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The impressive breath-hold capabilities of marine mammals are facilitated
by both enhanced O, stores and reductions in the rate of O, consumption
via peripheral vasoconstriction and bradycardia, called the dive response.
Many studies have focused on the extreme role of the dive response in maxi-
mizing dive duration in marine mammals, but few have addressed how
these adjustments may compromise the capability to hunt, digest and thermo-
regulate during routine dives. Here, we use DTAGs, which record heart rate
together with foraging and movement behaviour, to investigate how O, man-
agement is balanced between the need to dive and forage in five wild harbour
porpoises that hunt thousands of small prey daily during continuous shallow
diving. Dive heart rates were moderate (median minimum 47-69 bpm) and
relatively stable across dive types, dive duration (0.5-3.3 min) and activity.
A moderate dive response, allowing for some perfusion of peripheral tissues,
may be essential for fuelling the high field metabolic rates required to maintain
body temperature and support digestion during diving in these small, con-
tinuously feeding cetaceans. Thus, despite having the capacity to prolong
dives via a strong dive response, for these shallow-diving cetaceans, it appears
to be more efficient to maintain circulation while diving: extreme heart rate
gymnastics are for deep dives and emergencies, not everyday use.

1. Background

Marine mammals face a physiological trade-off in that they must hold their
breath while expending O, to hunt and consume prey underwater. The remark-
able breath-hold capability of marine mammals is enabled by large O, stores
and physiological adjustments including peripheral vasoconstriction and bra-
dycardia during diving that minimize O, consumption. This so-called dive
response regulates the magnitude and distribution of peripheral blood flow,
ultimately conserving blood O, for critical tissues such as the heart and brain
[1-3], and is influenced by a variety of factors including dive duration, depth,
exercise, age and volition [4-11]. Due to the challenge of studying blood flow
and cardiac output in wild marine mammals, heart rate (fy) is often measured
as a proxy for evaluating dive response and O, management [12]. Heart rate is
an excellent proxy because to maintain stable blood pressure, there is a strong
relationship between peripheral vasoconstriction and cardiac output, and
endotherms are finely tuned to maintain a relatively stable blood pressure
through baroreceptors, chemoreceptors and the autonomic nervous system
[12-15]. Until recently, it was not possible to even measure fy in wild cetaceans,
but with new tagging technology, fi; has now been measured in two species: a
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single foraging blue whale (8.5 h, Balaenoptera musculus, the
largest baleen whale, approximately 70000 kg) [16], and
five narwhals (approx. five dives each, Monodon monoceros,
mid-size toothed whale, approximately 1000-1600 kg)
released from prolonged net entanglement and stranding
[17]. Both species exhibited extreme bradycardia, with fy
dropping to 10-20% of surface values, but also exhibited
exercise-induced increases in diving fy [16,17]. While these
recent studies have improved our understanding of O, man-
agement in larger cetaceans, it is still unknown how small
wild cetaceans living in thermally challenging environments
regulate fi; while diving and exercising to maximize foraging
returns. Here, we investigate the dive heart rate response in
the second smallest cetacean, the harbour porpoise (Phocoena
phocoena), in shallow inner Danish waters.

Harbour porpoises have high metabolic rates to combat
heat loss in their high-latitude habitats [18,19]. Porpoises
meet these metabolic demands, at least in inner Danish
waters (the so-called Belt Sea population [20]), by high-rate
shallow foraging on small prey [21,22]. Understanding how
they manage O, in active foraging dives is critical to assessing
how physiological capacity may limit their ability to deal
with natural environmental variation and anthropogenic
disturbances. Trained porpoises are capable of extreme
bradycardia as exhibited by a fi; below 15 beats per minute
(bpm) (approx. 10% of surface fyy) in long dives for this species
of 4 min [8]. However, dive responses in captivity are typically
moderate (30-45% of surface fyy), and mildly influenced by
dive duration, exercise and volition during shorter dives
[7,8,23,24]. As wild porpoises in the Belt Sea population, in con-
trast with captive conspecifics, attempt to capture 100 prey per
hour and hence must spend a higher proportion of their time
engaged in active hunting dives, we hypothesized (i) that
wild foraging porpoises will exhibit graded, and occasionally
extreme, fluctuations between high surface and low dive fy,
potentially decreasing fy; to <10% of surface values in longer
dives, and (ii) that they will display a stronger exercise response
than the porpoises in captivity due to a greater range of effort
between non-foraging dives and active foraging dives. Here,
we test these hypotheses by quantifying fy in relation to
fine-scale movement and foraging behaviour in five wild por-
poises using suction cup-attached biologging tags that can
uniquely measure heart rate, breathing, exercise and foraging
simultaneously in these small wild cetaceans.

2. Methods

(a) Animal handling and instrumentation

Between September 2016 and September 2018, five harbour por-
poises (1 adult female, 1 adult male and 3 juvenile males; see
table 1 for detail) that were incidentally trapped in pound nets
in the inner Danish waters of the Kattegat and the Belt seas
were instrumented with ECG-DTAG3 multi-sensor data loggers
(15.5 x 8.5 x 3 cm with two 2040 cm wires for suction cup elec-
trodes, 265 g in air and slightly buoyant in seawater) [21,30].
Porpoises were instrumented within 24 h of being observed by
the fisherman. Porpoises were free to swim within the compass
of the net (10-30 m diameter and 5-10 m deep) until tagged
and released. For instrumentation, porpoises were lifted onto a
fishing boat and placed on a stretcher and soft pad. Standard
body length and girth were measured, body condition evaluated,
and sex and age class determined [25]. Mass was estimated from
body length using sex-specific equations [19]. Only porpoises

that appeared healthy were instrumented. Porpoises were n

released immediately after instrumentation, with all procedures
lasting less than 17 min to minimize stress. The porpoises
resumed feeding within 2 h of release.

The ECG-DTAG3 was placed approximately 5 cm behind the
blow hole via four silicone suction cups and a silver chloride
electrode embedded in a 5 cm suction cup was placed on each
side of the porpoise, with the left electrode caudal and right
electrode rostral to the heart to maximize the ECG signal. The
ECG-DTAGS recorded the differential potential between the elec-
trodes relative to a ground in water with a sampling rate of 5 kHz
(16-bit resolution and a 2-pole, 200 Hz anti-alias filter). The tag
also recorded pressure at 50 Hz, 3-axis acceleration at 625 Hz
and stereo sound at 500 kHz (16 bit, 0.5 to 150 kHz bandwidth),
allowing determination of activity, ventilations and echolocation
behaviour with precise synchrony to the fiy data (figure 1). The
dataloggers detached by a pre-programmed release of air into
the suction cup or passively after 10.5 to 40 h (table 1).

(b) Data processing

Data processing was performed using custom scripts in MATLAB
(MathWorks, Inc.). Raw voltages recorded by pressure sensors
and accelerometers were converted to depth (m) and acceleration
(m s7?) using calibration values. Sound files were examined
aurally and visually in 5 s windows using a spectrogram display
(Hamming window, 512 point fast Fourier transform, 75% over-
lap) (MATLAB code available at www.animaltags.org) to
identify ventilations and feeding buzzes [21,31]. Dives were ident-
ified from a combination of depth and respiration data [21].
Respirations defined the start and end of each inter-breath inter-
val. Inter-breath intervals were only considered a dive if the
maximum dive depth was greater than two times the body
length of the porpoise (i.e. 2.5-3.5 m). Dives with feeding buzzes
were classified as foraging dives.

ECG data were decimated to a sampling rate of 250 Hz and
filtered to remove excess noise (finite impulse response filter to
remove 50-Hz electrical noise generated by sampling of other
sensors). R-peaks in the ECG QRS-complex were identified
using a peak detector script and records were visually inspected
to correct for missing or spurious peaks. Instantaneous fy for
each heartbeat was determined from the R-R peak intervals
(60 s divided by the difference in time between the current and
previous R peak).

As an index for swimming effort, we calculated the mini-
mum specific acceleration (MSA) from the three-axis
acceleration data decimated to a sampling rate of 25 Hz. MSA
is a measure of how much the total acceleration deviates from
the gravity acceleration [32] and is an underestimate of the
specific acceleration generated by the animal. It is calculated as
the absolute value of the norm of acceleration minus the gravity
acceleration. In captive porpoises, MSA and overall dynamic
body acceleration (a commonly used activity metric [33,34])
were highly correlated (Pearson r=0.98) [8], and in California
sea lions MSA and stroke rate were highly correlated; however,
MSA had explained more of the variation in dive fy suggesting
it was a better indicator of effort [9].

For each dive cycle (dive + post-dive interval), 13 variables
were calculated, as follows: (i) dive duration (s); (i) post-dive
interval (s, duration between the respiration ending a dive and
the respiration starting the following dive); (iii) dive cycle dur-
ation (s); (iv) maximum dive depth (m); (v) mean MSA (m s_z,
total dive MSA/number of samples); (vi) upper quartile (UQ)
pre-dive instantaneous fy (bpm, UQ (75%) in 10 s preceding
the dive to avoid bias from decreases in fy during surface
breath-holds); (vii) lower quartile (LQ) dive fy; (bpm, 25th quan-
tile—an outlier-robust estimate of how low the fy was during
the dive); (viii) UQ post-dive interval fi (bpm); (ix) median
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Figure 1. Diving behaviour and heart rate (fy) of the wild adult female harbour porpoise instrumented with an ECG-DTAG. (a) Diving behaviour in relation to
daylight (background shading). Red dots signify buzzes likely related to foraging. (b) MSA and 20 min respiration count [26] indicating that the porpoise was more
active and had a higher metabolic rate when foraging. (c) Instantaneous fy profile. Surface f; was elevated after release and during foraging bouts. Excerpts are
example dive, MSA and fy profiles from non-foraging (d) and foraging dives (e). (Online version in colour.)

bottom-of-dive fy (bpm, bottom-of-dive is defined as the time
between when the porpoise initially reached a depth of one
body length above maximum depth and when the porpoise
last leaves that depth—this is a proxy for dive fy, but avoids
the influence of the initial decline and final increase in fy); (x)
minimum dive fy (bpm); (xi) post-dive interval (PDI) fy (bpm,

total beats during post-dive interval/post-dive interval dur-
ation); (xii) dive cycle fy (bpm, total heart beats during a dive
cycle (dive + post-dive interval)/dive cycle duration); and (xiii)
per cent of surface fy during a dive (as an indicator of degree
of bradycardia) was estimated by the ratio of LQ dive fy to
UQ pre-dive fy (LQ dive fi;/UQ pre-dive fy). In addition to
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the above dive variables, we divided the bottom phase of the
dive into 5s intervals and determined the mean MSA (m s™2)
and fy for each interval to quantify the relationship between
behaviour and fyy within dives.

(c) Statistical analysis
Statistical analyses were performed in R v. 3.5.3 (R Core Team).
After release, porpoises typically swam rapidly away from the
site of release primarily performing shallow swimming. During
this phase, fi; was often elevated, both at the surface and sub-
merged. Based on these observations, dives from the first 2 h
post-release were excluded from analyses to reduce the influence
of capture stress on results [19]. We also excluded dives less than
30 s in duration to exclude brief submergences between breaths.
We used linear mixed-effects models to investigate the effect
of dive duration and mean MSA on dive and surface fy; (package
‘nlme’ [35]). In these models, dive duration and mean MSA were
fitted as fixed-effect variables, with individual as a random effect
to account for the lack of independence of dives from the same
individual. Linear mixed-effects models were also used to exam-
ine the relationship between behaviour and fyy during the bottom
phase of the dive. The response variable was mean dive interval
heart rate. Mean interval MSA and dive duration were fitted as
fixed-effect variables, with the individual as a random effect. A
correlation structure (AR1) was used to account for temporal cor-
relation in the data and the Varldent variance function structure
was used to account for the difference in variance between indi-
viduals [36]. Covariance and random effect structures of the full
models were evaluated using Akaike’s information criterion
(AIC) and examination of residual plots [36]. Once the covariance
and random effect structure was determined, the best model was
selected by removing a single variable and comparing the full
and reduced model using a log-likelihood chi-squared test. If
the reduced model was better, another variable was removed
until removing variables did not improve the model. The
models with lowest AIC are reported in electronic supplemen-
tary material, tables S1 and S2. Additionally, we used linear
mixed-effects ANOVAs to examine differences in fiy between
foraging and non-foraging dives. Foraging state was the fixed-
effect variable, and individual was fitted as a random intercept
(electronic supplementary material, tables S3 and S4). All
models were run with and without Juvenile Male 3 (JM3). ]M3
was an outlier. His fy was much higher and more variable
than the other four porpoises, resulting in improved normality
and homoscedasticity of residuals in models without JM3.

3. Results and discussion

The dive response was first discovered during forced sub-
mergence of seals and porpoises, and based on
observations of deep bradycardias in such highly stressed
animals, it was presented as a dramatic on-off master
switch of life [2]. Subsequently, it has become clear from
studies of trained animals that the dive response in marine
mammals is a much more graded physiological phenomenon
that is tailored to a suite of intrinsic and extrinsic conditions
while diving [5-10]. Despite this deep understanding we still
know very little about how the dive response is implemented
during hunting in the wild where the diving animal must bal-
ance the opposing forces of physiological mechanisms
enabling prolonged breath-holds and those that facilitate
thermoregulation, digestion, and body maintenance as a
function of a dynamic environment. Here, we use one of
the smallest marine mammals, the harbour porpoise, as a
model organism to address the implementation of the dive

response during natural hunting behaviour in the wild. [ 5 |

Specifically, we sought to test the hypotheses that (i) wild
porpoises would exhibit a graded and occasionally extreme
bradycardia tailored to the dive duration and (ii) porpoises
would exhibit an exercise-modulated dive fy response
driven by hunting activity. To test these hypotheses, we
obtained 10.540h of DTAG data from five porpoises in
Danish waters (table 1) from which we analysed 138-918
dives per individual that were longer than 30 s after exclud-
ing the 2 h following release (table 1). As typical for harbour
porpoises in the Belt Sea population, dives tended to be short
and shallow (median duration: 43-76 s, median maximum
depth: 6-10 m) [19,21], and well within the calculated aerobic
dive limit (cADL, table 1) [26,27].

(a) Wild porpoises exhibit consistent moderate dive

responses

Contrary to our hypothesis that wild porpoises would exhibit
a graded and occasionally extreme bradycardia, tagged por-
poises displayed moderate and consistent dive fy in dives
up to 3.5 min (figures 2, 3b, 4 and 5). Dive heart rate only
declined to 23-55% of surface values and minimum fy was
greater than 45 bpm in 95% of dives (electronic supplemen-
tary material, figure S1A). Despite a large range in
estimated mass (26-67 kg), when the smallest porpoise was
excluded, porpoises exhibited remarkably similar dive fy
(figures 2, 3b and 4, ie. 95% of all LQ fus fell between 55
and 84 bpm). This is unexpected because among mammals,
small young animals generally have higher fy; than larger
adults (table 1) [28]. That two juveniles (JM1 and JM2) exhib-
ited similar dive fy to the two adults (figures 2, 3b, 4 and 5
and electronic supplementary material, figures S1 and S2)
suggest that the juveniles are employing a relatively more
intense bradycardia, allowing them to dive similarly to
adults despite smaller absolute oxygen stores due to their
smaller size. These results are consistent with a previous
study that determined juvenile and adult porpoises have
similar cADLs [27]. For one juvenile porpoise (JM3, 26 kg),
dive fy; was highly variable and higher than the other por-
poises (figure 3b, 4, 5; electronic supplementary material,
figures S1 and S2). This animal exhibited the highest respir-
ation rate in a previous study [19]. JM3’s high and variable
dive fiy may be an example of the natural variability between
individuals, seasonal differences due to changes in tempera-
ture or prey availability (JM3 was instrumented later in the
year than other porpoises), or a result of a potential respirat-
ory disease (common in the Belt Sea population) [37].
Because JM3 data were so distinct and strongly influenced
model results, fi; was analysed with and without this por-
poise (electronic supplementary material, tables S1-S3).
While the porpoises only exhibited a moderate dive response,
all animals displayed a true bradycardia in over 99% of the
analysed dives (figure 3b), with fy decreasing to below
their estimated resting fy (estimated from mass of each
porpoise, table 1) [28].

Surprisingly, dive duration did not influence LQ, bottom-
of-dive, minimum dive nor dive interval fy (figures 4 and 5;
electronic supplementary material, figure S1 and tables S1
and S2). Although the associations between dive duration
and bottom-of-dive and LQ fy; were statistically significant
when JM3 was excluded, the slope coefficient was not bio-
logically relevant (i.e. a 1min increase in dive duration,
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which is a doubling of the median dive duration, only
resulted in a 3 bpm decrease in LQ and bottom-of-dive fy
and dive duration explained less than 3% of the variation
in fy; electronic supplementary material, table S1) [38,39].
While Weddell seals do not appear to modify fy with
increased dive duration in aerobic dives (dives shorter than
ADL) [40], fy typically decreases with increasing dive dur-
ation during aerobic dives in other free-ranging marine
mammals [4,16,41], and a decrease in fy with increased
dive duration was documented in captive porpoises perform-
ing short dives [8,23]. Low fy in long dives is thought to be
key to maximizing dive duration by minimizing blood flow
to exercising muscle and other organs. Even in the longest
dives performed by each porpoise of up to 3.3 min, fyy was
moderate and not different from shorter dives (figure 2; elec-
tronic supplementary material, figure S2). The generally high
fu is probably required to support the high field metabolic
rates documented in porpoises [19].

However, as these porpoises performed short dives that
rarely approached their cADL (table 1 and figure 2), there
may be no need to modify fy to maximize dive duration.
Instead, the consistent moderate bradycardia implies some
blood flow to organs such as the intestine and stomach
throughout the dive. The ability to digest prey while continu-
ing to acquire more prey may be essential for small cetaceans
with high metabolic demands that feed at high rates for
approximately 70% of the day, but with small effective diges-
tion systems where more food per body mass must be
processed per day compared to larger cetaceans [4243].

Larger species, or even porpoise populations that feed on
larger prey, may be able to defer digestion and its metabolic
cost until after foraging bouts [44-46]; captive grey seals
almost completely deferred the metabolic costs of digestion
until after simulated deep foraging dives, exhibiting extended
surface intervals with elevated metabolic rate following fora-
ging bouts. However, during simulated shallow dives, grey
seals exhibited shorter dive durations and increased digestive
costs during dives [45]. Similarly, Steller sea lions exhibit a
partial deferment of digestion when actively foraging at
depth, but Rosen et al. [46] suggest, based on differences in
fu between shallow and deep dives [47], that the degree of
deferment is specific to diving conditions. For harbour por-
poises in the inner Danish waters, where continuous
foraging takes place at night in depths primarily less than
25 m [21,30], energy gain may be maximized by performing
shorter dives with a moderate fy allowing continued fora-
ging while digesting. However, we predict that porpoises
targeting deep-water/mesopelagic prey, such as in Greenlan-
dic waters where porpoises dive down to 410 m [48,49], will
exhibit a graded and occasionally extreme diving bradycardia
with extended post-dive intervals after the longest dives.

(b) Wild porpoises exhibit an exercise-modulated

surface fu response
We hypothesized that wild porpoises would display an exer-
cise-modulated dive fy response and that the exercise
response would be stronger than documented in captive
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harbour porpoises [8,23,50] due to the greater diversity of
behaviours exhibited in the wild. The few studies that have
investigated the relationship between an activity index and
dive fy in pinnipeds and captive cetaceans found a positive
relationship, at least in shorter aerobic dives [6,8,9,11,47],
indicative of increased blood flow to exercising muscles. In
wild narwhals, a positive relationship between stroke rate
and fy was observed once animals started to recover from
prolonged capture stress [17]. Similarly, a blue whale exhib-
ited a transient doubling of instantaneous fy; during costly
feeding lunges [16]. By contrast, we found little support for
exercise modulation of dive fy in wild foraging porpoises.
We used mean MSA as an index of activity [8,9,32] and, as
predicted, mean MSA was higher during foraging dives com-
pared to dives without foraging, (figure 3a; electronic
supplementary material, table S3; mixed-effects ANOVA:
0.48 (coefficient) £ 0.02 (standard error, s.e.), p<0.001). We
hypothesized that this increased activity would lead to
higher dive fy, but there was no biologically relevant differ-
ence in LQ, median bottom-of-dive or minimum dive fy
between foraging and non-foraging dives (figure 3b; elec-
tronic supplementary material, tables S3 and S4). For
example, LQ fy was only 3.4 bpm higher in foraging dives,
and foraging explained < 1% of the variation in fy. Similarly,
there was no biologically meaningful relationship between
MSA and LQ fy or interval MSA and interval fy in the

four largest porpoises (figures 4b and 5; electronic sup-
plementary material, table S1 and S2): while the association
between MSA and LQ fy was statistically significant at
the level of the dive (electronic supplementary material,
table S1), an increase in mean MSA of 1 m s> only increased
fu by 1.8 bpm (mean dive MSA ranged between approxi-
mately 0.2-2.8 m s™). At a finer scale, there was no
statistically significant relationship between interval MSA
and interval f during the bottom of the dive (electronic sup-
plementary material, table S2). The lack of relationship
between activity and dive fy in most of the porpoises
could be a by-product of a consistent moderate dive response
that allows for digestion during diving. The moderate fy
would be accompanied by a widespread decrease in sym-
pathetic vasoconstriction with redistribution of blood to
multiple tissues, including muscle [51]. If muscle is already
moderately perfused during dives, porpoises may not
increase fy; to provide more oxygenated blood to O,-depleted
muscle in moments of activity, at least while operating below
a certain dive duration and activity threshold. In contrast
with the four larger porpoises, J]M3 exhibited an increase
in dive fy with increased activity as predicted (figure 4b;
electronic supplementary material, figures S1 and S4).
While the diving fi; was moderate and not influenced by
exercise, UQ instantaneous fy in PDIs and PDI fy (total
beats during PDI/PDI duration) were high and influenced
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by activity in all porpoises (UQ fy; is used as a proxy for sur-
face fy; to avoid the influence of temporary decreases in fiy
associated with short submergences). Post-dive UQ and PDI
fu were 11% and 23% higher, respectively, after foraging
dives as compared to non-foraging dives (figure 3c; elec-
tronic supplementary material, table S3), and showed a
positive relationship with mean MSA of the preceding
dive (figure 4d; electronic supplementary material, figure S1
and table S1; ex. mixed effect model UQ surface fyy: 13.1 +

4.0, p=0.001, i.e. an increase in mean MSA of 1ms™2

increased fy by 13 bpm). The high post-dive UQ fy after
all dives facilitates rapid offloading of CO, and onloading
of O,, allowing the porpoise to maximize time submerged.
The even higher post-dive UQ fy during foraging bouts
may serve to minimize time at the surface so the porpoise
can quickly return to the prey patch. Although these elev-
ated surface fy-values after active foraging dives (median
maximum fy ranged from 188 to 219 bpm) are the highest
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documented for a marine mammal, they are nonetheless
rarely close to the maximum fy; predicted from body mass
of mammals (257 bpm for AE the largest porpoise, and
280 bpm for JM3, the smallest porpoise, figure 2 and
table 1) [29]. However, the porpoises occasionally exhibited
fu approaching the predicted maximum fyy, indicating they
can increase fy more if required.

These first longer term, continuous heart rate data from
multiple, unstressed wild cetaceans demonstrate how these
consummate divers juggle the conflicting demands of a
deep bradycardia to prolong dives in search of prey while
still delivering the O, needed for active hunting and diges-
tion. We find that porpoises in shallow waters forgo
deep bradycardia and instead maintain a relatively stable
diving heart rate that is not influenced by dive duration or
activity, and possibly size. This moderate bradycardia may
be essential for providing cardiac output to support
the high metabolic rate and upholding digestion during
near-continuous feeding. Thus, for porpoises in this environ-
ment, extreme dive responses enabling extended dive
durations, that may be critical for efficient foraging in
marine mammals elsewhere, are not needed; extreme heart
rate gymnastics are for deep/long dives and emergencies.
Instead, shallow-feeding short duration diving porpoises
have moderate dive heart rates combined with high surface
heart rates that may help to balance the demands of prey
capture, digestion and thermoregulation. This new under-
standing of how one of the smallest marine mammals
manages O, during active foraging dives provides insight
into how physiological responses are not necessarily taken
to their extremes in the wild.
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