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TO THE EDITOR: The recent study by Araujo et al. (1) reports
that the activation of central command during voluntary
exercise does not inhibit the bradycardia induced by trigem-
inal stimulation, but rather helps to maintain, and in
some cases enhance, bradycardia relative to rest. In con-
trast, when the volitional component of exercise is
removed (via passive exercise or the cold pressor test), the
bradycardic response is attenuated. These findings indi-
cate that exercise per se does not override the diving
response and that central command plays a role in facili-
tating or sustaining vagal control of heart rate. This obser-
vation has direct relevance for interpreting cardiovascular
control in marine mammals and, in this letter to the edi-
tor, we aim to highlight its implications for the field of
marine mammal diving physiology.

In freely diving pinnipeds and cetaceans, heart rate is
typically reduced below resting levels during dives and
decreases further during longer dives despite active swim-
ming (2). This apparent contradiction between diving-
induced parasympathetic control and exercise-associated
sympathetic activation has been framed as an “autonomic
conflict,” which may promote cardiac instability and
increase the occurrence of arrhythmias during dives (3, 4).
ECG data from Weddell seals and dolphins have been inter-
preted within this framework, where ectopic beats during
diving are attributed to a hypothetical sympathetically
driven exercise response superimposed on a strong diving
bradycardia (4). A proposed alternative mechanism is that of
“accentuated antagonism,” whereby cardiac control is domi-
nated by parasympathetic input while sympathetic tone is
maintained, and may even increase, but its chronotropic
effects are functionally suppressed by concurrent vagal inhi-
bition (5). Consequently, adjustments in heart rate during
exercise are thought to be achieved through vagal modula-
tion rather than changes in sympathetic tone. Under this
model, the arrhythmias commonly observed in diving
marine mammals reflect dynamic autonomic regulation
rather than physiological conflict or pathology (6).

The findings of Araujo et al. (1) provide an intriguing exten-
sion of this idea. If central command can enhance or sustain
vagal activity during exercise, then locomotor effort during a
dive would not necessarily oppose the mechanisms underly-
ing diving bradycardia. Instead, exercise and the diving
response may act in a coordinated manner, allowing simulta-
neous regulation of cardiac output, tissue perfusion, and oxy-
gen conservation. Under this proposed framework, increased
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sympathetic activity during exercise could help support vas-
cular control, whereas central command-mediated input
helps maintain vagal activity to sustain the bradycardia.
Given dolphins’ and seals’ ability to modulate their heart rate
in anticipation of dives of varying durations (7), central com-
mand activation could, in theory, be tied to conditioned con-
trol of heart rate. Rather than representing a physiological
conflict, the low heart rates observed during marine mam-
mals’ longest dives, despite exercise, may be modulated in
this manner to promote reliance on muscle-bound oxygen
(e.g., myoglobin) and optimize whole body oxygen use (8).
Despite the mechanistic insight provided by Araujo et al.
(1) that central command activation reinforces bradycardia,
it is notable that the dominant heart rate response to exercise
on shorter dives is a transient increase in heart rate. Though
heart rate may increase temporarily while animals exercise
during diving, it still remains bradycardic, or below resting
values, during the entire submersion (4, 9). Evidence from
both experimental and free-ranging studies suggests that
these transient elevated heart rates are caused by reductions
in vagal tone rather than by a dominant sympathetic chrono-
tropic response. During particularly shallow diving when
vagal tone is likely to be more moderate, some marine mam-
mals exhibit a moderate dive response with dive heart rates
that resemble that of maintained, rather than attenuated or
intensified, bradycardia during exercise (10), as seen under
trigeminal nerve stimulation during moderate exercise in the
study by Aradjo et al. (1). In this case, sympathetic afferent
stimulation may be masked either by overriding parasympa-
thetic activity or, as highlighted in this study, by the effect of
central command activation. During the longest dives of
marine mammals, when vagal tone is expected to be the
highest, the dive response is similarly minimally affected by
exercise. Taken together, it appears that when vagal tone is
both fairly low and at its highest, exercise does not modulate
bradycardia, likely either as a product of central command
activation or complete parasympathetic override. At moder-
ate parasympathetic activation, exercise results in exercise-
modulated, vagally driven increases in heart rates. Thus, the
cardiovascular adjustments associated with exercise during
diving of marine mammals may largely reflect graded vagal
modulation superimposed upon the counter regulation of
central command activation and sympathetic afferents.
Marine mammals’ physiological studies often lack the
measurements needed to fully assess the mechanisms regu-
lating cardiovascular function during diving. As a result,
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heart rate has been one of the few variables collected con-
sistently across species and has frequently been used to
infer changes in autonomic control and perfusion. Araudjo
et al. (1) demonstrate an experimental design whereby
heart rate patterns alone provide experimental evidence
that voluntary exercise may enhance, rather than attenu-
ate, vagally induced bradycardia. Though the study lacks
breath-holding as part of the experimental design, we sus-
pect that a detectable effect of central command activation
may remain under the conditions of a breath-hold, given
the dominant effect of trigeminal stimulation on the bra-
dycardic response. When interpreted in a broader physio-
logical context, these findings offer a potential mechanism
for understanding the low heart rates associated with
active swimming in marine mammals. We propose that
this study has implications that extend beyond human
physiology and may improve and inspire future studies of
cardiovascular control in diving mammals.
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