging event corresponded to a
burst swimming event (peak speed, 1.0 m s™!) recorded at
65 m depth during the descending phase of a dive (Fig. 1A).
We thus assumed that burst swimming events recorded in
this study represent foraging attempts. Based on a threshold
of 0.84 m s~! (i.e., the doubled mean swim speed for both
individuals), 17 and 18 burst swimming events were detected
for Shark 1 and 2, respectively. The events occurred dur-
ing the day and night over a wide depth range (5 —293 m)
without centring around a particular depth (Figs. 1, 2). Both
individual sharks had negative buoyancy, as indicated by
decreased amplitudes of lateral acceleration (i.e., tailbeat
activities) during descents compared to ascents (Fig. 1D).
Gliding behaviour was observed during 10 and 20% of
total descent durations for Shark 1 and 2, respectively.
During the repeated dives, muscle temperature changed
more slowly than the ambient water temperature (Fig. 1A,
B). Sharks shifted between descents and ascents before
their muscle temperature reached the ambient temperature.
Consequently, although ambient temperature decreased
with depth, muscle temperature was independent of depth
and fell in a narrower range (8.4 °C for both individuals)

than ambient temperature (19.7 °C for Shark 1 and 17.3 °C
for Shark 2) (Table 1, Fig. 2). As expected from the heat
exchange model, the rate of changes in muscle temperature
was correlated with the difference between ambient water
temperature and muscle temperature (Fig. 3). The slopes
of the regression lines through the origin provided the ini-
tial estimates of heat transfer coefficient (in °C min~! °C™")
during the warming (k,,.,; Shark 1, 0.045; Shark 2, 0.040)
and cooling process (k,.,; Shark 1, 0.014; Shark 2, 0.029).
However, variations of the rate of change in muscle tempera-
ture for a given temperature difference, especially in Shark 1
(Fig. 3), indicate that these estimates are not necessarily the
best for predicting changes in muscle temperature through
time from the ambient temperature record. By changing
kyem and k., around the initial estimates and fitting the
simulated muscle temperature traces to the actual muscle
temperature record, we obtained the best estimates for k..,
(Shark 1, 0.044; Shark 2, 0.042) and k., (Shark 1, 0.016;
Shark 2, 0.030) (Fig. 1A, B). For comparison, both & and

‘warm

k..o Of the dead blue shark (estimated body mass, 60 kg)
were estimated to be 0.006. When the size difference was
controlled for using the allometric exponents (Fig. 4A), a
29.5-kg (i.e., the mean mass of the two live sharks tagged)
dead shark would have k., and k., of 0.008 —0.009.
kyum and k.., were compiled for 23 fish species,
including teleosts and elasmobranchs, ranging in body

mass from 32 g to 1300 kg (Table S1). The phylogenetic

Table 1 Descriptive information

Shark no Fork Estimated Recording  Depth (m)* Ambient tempera- Muscle tempera-
and data summary for the blue length body mass duration (h) ture (°C)? ture (°C)?
sharks tagged (cm) (kg)
Mean Range Mean Range Mean Range
161 25.9 21.9 157 1-422 19.7 10.7-30.4 215 16.2-24.6
2 174 33.0 20.3 130 0-335 204 124-29.7 21.1 16.6-25.0
“The initial descent following release from a boat was excluded
Fig.2 Ambient water tempera- (A) Shark 1 (B) Shark 2

ture, muscle temperature, and

Burst swimming Burst swimming

the occurrence of burst swim- event event
ming events in relation to depth. 0~ o 04
For both individuals, ambient 88 °
water temperature (filled circles) oo %
decreased with depth, whereas 100+ o 100 &
muscle temperature (red circles) — —
was independent of depth. Burst E E Z
swimming events, a signal of '%_ 200 o 'g_ 200 ®
prey capture attempts (open 8 o 8 Qo0
circles shown with estimated o
probability densities), occurred 300 300 o
over a wide depth range - -
® Ambient ® Ambient
° ® Muscle ® Muscle
400 | , | . | 400+ | , | . |
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Temperature (°C)
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Fig.3 Applying heat exchange
model to tag data. For both
individuals, the rate of changes
in muscle temperature is plotted
against muscle temperature
subtracted from ambient water
temperature. Positive and nega-
tive values on the x-axis repre-
sent the warming and cooling
process, respectively. The slopes
of regressions lines through the
origin (thick lines) represent the
initial estimates for whole-body
heat transfer coefficients
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Fig.4 Allometry of whole-body heat transfer coefficients in fishes. A
Heat transfer coefficients plotted against body mass for the warming
process (orange symbols) and cooling process (light blue symbols).
Non-phylogenetic regression lines are also shown. B The ratio of heat
transfer coefficient during the warming process to that during the
cooling process plotted against body mass, shown with non-phylo-
genetic regression line. Grey horizontal bar represents unity (i.e., the
ratio is 1). In both A and B, data for blue sharks are not exceptional.
See Table 2 for the equations of regression lines and Table S1 for the
compiled data and references

and non-phylogenetic models produced nearly the same
allometric equations, with the latter providing a better fit
based on AIC, for k. k and the ratio of & to k

warm® "“cool’ warm cool
(Table 2). k. decreased with body mass more slowly

warm
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(exponent —0.44) than k., (exponent —0.58) (Fig. 4A).
The ratio of k., to k.., increased with body mass (expo-
nent 0.15), despite large variations for a given body mass
(Fig. 4B). For example, ratios of > 1.3 were rare (1 of 13 spe-
cies) in the lower body mass range (<3 kg) but common (8
of 10 species) in the upper body mass range (> 3 kg). Neither
Karm» Keoop» DOT the ratio of k... to k.., of blue sharks were

exceptional for their body mass.

Discussion
Behavioural thermoregulation linked to foraging

Despite the small sample size, we showed how blue sharks,
an ectothermic species with expanded thermal niches, ther-
moregulate behaviourally. Both individual sharks we tagged
moved between the warm surface layer and deep cold water,
with the ambient water temperature spanning the range
of ~20 °C. Yet, muscle temperature spanned the range of
only 8 °C, as reported before (Carey and Scharold 1990).
Notably, although ambient temperature decreased with
depth, shark muscle temperature was independent of depth
when data for the descending and ascending phase of dives
were pooled (Fig. 2). This pattern emerged because shark
muscle temperature changed slowly due to a large thermal
inertia, and because sharks always started descending and
ascending before muscle temperature reached the ambient
temperature. A similar pattern was reported for bigeye tunas
(Malte et al. 2007), a regionally endothermic species with
enhanced physiological thermoregulation capabilities (Hol-
land et al. 1992).

Narrower ranges of body temperature than ambient tem-
perature associated with repeated dives have been reported
for other pelagic fishes, including bigeye tunas (Malte et al.
2007), ocean sunfish (Nakamura et al. 2015), dolphin fish
Coryphaena hippurus (Furukawa et al. 2015), swordfish
Xiphias gladius (Stoehr et al. 2018), and whale sharks
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Table 2 Summary for the Response variable  Predictor variable Model Allometric equation ~ AIC
allometry of heat transfer
coefficients in fishes K yarm body mass Non-phylogenetic Y=0.169 x X 04 12.32
Phylogenetic Y=0.167xX % 14.3
kool body mass Non-phylogenetic Y=0.118x X8 -8.9%
Phylogenetic Y=0.118x X% -6.9
kyarnt® ool body mass Non-phylogenetic Y=143xx%1 10.7*
Phylogenetic Y=143xXx%1 12.7

“Best model by criterion of lowest AIC

Rhincodon typus (Nakamura et al. 2020). However, blue
sharks are unique in that their muscle temperature range was
in the middle of the ambient temperature range. In other spe-
cies, body temperature ranges lie in the upper end of ambient
temperature ranges. Blue sharks appear to avoid both exces-
sive decreases and increases in muscle temperature by alter-
nating descents and ascents, whereas other species studied to
date avoid overcooling by rewarming at shallow depths after
the excursions to deep cold waters. Note, however, that heart
remains at the ambient water temperature in nearly all fishes
(including both ectothermic and regionally endothermic spe-
cies), except for opah Lampris guttatus (Wegner et al. 2015).
Temperature dependence of cardiac functions, rather than
muscle functions, may ultimately limit the diving behaviour
of large pelagic fishes.

Given the global distribution of blue sharks in tropical
and temperate waters, the pattern we observed is likely spe-
cific to the water column structure. In this study and Car-
ey’s study (Carey and Scharold 1990), the water was well
stratified, and sea surface temperature was high (26 — 30 °C)
(Fig. 2). Long-term diving records showed that, in blue
sharks (Campana et al. 2011; Braun et al. 2019; Vedor et al.
2021) and other ectothermic pelagic sharks (Andrzejaczek
et al. 2018), repeated deep-diving behaviour (as we observed
in this study) is associated with stratified water columns and
high sea surface temperatures. Therefore, blue sharks may
thermoregulate and forage in different manners in mixed
water columns and higher latitudes (or cooler seasons) with
lower sea surface temperatures. Carey and Gibson recorded
blue shark body temperature and diving behaviour when
the sea surface temperature was only 18 — 19 °C (Carey and
Gibson 1987). Their data (Fig. 4 of the study) suggest that,
like ocean sunfish (Nakamura et al. 2015), blue sharks stay
at the surface for prolonged periods following deep dives
until their bodies fully rewarm.

The behavioural thermoregulation of blue sharks
appears to be linked to foraging behaviour. Our video foot-
age showed that a shark caught a squid, among the main
diets of this species (Markaida and Sosa-Nishizaki 2010).
Our video recording duration was limited to 2.5 h for each
animal. Nevertheless, the video-confirmed feeding event

corresponded to a burst swimming event, allowing us to
detect similar burst swimming events as signals of prey
capture attempts from the entire tag data. Some of the
burst swimming events may represent evasions from pred-
ators (e.g., shortfin mako sharks Isurus oxyrinchus); how-
ever, encounter rates with predators are likely low for the
size of blue sharks tagged in this study. The burst swim-
ming events occurred over a wide depth range (5 —293 m)
(Figs. 1 and 2), suggesting that blue sharks maximise prey
encounter rates by moving vertically. This pattern con-
trasts with ocean sunfish, which forage during the bottom
phase of deep dives, as shown by a similar biologging
package to that used in this study (Nakamura et al. 2015).

Overall, our results suggest that behavioural thermoreg-
ulation linked to foraging is a major function of repeated
deep dives in blue sharks, although more tagging experi-
ments are needed to draw firm conclusions. Some large
sharks appear to save locomotion costs by gliding with
negative buoyancy during descent (Gleiss et al. 2011a, b;
Watanabe et al. 2019). Animals incur less hydrodynamic
drag during gliding than active swimming; therefore, in
theory, negatively buoyant animals can save locomotion
cost by alternating passive gliding in descents and active
swimming in ascents compared with continuous horizon-
tal swimming (Weihs 1973). However, as for tiger sharks
Galeocerdo cuvier (Nakamura et al. 2011) and Greenland
sharks Somniosus microcephalus (Watanabe et al. 2012),
the blue sharks tagged in this study glided only for a minor
proportion (10 —20%) of their descent durations, indicat-
ing that locomotion cost saving is not the main explanation
for deep dives. In some pelagic fishes, deep dives may
be associated with navigation because geomagnetic and
bathymetric cues can be accessed at great depths (Klimley
1993). This possibility cannot be ruled out for blue sharks.
Nevertheless, the remarkably regular deep-diving behav-
iour of this species, reported off Taiwan (this study) and
other areas (Carey and Scharold 1990; Stevens et al. 2010;
Campana et al. 2011), can be parsimoniously explained
by their motivation for maintaining body temperature
within a narrow range while foraging in the stratified water
columns.
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Control of heat exchange rates

Despite some variations between the two individuals, the
heat exchange model that considers the warming and cool-
ing process separately fit our data well (Fig. 1A, B and 3).
It showed that k., is approximately twice higher than

keoo- A previous study that reanalysed Carey and Scharold
(1990) data on a single blue shark found a four-fold higher
kyarm than k., (Bernal et al. 2001). These results indicate
that blue sharks change heat exchange rates depending on
the phase of dives, as reported for bigeye tunas (Holland
et al. 1992) and ocean sunfish (Nakamura et al. 2015). In
the case of bigeye tunas with developed counter-current heat
exchangers, an important mechanism is to pass the blood
through the heat exchangers or bypass them depending on
dive phases (Boye et al. 2009). However, this option is not
available for ectothermic blue sharks, which do not possess
counter-current heat exchangers. We postulate that their
increased heat exchange rates during the warming process
(or ascending phase) are associated with the increased tail-
beat activities (as we observed) and associated increases in
gas and heat exchange through the gill in this negatively
buoyant shark. Additional information (e.g., heart rate) are
needed to better understand how blue sharks change their
heat exchange rates during diving. Not surprisingly, Ky,:m
equalled k. in the dead blue shark we examined. Moreover,
Kyarm and k.., of the dead shark were much lower than those
of live sharks even after controlling for the size difference.
This result confirms that heat exchange between fish bodies
and the ambient water are greatly reduced in the absence of
convective heat transfer due to blood flow, as shown previ-
ously (Spigarelli et al. 1977; Weller et al. 1984; Carey and
Gibson 1987; Nakamura et al. 2015).

Our comparative analyses showed that both k... and
k..o decrease with body mass in fishes (Fig. 4A). Non-
phylogenetic models provided a better fit than phyloge-
netic models, indicating that little phylogenetic signals
are present in mass-adjusted heat transfer coefficients. Our
result of negative allometry agrees with previous intra-
and inter-specific comparisons of k value in fishes; how-
ever, previous studies had much narrower body size range
than the present study (Stevens and Fry 1970, 1974; Fech-
helm and Neill 1982; Weller et al. 1984; Kubo et al. 2008;
Coffey et al. 2020) or analysed only k_,,; (Nakamura et al.
2020). Heat is transferred via conduction across body sur-
face and via convection through the gill (Carey and Gibson
1987; Boye et al. 2009). Therefore, negative allometry is
likely a result of (i) decreasing surface-area-to-volume
ratio with increasing body mass (leading to decreasing
heat conduction per a unit body mass) and (ii) decreasing
mass-specific metabolic rates with increasing body mass
(leading to decreasing heat convection per a unit body
mass). Yet, the exponents we observed (— 0.44 for k.

COO!

warm?®
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—0.58 for k) were lower than those predicted from the
allometry of surface-area-to-volume ratio (mass™'3) and
mass-specific metabolic rates (mass_o'z__o'l; (White et al.
2007)). An explanation for this discrepancy is that body
temperature tends to be measured at a point progressively
further from the body surface in larger fishes (Stevens and
Fry 1974; Nakamura et al. 2020). In other words, tem-
perature gradients between the body surface and the point
where body temperature is measured tend to be smaller in
larger fishes for a given temperature difference.

kyarm decreased with body mass more slowly than k&,
meaning that k., becomes larger relative to k. as body
size increases. As another way to assess this pattern, the
ratio of k., to k.., increased with body mass, with the
ratio of > 1.3 being common only in large fishes (>3 kg in
body mass) (Fig. 4B). Our results indicate that the ability
to change heat exchange rates is more developed in larger
fishes, partly due to their lower surface-area-to-volume
ratios. In very small fishes, body temperature equilibrates
with the ambient temperature quickly, leaving little room
for the control of heat exchange rates. Moreover, the pres-
ence of counter-current heat exchangers in some species,
including bigeye tunas (Malte et al. 2007) and swordfish
(Stoehr et al. 2018), is apparently associated with their high
(> 10) kyarmlkeoo ratio through the mechanism described
earlier. Neither k.., k..o DOT the ratio of &, to k.., of
blue sharks were exceptional among fishes for their body
mass (Fig. 4). Our results imply that blue sharks do not have
enhanced ability to control heat exchange rates.

In conclusion, despite the small sample size, we showed
that blue sharks behaviourally thermoregulate and forage
during repeated deep dives. They maintain their body tem-
perature within a narrow range by starting ascents before
their bodies exceedingly cool down and starting descents
before their bodies exceedingly warm up. During such
repeated dives, they search for prey (e.g., squids) distrib-
uted widely in the water column. Their ability to control
heat exchange rates, as assessed by whole-body heat transfer
coefficients, is normal for their body size. Additional infor-
mation (e.g., heart rate) are needed to elucidate how blue
sharks and other ectothermic fishes change heat exchange
rate during diving. Our study suggests that behavioural ther-
moregulation linked to foraging, rather than enhanced abili-
ties to control heat exchange rates, is key to the vertically
and geographically expanded thermal niches of blue sharks.
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