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The dive response decreases heart rate, regulates blood flow distribution, conserves
oxygen, and extends dive duration. In diving animals, dive heart rate can be modulated
to meet increased demands of exercise during foraging. However, lunge-feeding rorquals
represent an extreme example of exercise under breath-hold conditions: Though most of
their dive time is spent gliding and filtering, lunges require high-power, acrobatic sprints
to engulf massive volumes of prey-laden water. Our biologging data show that heart rate
repeatedly increases with lunging but only gradually declines during filtering, dissim-
ilar from the heart rate-activity coupling observed in other divers. We suggest that the
unique nature of rorqual exercise likely requires glycolytic metabolic substrates, rather
than aerobic substrates, during short, powerful lunges. During slow filtering, high heart
rates may help partially renew these energy sources via oxygen-dependent pathways. By
temporarily buffering oxygen demand from supply, the flexible dive response appears
to optimize oxygen use in lunging rorquals and support aerobically “cheap” foraging.
The data also show that dive cycle heart rate scope increases with rorqual size. We pro-
pose that cardiovascular plasticity during high and low power phases of foraging dives
underpins rorquals’ ability to achieve high foraging efficiencies and combine explosive
predation with grazing-like efficiency in a single lineage.
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'The ability to match physiological supply to demand sets the limits of animal performance.
From the minimum rates of energetic consumption in hibernating bears (1) to the max-
imum metabolic rates of hovering hummingbirds (2), oxygen (O,) supply must vary in
response to the mass-specific metabolic requirements of tissues, which fluctuate with body
size, activity state, and a wide range of environmental factors. For air-breathing vertebrates,
the simple act of underwater submersion activates the dive response, lowering and redis-
tributing cardiac output (3). This innate response results in a rapid decrease in heart rate
(i.e., bradycardia) and peripheral vasoconstriction, functioning to slow O, depletion and
preserve endogenous O, for hypoxia-intolerant organs like the brain and the heart (4-6).
How, and if, divers modulate dive heart rate to meet the metabolic demands of underwater
exercise has long been discussed. For diving birds and mammals adapted to maximize
effective foraging during breath-hold dives, theoretical models suggest the dive response
should fluctuate to support energetically demanding prey search, chase, and capture (7).
Empirical data from animals in controlled settings and a few free-ranging scenarios demon-
strate that heart rate increases with increasing swimming effort ensuring adequate O,
delivery to active muscles (8—10). Consequently, a flexible dive response that optimizes
the use of lung, muscle, and blood-bound O, has replaced the idea of a fixed diving
bradycardia, but data as to how this flexibility supports multiple, distinct kinds of under-
water exercise in diving birds and mammals remain limited.

Among diving mammals, lunge-feeding rorquals epitomize the physiological challenge
of modulating O, supply to support extreme exercise during breath-hold diving. Rorquals
(Balaenopteridae), including blue whales (Balaenoptera musculus) and humpback whales
(Megaptera novaeangliae), feed by performing repeated high-power lunges at tens to hun-
dreds of meters below the surface, a behavior described as the “largest biomechanical event
on Earth” (11). Each feeding lunge requires rapid acceleration of a 10* to 10° kg animal
up to 4 m 57! (12), effective maneuvering, including up to 360° barrel rolls and variable,
often steep, pitch angles for optimal body positioning (13), and precisely timed opening
and closure of the mouth within seconds of peak approach speed (14). During a lunge,
feeding rorquals must meet the concurrent metabolic demands of thrust- and
maneuver-generating muscles (15) as well as those of the sensory organs that support visual
processing or other means of perceiving prey fields. As turning incurs a higher energetic
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Rorqual whales' foraging style
combines high- and low-power
feeding strategies to exploit prey
patches at high efficiencies. To
date, limited data exist to assess
how rorquals’ cardiac function
fluctuates to match the “extreme
exercise dynamics of lunge
feeding. Our data from blue and
humpback whales measured
high heart rates with lunging
that persist during filtering,
supporting continued muscle
blood flow despite the limited
exercise of gliding. These heart
rate patterns mimic those of
sprinters, suggesting that high
energy lunges rely on anaerobic
metabolism and generate an
energetic debt only partially paid
off during filtering. Increasing
cardiac scope with increasing
body size further underscores
rorquals’ cardiac plasticity and
highlights the importance of
flexible cardiac function for
unlocking their unique foraging
style.
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cost than straight-line travel (16), energy demand is also expected
to increase for lunges with increasing amounts of accumulated
maneuvering. Rorquals offset the high power output of lunges with
long periods of unpowered filtering, accounting for up to 80% of
the lunge cycle in the largest blue whales (17). This results in an
intermittent “lunge-and-filter” swimming strategy that is unique
among large, air-breathing vertebrate filter feeders. Thus, despite
brief periods of very high power output during lunges, rorquals
are afforded low metabolic rates during foraging dives (17, 18).

At the cardiovascular level, how rorquals meet the extreme bio-
mechanical demands of lunge feeding during the dive response
remains unclear. The only successful study to measure heart rate in
a free-ranging diver without prior restraint was in a single blue whale
(19). Digital electrocardiogram (ECG) signals and low-resolution
dive behavior (only time and depth data sampled at 1 Hz) showed
a typical dive response with heart rates during dives as low as 2 beats
min~! (bpm) followed by high heart rates, up to 37 bpm, at the sea
surface (19). Despite the extreme bradycardia (i.e., a heart rate below
resting) observed during dives, heart rate increased 2.5 fold during
presumed high-power lunges and gradually decreased during filter-
ing though the absence of high-resolution motion sensors (i.e.,
accelerometers and magnetometers) and small sample size precluded
a complete investigation of this pattern.

Despite the lack of data examining exercise modulation of the
dive response in lunge-feeding rorquals, many studies have investi-
gated this question in smaller marine mammals and birds. During
some dives, and often during the longest dives, heart rate remains
ata “true” bradycardia throughout the bottom phase, despite strok-
ing, prior to the final ascent phase of a dive at which point heart
rate increases (20-22). In other dives, especially those shorter than
a presumed aerobic dive limit, diving bradycardia is exercise-
modulated resulting in positive correlations between activity (e.g.,
swim speed, stroke rate) and heart rate (8-10). It is important,
however, to consider that the high stroke rates and high heart rates
of ascent tachycardia can influence such regressions, as can the pul-
monary stretch receptor reflex with changes in depth. Though,
limited perfusion to muscles helps create the low O, conditions
necessary for myoglobin to release bound O, even species with high
myoglobin levels, like emperor penguins and Weddell seals, demon-
strate exercise-modulated dive heart rates indicative of muscle blood
flow (9, 21). Unlike many smaller divers that graze on small prey
and only briefly increase activity for prey search and chase, rorquals
employ a unique type of exercise for prey capture that is likely to
require distinct exercise-modulation of the dive response. To lunge
multiple times within a dive, rorquals perform sprint interval-like
accelerations of 15 to 30 s (12) followed by unpowered decelerations
of 15 to 90 s (23). Notably, rorqual swimming muscles have

predominantly fast twitch muscle fibers with elevated glycolytic
(anaerobic) capacity in the superficial layer of the epaxial muscles
and predominantly slow twitch fibers with high oxidative (aerobic)
capacity in the deep layer, thereby supporting both high and low
intensity levels of locomotor activity in the primary swimming mus-
cles (15). Although rorquals have low myoglobin stores (24, 25),
their extreme size confers high body O, storage and low metabolic
rates that should enhance dive time. This distinctive form of exercise
and the constraints of large body size thus present a unique test of
the flexibility of the dive response.

Here, we aimed to answer the fundamental question of how the
combination of extreme body size and high-power feeding impacts
the modulation of heart rate during diving. We used multisensor
biologgers to measure heart rate and movement in two rorqual
species, linking physiological adjustments during a dive cycle to
foraging performance and body size in large whales. This study fills
a gap in our understanding of how the planet’s largest animals inte-
grate biomechanics and cardiovascular control to unlock the met-
abolic supply that enables their unique filter-feeding foraging style.

Results and Discussion

W leveraged simultaneous measurements of heart rate, kinematics,
and body length from blue and humpback whales to evaluate cardiac
dynamics during exercise and diving at the upper extreme of animal
size and performance. We used data from nine total tag deployments
across blue whales in Southern California (n = 4 tags, 946 heart
beats) and Monterey Bay (n = 1 tag, 189 heart beats) and humpback
whales in both Antarctica (n = 3 tags,15,949 heart beats) and
Monterey Bay (n = 1 tag, 464 heart beats) (Table 1 and ST Appendix,
Fig. S1). ECG measurements captured heart rate across multiple
rorqual behaviors and various dive phases (Fig. 1 and S/ Appendix,
Fig. S2). Paired with tag records, unoccupied aerial systems (UAS)
allowed for measurements of body length, which were subsequently
converted to body mass estimates.

Variability in Heart Rate Dynamics During Rest, Feeding Dives,
and Nonfeeding Dives. Several extended humpback tag records
allowed for comparison of heart rate across multiple presumed
energetic contexts. This included several extended periods of surface
logging behavior, when a whale was essentially motionless except
during the actual breath, during which a clear respiratory sinus
arrhythmia (RSA) was observed (mn250131-66, body length =
12.1 m, body mass = 24,148 kg; Fig. 2). RSA is characterized
by a rapid increase in heart rate during inhalation and a gradual
decline that stabilizes at a lower heart rate between breaths. In the
resting humpback, heart rate peaked at 24.3 + 2.9 bpm in the first

Table 1. Summary of tag deployments included in this study
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TagID Species Location Body Length (m) Body Mass (kg) Tag Duration (hh:mm:ss)
mn230925-66 Humpback Monterey 9.4 11,675 11:46:48
mn250131-66 Humpback Antarctic 12.1 24,148 28:09:46
mn250203-66 Humpback Antarctic 9.9 13,510 57:47:02
mn250203-67 Humpback Antarctic 11.4 20,606 18:05:32
bw240625-66 Blue Channel Is - - 1:20:43
bw240629-66 Blue Channel Is 24.3 92,728 16:39:04
bw240714-66 Blue Channel Is 20.0 49,198 8:39:35
bw240714-67 Blue Channel Is 22.2 69,152 8:52:21
bw240909-68 Blue Monterey - - 15:20:16
TOTAL 178:37:23

For each deployment, the tag ID, species, study location, measured body length, estimated body mass, and total tag duration are reported
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Fig. 1. A custom suction cup-attached ECG tag (A) deployed on a humpback whale (B) and blue whale (C). Depth, the electrocardiogram (ECG), pitch and roll,
and jerk signals presented for 4 min during the second half of a dive to 40 m and the early postdive interval from a humpback whale (mn250203-67). Jerk is
calculated as the rate of change of three-axis acceleration and Jig RMS is derived from high-frequency acceleration as previously described (26). (D) Artifacts are
present in the ECG signal during surfacings and heart rate remains elevated during brief submersions between breaths. Zoomed in ECG data is shown during
a surfacing (F) and at depth (). Signal to noise ratio (SNR) is presented for both ECG data segments as calculated by 20 log;o(S N™') where S is the amplitude of

the signal and N is the standard deviation of the baseline noise.

30 s after each breath and declined to 15.4 + 3.4 bpm between
breaths, oscillating between 11.1 and 19.3 bpm. A pronounced
RSA further reinforces robust parasympathetic regulation at rest,
consistent with strong vagal tone reported in other divers. A gray
whale calf undergoing rehabilitation demonstrated similar patterns
at rest with respiration-driven oscillation between 30 to 40 bpm
(during breathing) and 15 to 20 bpm (between breaths) (27).
In adult and pup northern elephant seals, RSA occurred during
normal breathing periods linked to sleep apnea, but after long
apneas heart rate initially remained high, with the arrhythmia
becoming more pronounced as normal breathing continued
(28, 29). In bottlenose dolphins, elevated heart rate after long
breath holds was only replaced by a clear RSA when exhaled CO,
declined to normal levels (30), suggesting some utility in this
pattern for assessing recovery from diving and foraging.
Although the exact physiological mechanisms that underpin
the heart rates observed during the RSA remain incompletely
understood, they likely represent the closest approximation of
resting heart rate in an intermittent breather (32). Mean heart rate
of the humpback during this logging period, the first estimate of
resting heart rate in a free-ranging, fully aquatic marine mammal,
was 18.5 + 5.4 bpm, which agrees with the allometric prediction
0f 19.3 bpm (31) for a resting terrestrial mammal of comparable
size (Fig. 2). The breathing rate of 38.8 + 15.1 breaths h™! during
logging was low compared to predictions for basal respiratory rate
in fully aquatic mammals (50.2 breaths h™" at -1 °C) (33) but
within expected variability (1 SD). This breathing rate closely

PNAS 2026 Vol.123 No.31 2613082123

matched mean values reported from humpbacks on breeding
grounds (42 + 12 breaths h™') (34) and was notably lower than
that from feeding grounds (61.2 + 3.3 breaths h!) (18). This
suggests that energetic demand on the breeding grounds may be
close to resting metabolic rate and reinforces that low physiological
states can be achieved during resting between foraging bouts which
occupy, on average, 6% (range: 0 to 41%) of time spent on feeding
grounds (34). Ultimately, the resting heart rate and breathing rate
measured here reinforce the view that baleen whales exhibit com-
parable metabolic rate scaling to that of terrestrial mammals (17)
and provide a useful baseline for accurately assessing bradycardia
(heart rates <18.5 bpm) and tachycardia (heart rates >18.5 bpm)
in this individual (or similarly sized humpbacks).

In another humpback (mn250203-66, body length = 9.9 m,
body mass = 13,510 kg), our recording included multiple hours of
both nonfeeding and feeding behavior, allowing us to make com-
parisons of heart rate across activity levels. During 2 h of nonfeeding
dives of the humpback whale, surface heart rates had a mean value
0f29.3 + 3.6 bpm (range: 25.0 to 32.4 bpm) (Fig. 34). Heart rate
patterns at depth displayed the typical dive response with low heart
rates of 13.1 + 2.4 bpm (range: 9.8 to 15.8 bpm) during the bottom
phase of dives. Although brief data gaps in heart rate occurred during
descents, the limited duration of these gaps suggests similar trends
in descent and ascent heart rate patterns to other divers (20, 21)
and the previous blue whale heart rate recording (19). Specifically,
heart rate decreased (at approximately 0.8 to 1.2 bpm s™') to a low
value upon submersion (1st quantile of 6.7 bpm during descent
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Fig. 2. Resting heart rate of a humpback whale. Heart rate of a humpback whale (mn250131-66, body length = 12.1 m, body mass = 24,148 kg: (A) at rest
demonstrates respiratory sinus arrhythmia (RSA) during three extended surface intervals (B). Red arrows indicate the timing of breaths and depth is represented
by a green line. Heart rate is plotted by black points and lines. All instantaneous heart rates (black) and instantaneous heart rates in the first 30 s (red) compared
to those >30 s after a breath (blue) (C). Boxplots show the quartiles of each distribution with the thick line indicating the median value and the shaded region
representing the 25th to 75th quartiles. Violin plots with jittered points show the full data range with black squares indicating the mean value and error bars
indicating the standard deviation. The black dashed line indicates the allometric prediction of resting heart rate for this individual of 19.3 beats min™ (31). The
result of a Wilcoxon rank sum test to compare the instantaneous heart rate distributions of the RSA is included.

phase), remained low at depth, and increased gradually (at approx-
imately 0.6 to 0.8 bpm s') during ascent (mean ascent heart rate
0f 20.8 + 5.0 bpm) with a distinct anticipatory tachycardia in the
final ascent stage (99th quantile of 31.1 bpm during ascent phase).
Observed rates of heart rate decline were on the slow end of those
measured in other, smaller marine mammals (35). Following several
deeper nonfeeding dives, the humpback’s surface heart rate remained
distinctly elevated, suggesting prolonged recovery after an extended
submergence. At depth, instantaneous heart rate also showed a clear

A

2 hours of non-feeding (1,663 beats, 19.4 beats min™")

relationship with instantaneous depth, and deeper dives were
accompanied by correspondingly lower heart rates, reinforcing
depth-dependent modulation of the dive response. It is likely that
dive duration, or perhaps anticipated dive duration, also plays a role
in modulating dive heart rate though this dataset did not include
conditions under which the effects of dive depth and duration could
be disentangled.

Overall mean instantaneous heart rate during shallow-feeding

and deep-feeding of the humpback whale represented a 73.2%
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Fig. 3. Humpback whale heart rate across behavioral states. Heart rate of a humpback whale (mn250203-66) during nonfeeding (4), shallow feeding (B), and
deep feeding (C). Depth is represented by a green line and lunges (mouth open) are marked with yellow squares. Heart rate is plotted with black points and
lines. Gray boxes indicate where depth was >2 m. A zoomed in portion of heart rate and depth during deep feeding lunges (D) with kinematics corresponds to
the red box in (C). Kinematics shown are speed, derived from high-frequency accelerometer “jiggle” (36), pitch, roll, and jerk (calculated as the rate of change of
three-axis acceleration). Highlighted pink areas indicate lunges, from the approach to mouth close, and yellow squares indicate mouth opening.
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(33.6 vs. 19.4 bpm) and 59.8% (31.0 vs. 19.4 bpm) increase from
mean instantaneous heart rate during nonfeeding. Generally, sur-
face heart rates were higher between feeding dives than between
nonfeeding dives. During an hour of shallow feeding, surface heart
rates remained high, at 39.3 + 1.7 bpm (range: 37.8 to 40.7 bpm)
within brief surface intervals that rarely contained more than one
breath (Fig. 3B). In contrast, surface heart rate between deep feed-
ing dives, which had a mean value of 36.3 + 1.8 bpm, demon-
strated a distinct trend of recovery from an initial maximum of
39.9 bpm to 32.9 bpm (99th and 1st quantiles) during 3 to 4 min
surface intervals containing 6 to 10 breaths (Fig. 3 C and D).
During shallow feeding, there were few instances when it was
possible to measure heart rate at depth, but generally heart rate
on descent leading up to the lunge reached a low value of 10.9
bpm (1st quantile) before the signal was lost due to noise during
rapid fluking (Fig. 3B). In contrast, heart rate during the bottom
phase of deep feeding dives demonstrated higher variability (range:
11.6 to 22.9 bpm) during subsequent filtering phases of repeated
lunges (Fig. 3 C'and E), but reached its lowest values of approxi-
mately 6.6 bpm (Ist quantile) at the end of descents (Fig. 3 Cand
F). Heart rate during feeding therefore appears to be modulated
by depth (i.e., lower heart rates at deeper depths), similar to that
of nonfeeding dives, yet the effect of lunge feeding results in an
increase in heart rate. Like heart rates during nonfeeding periods,
dive duration may also exert an effect on this trend whereby heart
rate is lowered in anticipation of a given dive duration but as
deeper feeding dives were also longer in our dataset, we were
unable to explore this hypothesis further.

Rorqual Lunging Heart Rates. Heart rate immediately following a
lunge was elevated to 21.9 bpm (95% CI: 19.6 to 24.2 bpm from
65 postlunge HR traces) in blue whales and 28.2 bpm (95% CI:
27.4 to 28.9 bpm from 124 postlunge HR traces) in humpback
whales as predicted by the best fit generalized additive model
(Fig. 4 A and B). Following a lunge, heart rate tended to gradually
decline throughout the filter phase, which takes, on average, 60 s
for blue whales and 17 s for humpback whales (23). The predicted
heart rate of a blue whale 60 s after the lunge was 7.7 bpm, while
that of a humpback was 19.0 bpm 17 s after a lunge. For long
filtrations of 101 s and 29 s (mean + 2 * SD) (23), predicted heart
rates were even lower at 5.6 bpm and 14.6 bpm for a blue and
humpback whale. Thus, heart rate at mouth open (i.c., the end of
the acceleration phase and initiation of engulfment) was 2.8 and
1.5 times the rate measured at the end of the filter phase, in blues
and humpbacks, respectively, or, for the longest filter phases, 3.9
and 1.9 times the low heart rates postfiltering. For the blue whales
in this study, this increase of 2.8 times postfilter heart rate is similar
to that previously observed in lunging blue whales of 2.5, while the
increase for humpbacks in this study of 1.5 times postfilter heart
rate was lower (19). Notably, while humpbacks postlunge heart
rate of 28.2 bpm was clearly tachycardic compared to a resting
heart rate of 18.5 bpm, this only represents a 1.5 times increase in
heart rate compared to the >2 times increase in heart rate observed
in sprinters compared to a pre-exercise period (37). In contrast,
the postlunge heart rate of humpbacks was 2.2 times the mean
bottom phase heart rate (13.1 bpm) during nonfeeding observed
in an extended record. While it is difficult to assess what the most
accurate comparison of heart rate dynamics between sprinters
and lunging rorquals may be, equivalent increases in heart rate in
an individual selectively perfusing a subset of tissues compared
to one perfusing all tissues are unlikely to represent equivalent
increases in tissue O, delivery. Between repeated sprints or lunges,
however, sprinters maintain higher relative heart rates compared to
rorquals and therefore may provide more continuous perfusion to
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Fig. 4. Postlunge heart rates of rorquals. Heart rate traces following
lunges for blue (dark blue) (A) and humpback (orange) whales (B). Solid lines
represent the generalized additive model that best fits the data determined
via the iteratively reweighted least squares algorithm with k = 5 across the
data range. The dashed line indicates the projection of the GAM to y = 0
if the data range does not include 0. (C) Accumulated roll during the lunge
approach versus mean heart rate of each trace following lunges with blues
plotted as open/line markers and humpbacks as closed markers. The
correlation coefficient (R) and P-value for the slope (p) are shown for linear
regressions of lunge roll and mean heart rate. Linear regressions with a
slope significantly different from 0 and their 95% Cls are plotted. The color of
each trace or point indicates the depth of the lunge. Each individual within a
species is indicated by a different shape.

the skeletal muscles (37). Future efforts to constrain estimates of
fractional cardiac output to the skeletal muscles based on changes
in heart rate will be valuable to better align comparisons between
exercise with and without submersion.

In both species, postlunge heart rate patterns could be charac-
terized into two stereotypical patterns. The first pattern was
marked by a, generally, high local maximum in heart rate that
distinctly plateaued before decreasing. The second pattern con-
sisted of a gradual, monotonic decrease, with lower heart rates
directly following the lunge than the former pattern. In humpback
whales, the former was more frequently associated with shallow
lunges (<50 m), whereas the latter predominated following deeper
lunges (Fig. 4B). Although occasional gaps in heart rate, particu-
larly during lunge approaches, do not exclude the possibility that
transient high heart rates immediately after deep lunges of hump-
backs may be missed, the divergence of observed heart rate trajec-
tories by depth is evident. Depth, possibly via lung compression
and stretch receptor reflexes, may contribute to high heart rates
at shallower depths in the humpback whales. These high heart
rates would allow for greater lung O, extraction, thus potentially
increasing the overall accessible O, stores during shallow dives.
Notably, while the sample size of lunges and the variation in lunge
depth for blue whales was limited, the appearance of these two
patterns varied more by individual than by lunge depth, with only
one blue whale (bw240909-68) displaying distinct plateauing of
high heart rates (Fig. 44).
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Investigations of heart rate in smaller marine mammals demon-
strate the flexibility of the dive response. During short, aerobic
dives heart rate increases with increasing activity to optimize the
use of both blood- and muscle-bound O, and maximize aerobic
dive limit (8), while in longer dives activity and heart rate become
decoupled to conserve blood O, for the brain and, secondarily,
the muscles increasingly rely on myoglobin and eventually glyc-
olysis. The heart rate patterns of lunging rorquals in this study
further reinforce the flexibility of the dive response. The nature of
lunging rorqual “sprints” requires rapid, powerful contractions of
fluking muscles for 15 to 30 s (12) which may outstrip the capacity
for mitochondrial production of ATP in the predominantly gly-
colytic (15) and low myoglobin-containing (24, 25) locomotor
muscles of rorquals. In these conditions, the muscle could rely on
phosphocreatine breakdown and glycolysis to generate energy.
While the glycolytic system requires minutes of recovery, phos-
phocreatine can be rapidly resynthesized to 65 to 90% of resting
levels in 60 to 120 s (38-40). We propose that high postlunge
heart rates persisting into the filtering phase support continued
muscle blood flow that may help replenish muscle O, and, at least
partially, phosphocreatine between repeated lunges. High heart
rates despite low levels of instantaneous activity during filtering
may be necessary to restore energy substrates that become depleted
and cannot be actively replenished within the short duration of
the lunge itself. Even higher postlunge heart rates could be needed
following subsequent lunges within a single dive to provide suffi-
cient O, if the replenishment of O, and phosphocreatine is only
partial (ST Appendix, Fig. S3). Recent work in belugas and dol-
phins in professional care provides evidence that metabolic prod-
ucts accumulate with increasing exercise repetitions (41)
reinforcing this possibility in large whales.

In blue whales, accumulated roll during the lunge, a key kine-
matic measure that distinguishes different types of lunge feeding
events (13) was positively correlated (R = 0.37, P < 0.01) with
mean postlunge heart rate. This suggests that the mechanical work
of maneuvering can increase heart rate, at least for the lunges
captured in these records which all occurred at depths >50 m
(Fig. 4C). There was no relationship between accumulated lunge
roll and mean postlunge heart rate in humpbacks, which may
be a result of more limited rolling, typically less than 180°.
Nevertheless, the correlation coeflicient between accumulated
lunge roll and mean postlunge heart rate was notably higher for
deep (R=0.21, P=0.18) compared to shallow lunges (R = -0.13,
P =0.24) in humpbacks. Rorquals are known to maneuver more
when foraging on low-density prey, presumably to maximize
intake from the prey patch (42). If increased maneuvering does
come at a higher energetic cost, then acrobatic lunges may be used
selectively to increase foraging efficiency or when O, is readily
accessible (i.e., near the surface). The lack of an association
between postlunge heart rate and accumulated roll, particularly
for shallow lunges, in humpbacks could reflect sustained perfusion
of the lungs and continued O, supply, further highlighting the
dive response’s optimization of O, use for the “nature of a given

dive” (43).

The Effect of Body Size. Heart rate playsa critical role in modulating
O, supply to the tissues. We have shown that in lunge-feeding
rorquals, like other divers and terrestrial mammals, high hearts are
important for matching the increased power demands of exercise
during foraging. Yet, rorquals face unique constraints of their
extreme body size; in particular, low mass-specific field metabolic
rates (17) that are roughly 2 times their allometrically predicted
basal metabolic rate (BMR) (44). This compares to field metabolic
rates that are roughly 6.0 times BMR for foraging otariids and
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dolphins (45), 5.2 times BMR in hummingbirds (46), and 4.1 to
5.6 times BMR in Tour de France cyclists (47). Instead, rorquals
seem to be foraging at similar metabolic rates to juvenile northern
elephant seals and Weddell seals at sea which are, on average, 1.3
(range: 0.9 to 2.4) times and 1.5 times predicted BMR (48, 49).
Because of this energetic ceiling, mass-specific O, consumption
in foraging rorquals must remain, on average, low despite the very
brief but very high-power (50 times BMR) required for lunging
(50). Our data show that the unique style of exercise demanded by
underwater lunge-feeding may remain aerobically “cheap,” in part,
by largely relying on glycolysis/phosphocreatine metabolism in
highly glycolytic locomotor muscles, thus spatially and temporally
buffering the muscle’s need for O,. High postlunge heart rates
provide a mechanism to rapidly restore, at least partially, local O,
stores and energy substrates while high postdive surface heart rates
facilitate more complete O, renewal and purging of CO,. The
ability to achieve finely tuned O, delivery rates ideally matched
to these transient increases in demand would thus benefit rorquals
to maximize the efficiency of O, transport and, in turn, aid in
minimizing aerobic demand.

Divergent allometric scaling of typical minimum (4 = -0.29)
and maximum (4 = -0.20) heart rates in blue and humpback
whales (Fig. 5A4) results in a heart rate scope during routine diving
activity that increases with body size (6 = 0.09, Fig. 5B). Empirical
measurements from pinnipeds and small cetaceans match these
trends (51, 52). At large body sizes, rorquals are afforded large
typical heart rate scopes among diving mammals with blue whales
achieving larger diving heart rate scopes than humpbacks during
routine diving. Thus, rorqual heart rate allometry suggests an
additional mechanism by which these large-bodied divers may
minimize aerobic demand. By achieving highly incremental con-
trol of cardiac output (i.e., a larger dynamic range) at large body
sizes, heart rate can vary more on short timescales to support
fluctuations in energy demand.

Because limited information exists on the kinematics and ener-
getics of foraging in large-bodied odontocetes as well as O, storage
in large whales more broadly, it is difficult to hypothesize about
what these findings may mean for rorquals’ toothed counterparts.
We suspect that cardiac scope in other free-ranging cetaceans will
depend on the magnitude and distribution of O, stores, muscle
fiber type distribution, fiber recruitment during a particular activity,
and the effort of that activity. It is possible, if odontocetes store
higher proportion of body O, in muscle and/or have generally
enhanced O, stores, modulation of heart rate with exercise at depth
might be comparatively limited if low perfusion creates the local
conditions required for myoglobin to release O,. In this case, cardiac
scope in large, deep-diving toothed whales may be less relevant than
in rorquals, but more data on O, supply and demand in these species
is needed for cross-taxa comparisons.

We show that large heart rate scope is not only a byproduct of
large size in rorquals, but perhaps a prerequisite for balancing the
extreme biomechanical demand of rorqual feeding while main-
taining low field metabolic rates. By matching some of the highest
absolute and lowest mass-specific metabolic demands observed
across marine mammals with commensurate O, supply, rorquals
balance a fundamental energetic trade-off and combine explosive
predation with grazing-like efficiency in a single lineage.

Materials and Methods

Tag Data Collection. Animal-borne suction cup attached tags equipped with
ECG recorders were deployed on nine individuals (five blue whales and four
humpback whales) between 2023 and 2025. Two configurations of custom-built
tags were used: Configuration Aincluded a custom-built ECG recorder/ housing
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Fig. 5. Heart rate allometry in rorquals. (A) Allometric scaling relationships
between body mass and heart rate for rorquals and terrestrial mammals.
For rorquals, data points for maximum heart rate (green), resting (purple),
and minimum heart rate (blue) measured during the dive-surface cycle
in this study are shown for blue whales (squares) and humpback whales
(triangles). Data points from other studies of marine mammals are included
as semitransparent circles. Linear fits derived via ordinary least squares
regression are presented to describe the relationship between heart rate
and body mass in rorquals in addition to published scaling relationships
from terrestrial mammals for maximum heart rate at Vq, ., (green) and
resting heart rate (purple). Solid lines indicate the data range of each
regression, and dashed lines represent its extrapolation to the range of
typical group body sizes. (B) Heart rate scope allometric scaling for rorquals
(maximum/minimum heart rate in the dive cycle; gray) and terrestrial
mammals (maximum at Vo, ,.,/minimum at rest heart rate; black). As the
conditions under which maximum, resting, and minimum heart rates were
measured in terrestrial mammals and rorquals differ, these lines are not
intended to be compared directly but rather provide a conceptual exercise
illustrating the underlying trends. Blue whales (squares) and humpback
whales (triangles) are shown along with X's indicating predicted values from
the respective regression lines for human heart rate scope at a mass of 62 kg
(53) and minke whale heart rate scope (at a mass of 5,534 kg at 7.7 m) (54, 55).
Terrestrial mammal heart rate scaling data are from Weibel et al., (56). Data
from other marine mammals include harbor porpoises (57), California sea
lion (58), bottlenose dolphins (59), Northern elephant seals (28), Weddell
seals (60), Southern elephant seals (61), gray seals (20), and a blue whale (19).

(UFI/Meer Instruments) incorporated into a suction cup attached tag (CATS Diary
WiFi; Customized Animal Tracking Solutions) and Configuration B included an
off-the-shelf kinematics/ECG recorder/housing (Little Leonardo) incorporated into
asuction cup attached float (CATS Float; Customized Animal Tracking Solutions).
Data were recorded at 100 Hz and 250 Hz for ECG, 400 Hz and 100 Hz for 3-axis
acceleration, and 10 Hz and 1 Hz for pressure and temperature in Configuration
A and Configuration B, respectively. Configuration A also recorded 50 Hz data
from a 3-axis gyroscope and a 3-axis magnetometer. The ECG recorders were
connected to two Ag/AgCl surface electrodes (12 mm diameter x 1 mm Ag/AgCl
Sintered Silver Disk Electrodes; Biomed Electrodes, Fair Oaks, CA) housed in cus-
tom spring-damped extensions on either side of the tag float and enclosed by
small silicone suction cups for attachment and larger silicone suction cups for
additional flow dampening.

PNAS 2026 Vol.123 No.31 2613082123

The tags were attached using a 6-m carbon fiber pole and a 6.3-m inflatable
boatin Monterey Bay, California, the Channel Islands, California, and the Western
Antarctic Peninsula following the tagging procedures described previously (62).
The tags were intentionally deployed on the animal's left side, as low as possible
to attempt to access a cardiac window where ECG amplitudes were assumed to
be larger; however, tags were ultimately placed opportunistically upon approach
(1 Appendix, Fig. S1).

Within the timeframe in which these nine successful tag deployments
occurred, tags were deployed on rorquals in 20 separate instances with 11 records
containing no high-quality ECG signal.The ability to successfully record heart rate
inalarge, free-swimming baleen whale without prior restraint for ECG electrode
placement s nontrivial and remains a technical and logistical challenge for which
further engineering developmentis needed. A better understanding of the effect
of the tag's location on the body on ECG signal amplitude and the elimination of
noise generated by high-frequency movement (“jiggle") of the tag at high speeds
remain two critical avenues for ECG biologger improvement. Still, a 45% success
rate (i.e., 9/20 records containing high-quality ECG) represents a major advance
in the reliability of existing ECG biologgers for baleen whales.

Body Size Measurements. In 2023 and 2024, we used a DJI Phantom 4
Advanced to collect 126 images of four blue whales and one humpback whale.
22 images were of sufficient quality for measurements of body length. In 2025,
we used two DJI Mavic 3 Pros and one Freefly Astro to collect 39 images of four
humpback whales, 23 of which we used for measurements of body length. We
evaluated image quality using the criteria described in Christensen etal., (63).
Camera specifications like focal length and sensor width were provided by
the manufacturer. Altitude measurements were collected using a laser altim-
eter. If laser altimeter data were not available, the on-board barometer of the
drone was calibrated using measurements of a calibration object. Calibration
object measurements and altitude corrections were done on a flight-by-flight
basis (64). Good quality photogrammetry images were used to calculate total
length (TL) in meters, from rostrum to fluke notch, using MorphoMetriX (65).
Each tagged whale had multiple good quality images from which to derive
measurements so we used an average total length across all images to report
body lengths. From real-world unit measurements of individual length, we
then used previously published regressions of body length to body mass for
blue whales (54) and humpback whales (66) to estimate the body mass of all
individuals in the study.

Tag Data Analysis. Pressure and kinematic data were analyzed using established
methods that rely on custom MATLAB scripts to convert raw measurements into
usable data streams (26). In brief, pressure was adjusted based on the internal
temperature of the tag and then calibrated using in situ surface measurements.
The acceleration and magnetic field measurements were calibrated using an
in situ spherical calibration method, converted from the tag frame of reference
into the whale frame of reference, and corrected for instances where the tag ori-
entation changed on the animal (i.e., a tag slip). Forward speed was derived using
the established accelerometer jiggle approach by calibrating high-frequency var-
iation in acceleration against vertical depth rate (36).

Individual lunge feeding events were analyzed for approach, engulfment,
and filtering phases (14). The start of the approach was defined as the start of
continuous fluking directly preceding the lunge, mouth open as the peak in
speed, mouth close as the point after the sharpest deceleration in speed and as
the beginning of the filtration phase, and end of filtering as the start of fluking
orincrease in jerk associated with rapid increases in body movement, whichever
occurred first (23). The goal of this definition for filtering was to ensure filtering
represents only unpowered, low movement behavior. Accumulated lunge roll
was calculated as the summed absolute value of the difference in instantaneous
roll from the start of the approach to the end of filtering.

Analysis of ECG data followed established protocols described previously (19).
All ECG records were audited manually to identify R-peaks by locating distinct
and repeatable ECG waveforms. Instantaneous heart rate was determined by com-
paring the time interval between two successive beats. Where noise prohibited
the detection of beats from the ECG data, a gap was noted, and the calculation
of instantaneous heart rate resumed at the next instance that two successive
beats with no gap were observed. Maximum and minimum heart rates were
calculated as the 1stand 99th quantiles of all recorded instantaneous heart rate
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measurements for each deployment. All ranges are reported as the 10th to 90th
quantiles to ensure robustness of outliers unless otherwise stated. Postlunge
heart rates were defined as the firstinstantaneous heart rate measurement occur-
ring no earlier than 2 s before mouth opening, allowing inclusion of early beats
that were sometimes, though rarely, visible at the end of the approach phase.

Breaths were assessed as the co-occurance of depth minima, local peaks
in jerk, and local peaks in animal pitch angle as has been used previously
(67, 68).

Statistical Analysis. All statistics were conducted in R (v 4.5.1) (69). We mod-
eled changes in heart rate following lunging using generalized additive models
(GAMs) fit by the mgcv package (70) with time since lunge as our smoothed
predictor. Models were determined via the iteratively reweighted least squares
algorithm with k, the basis dimension parameter, equal to 5. The model assumed
normally distributed residuals (Gaussian family). Ordinary least squares regres-
sion (stats package) was used to assess the relationship between lunge roll and
mean lunge heart rate and a Wilcoxon rank sum test was used to compare heart
rates in the first 30 s after a breath to those >30 s aftera breath during the logging
period with a distinct respiratory sinus arrhythmia. An ot = 0.05 was used to assess
significance for all statistical tests.
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