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Abstract

Lowering heart rate while diving helps marine mammals regulate blood pressure while redistributing blood flow and
conserving oxygen during extended dives. However, the classic characterization of this dive response—as a pronounced
and abrupt reduction in heart rate observed during forced dives in laboratory settings—contrasts with the higher mini-
mum heart rates and oscillatory patterns observed in freely diving marine mammals in the wild. To assess this apparent
discrepancy in cardiovascular control, we measured the heart rates of three Steller sea lions (Eumetopias jubatus) using
subcutaneous cardiac monitors during trained stationary dives (3—4 m) in an aquarium pool. During 12 of the longest dives
(76-161 s), heart rates decreased from an average of 95 to 34 bpm within the first 26 s of submergence. However, while
mean HR at depth eventually averaged around 31 bpm, it also oscillated between 27 and 39 bpm every~5-6 s (0.2 Hz)
for much of the dive, before rising prior to surfacing. The observed relatively slow drops in heart rates were similar to
those seen in other marine mammals, suggesting an optimal rate of decline that reflects the anticipated conditions of
voluntary dives. We further hypothesize that the oscillating minimum heart rates of freely diving marine mammals reflect
time delays in the baroreceptor reflex due to the prolongation of circulation time. Our findings suggest these delays shape
the rate and pattern of heart rate decline, ultimately influencing cardiovascular control, gas management, and breath-hold
duration in diving mammals.
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Introduction

It is well known that heart rate typically decreases during
breath-hold diving as a means to conserve oxygen as part of
the overall “dive response” (Scholander 1963; Elsner et al.
1966; Kooyman et al. 1981; Blix and Folkow 1983; Butler
and Jones 1997; Thornton and Hochachka 2004; Ponganis
2015; Panneton and Gan 2020). Heart rate profiles of diving
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mammals and birds typically show an initial decrease on
submergence, followed by a sustained period of reduced
heart rate before an increase as the animal swims to the sur-
face (Fig. 1). This generalized heart rate profile has been
observed in many species such as bottlenose dolphins (7ur-
siops truncatus), California sea lions (Zalophus california-
nus), emperor penguins (Aptenodytes forsteri), grey seals
(Halichoerus grypus), and Weddell seals (Lepfonychotes
weddellii) (Thompson and Fedak 1993; Williams et al.
2015; Ponganis et al. 2017; Fahlman et al. 2020b; Williams
and Ponganis 2021).

While this simplified profile provides a general overview
of the broad changes in heart rate, it ignores the variation in
the initial rate at which heart rate falls, and the beat-to-beat
variation in heart rate that is present in most dives. Both of
these changes in instantaneous heart rate reflect the complex
physiology underlying the dive response.

In theory, a marine mammal should lower its heart rate
as quickly as possible and maintain it at a stable, reduced
level to minimize oxygen use and maximize dive duration.
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Fig. 1 A generalized heart rate profile of a diving bird or mammal.
Heart rate decreases with submergence, remains low throughout the
dive, then increases as the animal surfaces. The dive shown here has
been divided into five phases based on patterns in heart rate: predive
(Pre), initial decrease (Dec), steady low (Low), end increase (Inc), and

However, heart rate profiles from diving mammals do not
always fit this profile. First, there is significant variation in
the rate at which heart rate decreases after submergence (e.g.,
Fahlman et al. 2020a). It may be extremely rapid in forced
dives or when animals are startled, and slower or even absent
in spontaneous dives (Scholander 1963; Blawas et al. 2021;
Fahlman et al. 2024). Measurements in bottlenose dolphins
and Weddell seals suggest that the rate at which heart rate
decreases reflects anticipated dive durations, but this has yet
to be demonstrated in other species (Kooyman and Camp-
bell 1972; Fahlman et al. 2020a, 2024). It is uncertain what
the rate of change in heart rate is in most marine mammal
species, how consistent it is between or within species, and
what determines these patterns.

Additionally, once the heart rate of freely diving marine
mammals reaches its lowest level during a dive, it often
fluctuates rather than remaining constant. While heart rate
fluctuations during diving have been observed in many
species of marine mammals (Thompson and Fedak 1993;
Williams et al. 2015; e.g., Bickett et al. 2019), their origins
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postdive (Post). Grey dashed lines show the transition points between
phases. The timing of submergence and surfacing are indicated with
arrows. The initial rate of heart rate decline can be expressed as the
difference in heart rate between the start (a) and end (b) of the initial
decrease phase, divided by the time between these two points

and physiological effects are unknown. It has been sug-
gested that transient increases in heart rate might arise from
exercise-induced autonomic stimulation (Williams et al.
2015), although this is counter to the concept of accentuated
antagonism of the sympathetic response on the heart during
diving (Ponganis et al. 2017). A faster oscillation with an
approximate frequency of 0.1 Hz within the gradual initial
decrease in heart rate has also been observed in past stud-
ies in bottlenose dolphins (Cauture et al. 2019; Fahlman et
al. 2020b), and it has been suggested that these oscillations
may arise from local fluctuations in blood pressure (Bla-
was et al. 2021). The baroreflex maintains blood pressure at
constant levels by causing heart rate and vasomotor tone to
increase in response to low arterial pressure, and to decrease
in response to high arterial pressure. Instantaneous heart rate
results from the integration of internal and external signals
in the cardiovascular center of the brain, and thus, instan-
taneous heart rate reflects the current physiological state of
the animal. In other words, under normal conditions, diving
animals are in a state of adaptive physiological homeostasis
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and oscillations in heart rate may reflect oscillations in vaso-
motor tone.

The purpose of our experimental study was to examine
fine-scale heart rate adjustments in Steller sea lions per-
forming trained stationary dives to investigate cardiovas-
cular control mechanisms in diving marine mammals. We
hypothesized that fine-scale heart rate adjustments reflect
ongoing circulatory regulation beyond gross dive responses
and that voluntary, controlled dives would reveal heart rate
features not captured by the generalized dive response.
In particular, we predicted that heart rate decline during
descent would provide insight into vasoconstriction, dive
context, and stress, and that oscillations observed underwa-
ter could inform understanding of the feedback mechanisms
regulating cardiac control. By recording heart rate during
voluntary, stationary dives, we minimized the confounding
effects of fear and exercise, allowing us to isolate the dive
response and explore how marine mammals match physi-
ological adjustments to their dive behaviour.

Methods
Animals

Three adult female Steller sea lions (FO7HA, F97SI, FOOYA)
under managed care at the Vancouver Aquarium participated
in this study. Data collection took place from October 2021
to February 2023. During that time, F97HA and F97SI were
23-25 years old, and FOOYA was 20-22 years old. Weights
were recorded on a regular basis, and the measurements that
were taken nearest to the dates of the dive trials were aver-
aged for each sea lion: F97HA 179.1 kg, F97SI 235.3 kg,
and FOOYA 224.5 kg. All work was authorized by the Van-
couver Aquarium and University of British Columbia’s Ani-
mal Care Committees under permit A21-0034.

Device details

Medtronic Reveal XT Insertable Cardiac Monitors were
used to record ECGs from each animal. These devices
continuously record up to 15 min of ECG, which can be
saved and downloaded, before being rewritten. The system
includes a wireless handheld remote control that is used to
signal the cardiac monitor to record an additional minute of
ECG and then save the preceding 15 min. The stored data
remain on the cardiac monitor until a new 15-min ECG
recording replaces them. The saved data were downloaded
using a programmer head, herein “interrogator”, plugged
into a Medtronic Carelink Encore 29,901 Programmer. This
process generated a PDF document containing a continuous

ECG strip with ventricular systole marked and interbeat
intervals calculated.

Implant procedure

Reveal XT monitors were surgically implanted in each sea
lion while they were anaesthetized. Each procedure started
by anaesthetizing the sea lion with 1-5% isoflurane gas
under the supervision of a veterinarian following a standard
procedure (Haulena 2014; Storlund et al. 2021). Once a sur-
gical plane of anaesthesia had been reached, the sea lion was
rolled onto its right side, exposing its left side for surgery.
Prior to insertion, the area was shaved, and optimal device
placement was determined using the test leads and interro-
gator provided by Medtronic. The leads were repositioned
until a clear ECG wave was obtained. The position was then
marked on the animal.

After prepping the surgical area, a one-inch incision was
made at the marked spot on the left side of the chest, proxi-
mal to the flipper insertion. A pocket about the length of the
cardiac monitor (6.2 cm) was created in the subcutaneous
space to insert the monitor. After suturing the incision, we
turned the device on to confirm it was recording ECG with a
clear waveform using the Medtronic interrogator. Lastly, the
gas anaesthesia was turned off and the sea lion was allowed
to recover. All animals returned to their pools the same day
as the surgery and resumed normal activity immediately.
Incision sites were monitored daily until fully healed, with
no adverse reactions observed.

Dive trials began as early as four days post-implantation;
however, the 12 dives included in this study all occurred
more than 100 days after implantation. No implants were
removed, as sea lions tolerated them well. All incisions
healed without complications, and there were no device-
related issues such as migration or infection throughout the
study period (October 20, 2021-February 22, 2023).

Dive protocol

Each dive trial involved one sea lion, one trainer, and
one researcher, and started with the trainer dropping a
weighted line with a white foam target into the main habi-
tat pool to a depth of 3—4 m. The sea lions were trained to
dive down to the target and wait there until they received
a signal from the trainer to surface. Underwater behaviour
was not recorded during these sessions, but the sea lions
almost always maintained a stationary horizontal body
position with their noses near the target while gazing up at
the trainer. Occasionally, especially in the case of FOOYA,
the sea lion would move around a bit but would remain at
approximately the same depth. Dive timing and sea lion
behaviour at the surface were monitored by the researcher
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using BORIS observational software (Friard and Gamba
2016). The timing of each dive—including submergence,
arrival at the target, and surfacing—was recorded. For each
trial, the goal was to achieve the longest dive possible. To
do this, the trainer attempted to anticipate how long the sea
lion would remain underwater before surfacing voluntarily
and signaled them shortly before that point. Trials typically
consisted of about six dives that each lasted between 20 and
180 s. Trials were scheduled to occur during a regular feed-
ing time, and fish were offered between dives.

ECG saving and downloading

Dive trials took about 7-10 min in total and were imme-
diately followed by saving the ECG and downloading the
data. With the sea lion on land in right lateral recumbency,
a trainer or researcher would hold the remote control near
the location of the implanted device and activate it to stop
and save the ECG recording. The timing of this action was
recorded and used to align the behavioural and ECG record-
ings. The data would then be downloaded using the interro-
gator. Downloading a 15-min ECG typically took about two
min. Lastly, a copy of the ECG would be saved as a PDF on
a storage device to be opened and analyzed on a computer.

Data extraction, conversion, and quality

Each ECG recording was saved as a PDF which included
interbeat interval data that needed to be converted into text
for numerical analysis. To facilitate this process, a purpose-
built Shiny app was created. The app converted multiple
pages of copied text to a single ordered column of interbeat
intervals that could be saved as a.csv file. The Medtronic
device only calculated interbeat intervals up to 2000 ms, but
the sea lions often had longer interbeat intervals while div-
ing (longer intervals marked as “>2000 ms” in the origi-
nal data). Interbeat intervals for these longer intervals were
individually measured in FIJI (Schindelin et al. 2012) using
the paper speed to calibrate the measurement, and these
exact measurements edited into the CSV file.

We analyzed 12 of the longest dives recorded, 4 from
each of the 3 sea lions. For these dives, we visually con-
firmed that the timing of ventricular systole was correctly
identified by the Medtronic devices, and manually corrected
the timing as needed. When the ECG waveform could not
be clearly identified, any associated interbeat intervals were
removed and replaced with “NA” in the spreadsheet. When
a beat was erroneously identified, the two resulting inter-
beat intervals were summed. When there was a missed beat,
the originally provided interbeat interval was divided into
equal parts. When the sea lions were underwater and sta-
tionary, the data quality was very good and rarely needed

@ Springer

to be corrected. Most of the corrections were needed when
the sea lion was transiting to and from the subsurface target.

Multispecies comparison of heart rate decline rates

To investigate how quickly heart rate decreases in our sea
lions during the first phase of the dive, we calculated AH R,
the absolute value of the difference in heart rate from the
onset of the dive to the end of the initial decrease phase
(which is the inflection point where heart rate levels out and
becomes linear) and divided it by the duration of the initial
decrease phase using the equation:

|HR, — HR,|
ty — tq

AHR = (1)

where HR, is the low heart rate at the end of the initial
increase phase, HR, is the high heart rate at the beginning
of the initial decrease phase and t, and t, are the times when
those two heart rates occurred during the dive (Fig. 1).

We also calculated these values from published heart rate
profiles of submerged or diving mammals that we extracted
using WebPlotDigitizer (Rohatgi 2024). Points defining
the timing and heart rate for this portion of the dive were
selected manually following the same guidelines as we used
for Steller sea lions (see Data analysis).

Data analysis

Analyses were performed in Microsoft Excel and R version
4.4.0 (R Core Team 2022). Dives were manually divided
into five phases: pre-dive, initial decrease, steady low, end
increase, and post-dive. To determine the start and end times
of the dive, we manually corrected the submergence and sur-
face timings from the behavioural recording using artefacts
on the ECG trace that we believed were indicators of move-
ment. This provided transition timings between the start of
dive to initial decrease and end increase to post-dive. To
determine the transition points between the initial decrease
and steady low phase, we plotted heart rate as a function of
dive time and chose the point where the decreasing slope of
average heart rate approximated zero. The transition from
the steady low to end increase phase was identified as the
point where heart rate either increased from the steady aver-
age low or could not be measured due to movement artefact.
For each phase of each dive, we calculated the duration,
as well as the minimum, maximum, and mean heart rate
(detailed below). These measures of heart rates and phase
durations were averaged for each dive and aggregated
across all animals and are presented as means+ SD.

Heart rate oscillations were evaluated manually. From
plots of instantaneous heart rate as a function of time, low
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(local minima) and high (local maxima) heart rates for each
dive were identified for further analysis. The average of the
highs was calculated to provide an estimate of the upper
heart rate range during the oscillatory period and the same
was done for the lows to provide an estimate of the lower
range. In addition, the time between successive highs and
the time between successive lows was calculated to deter-
mine the periodicity of the oscillations. To get a better
estimate of heart rate range during the oscillatory periods,
peak-to-peak amplitude (herein amplitude) was calculated
as the difference from one high instantaneous heart rate and
the low that immediately precedes it. To assess the influence
of instantaneous heart rate on amplitude, we plotted all of
the calculated amplitudes for each sea lion as a function of
instantaneous heart rate.

To quantify the rise in heart rate immediately prior to sur-
facing, we identified two key events for each dive: the start
of ascent and surfacing. The lowest heart rate around the
start of ascent and the highest heart rate at surfacing were
extracted using a+1.5 s window centered on each event.
The minimum and maximum heart rates within each win-
dow were used to calculate the magnitude of the pre-surface
heart rate increase.

Results

A similar pattern in heart rate response was observed in all
12 dives across the 3 Steller sea lions (Figs. 2, 3). Dive dura-
tions ranged from 76 to 161 s, and averaged 121.5+24.9 s.
During the pre-dive phase, the average heart rate was
92.4+9.2 bpm with an average peak of 102.6+9.4 bpm
occurring 6.6+4.9 s before the dive began. During the ini-
tial decrease phase, heart rate declined from 95.2+13.9 bpm
to 34.4+9.4 bpm (Table 1). Heart rate reached a steady
low level after 26.0+£10.0 s, and stayed low for an aver-
age of 90.54+29.4 s before quickly increasing in advance
of surfacing. The exact start of the pre-surface heart rate
increase was difficult to detect because movement dur-
ing ascent created artefacts on the ECG trace, but ascent
lasted approximately 4.5+2.3 s and heart rate increased
from 36.0+13.1 bpm to 99.8+14.9 bpm, corresponding to
a change of 63.8+21.0 bpm. During the post-dive phase,
maximum heart rate (110.8+12.8 bpm) was reached in
7.7+£4.5 s. The heart rate and duration of the pre-dive, ini-
tial decrease, steady low, and post-dive phases of individual
dives are presented in Table 1.

The duration and rate of heart rate decline for Steller sea
lions are comparable to those of 4 other pinnipeds and 6
cetacean species (Fig. 4; Table S1). Heart rate decline dura-
tions ranged from as quick as 8 s in a beluga whale (Del-
phinapterus leucas) (3% of total dive duration) and harbour
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Fig. 2 Sample heart rate profile for a Steller sea lion (dive F97SI-2)
showing oscillations in instantaneous heart rate during the steady low
phase of the dive with the corresponding ECG trace. Grey cutaway
indicates approximately where the ECG trace came from. Ventricular

systole is indicated by the black arrows above the ECG strip. The dura-
tion between each black arrow is the RR interval that corresponds to
the heart rate plotted below
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Fig. 3 Instantaneous heart rate profiles (left) and corresponding RR
interval plots (right) of three Steller sea lions performing trained sta-
tionary dives. Panels depict dives F97SI-4 (a), FOOYA-2 (b), F97HA-1
(¢) and show varying degrees of heart rate and RR interval fluctua-
tions. The dives were split into five phases based on observed heart
rate trends: pre-dive (Pre), initial decrease (Dec), steady low (Low),
end increase (Inc), and post-dive (Post). Vertical dashed lines mark
the transitions between phases. For each dive, the first transition line
indicates when each sea lion submerged, the second indicates when

porpoise (Phocoena phocoena) (40% of total dive duration)
to as slow as 159 s in a Weddell seal (13% of total dive dura-
tion). The decline in heart rate of the Steller sea lions in our
study took 26+ 10 s, which was similar to the duration of
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heart rate changed from a decreasing trend to a steady low, the third
indicates when heart rate was observed or estimated to increase near
the end of the dive, and the fourth indicates when the sea lion surfaced.
The heart rate profile in dive F97SI-4 (a) shows oscillations between
25 and 37 bpm during the steady low phase of the dive, dive FOOYA-2
(b) shows oscillations as heart rate drops initially that continue through
the steady low phase, and dive F97HA-1 (c¢) shows fewer and shal-
lower oscillations throughout the dive

heart rate declines for a Weddell seal diving to 60 m (26 s)
and a California sea lion diving to 239 m (24 s) (Williams
et al. 2015; Ponganis et al. 2017). Most of the species com-
pared, except for Weddell seals and harbour porpoises had
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Table 1 Summary of 12 stationary dives performed by three trained Steller sea lions

Post-dive

Steady low

Initial decrease

Pre-dive

Min HR Max HR  Mean HR

Min HR MaxHR Mean HR  Dur

(bpm)
17
12
20
21

Min HR Max HR Mean HR  Dur

(bpm)
20
37
26
26
24
34
34
35

Min HR MaxHR Mean HR  Dur

(bpm)
103
70

78

Dur

Dive ID

(bpm)

(bpm)
133

(s) _ (bpm)
91

(bpm)
19.7

(bpm) (s) (bpm)
23

51.0

(bpm)
115
77

)
3

(bpm)

(bpm)
107
113

98

)

109.1
112.0
100.4
111.6
86.0

21.4

88.3

7.8

105.4
87.2

2.3

F97HA-1
F97HA-2
F97HA-3
F97HA-4
F97SI-1

120
109

115

100
91

50 24.7 10.1

27
38

94.7

48.2

29.5

11.1
15

11.3

23.8

78.6

43.1

86

39.7
2

92.6

98

10.2

26.2

106.9
87.4

50.0
42.6

100
80
98

7.2

103.3
74.6

111
86
95

94
61

15.8
3.1

102
95

65

34 223 11.8
40

17
21

29.5

89.4

79
78

10.7

9.3

29.6

126.6
107.5
147.9
52.8

53.8

6
6

21.1

92.8

86
67

14.9
6.9

F97SI-2

83.2

87

26.2

43

20
20
41

0.3
3.3

87

78.6 11.5

86

F97SI1-3

89.3

115
100

118

11.7 74
12.2

29.1

41

120

109 90.1 10.2

79

12.7

F97SI1-4

93.3

82
97

49.5

61

67.1

100
105
95

54
42
40
41

109 99.2 17.8

85

15.8

FOOYA-1
FOOYA-2
FOOYA-3
FOOYA-4

Mean
SD

109.4

50 42.8 12.0
6.6

50
92

25

57.0

59.8

109 99.2 384

79

15.6

113 108.4
105.1

105
78

38.0

22
23

50.5

63.1

92.0 29.7

107

12.6

122

13.8

45.0

88.0

60.4

79

94.0 19.8
26
10

102

88

12.1

99.8

110.8
12.8

Each dive was split into four phases (pre-dive, initial decrease, steady low, and post-dive). Phases were based on the heart rate profile and do not necessarily reflect dive depth. Duration (Dur)

86.5
and heart rates (HR, minimum, maximum, and mean) were calculated for each phase and the individual values and global means+SD for all 12 dives are presented

11.8

3.5

314
9.9

45.8

21.6
6.8

90.5

55.2
8.2

95.2

344
9.4

92.4
9.2

102.6
9.4

80.8

11.5

4.8

10.8

12.2

18

29.4

13.9

11.6

heart rate decline rates ranging from 2.3 to 3.9 bpm/s. The
slowest heart rate decline rates (0.4—1.6 bpm/s) occurred
in Weddell seals, while the fastest rates (6.8—10.5 bpm/s)
were observed in harbour porpoises. In narwhals (Monodon
monoceros) and harbour seals, heart rate declined more rap-
idly during reactive dives—escape (3.3 bpm/s) or restrained
dives (8.2 bpm/s)—than during controlled dives—sponta-
neous post-escape (0.7 bpm/s) or trained dives (2.2 bpm/s).

Heart rate oscillations were observed during all 12 dives
in Steller sea lions (Figs. 2, 3) and followed a distinct pattern
of alternating between higher and lower values. Heart rate
was classified as oscillating when three or more heartbeats
in a row were part of either a low—high—low pattern (peak),
or a high—low-high (trough) pattern. Most of the time, the
repeated pattern formed a wave with multiple peaks and
troughs. However, we included 9 isolated peaks in our cal-
culations because they were of similar amplitude and period
as the other oscillations observed during that dive. Heart
rate oscillations were most prevalent during the steady low
phase of the dive (observed in all 12 dives) and were also
common during the initial decrease phase (observed in nine
of the dives). The three dives in which heart rate oscillations
were not observed during the initial decline were all from
the same sea lion (F97SI). A summary of the oscillation
characteristics is presented in Table S2.

Heart rate oscillations were observed throughout the
dive, but their frequency and period differed between the
initial decrease and steady low phases (Fig. 5). During the
initial decrease phase, heart rate oscillated 62.1+24.4% of
the time in the 9 dives in which it occurred. Heart rate oscil-
lated between 41.0+£12.4 bpm and 50.4+12.5 bpm with an
average period of 4.8+1.6 s between lows and 4.6+£1.6 s
between highs. During the steady low phase, heart rate oscil-
lated 68.2+£27.0% of the time. Heart rate oscillated between
27.1+8.1 bpm and 38.2+11.1 bpm with an average period
of 5.5+ 1.5 s between lows and 6.1+1.8 s between highs.

The absolute interbeat intervals of the lows and highs of
the oscillations differed between individuals (and between
phases), partly due to differences in average heart rate. For
example, FOOYA had higher heart rates overall and there-
fore her heart rate oscillated around a higher average result-
ing in higher highs and higher lows than in the other two
sea lions. For all the sea lions, the absolute change in heart
rate from mean low to mean high (amplitude) within an
oscillation averaged~ 10 bpm (calculated as the difference
between high and low heart rates for each phase in Table
S2). However, reviewing the data from all dives together
showed that the amplitude of the heart rate oscillations
tended to decrease with instantaneous heart rate and varied
among individuals (Fig. 6). This pattern was most apparent
in F97SI and F97HA, and was less distinct for FOOYA. In
addition, the amplitude of the oscillations was not always
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Fig. 4 Relationship between body mass and the rate of heart rate
decline in diving marine mammals. Rates of heart rate decline (bpm/s)
during the initial decrease phase of the dive are shown for eleven
marine mammal species. Heart rates and durations of the initial decline
phase were obtained from the present study (Steller sea lions) and
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averaged heart rate and may represent data from single individuals

consistent within a dive (Fig. 3a, c¢). The amplitude of the
oscillations could remain constant across a dive (Fig. 3a;
although there were periods where no oscillations were
present) or decrease over time with a series of damped oscil-
lations (Fig. 3c). As heart rate decreases with time over the
heart rate decline phase, the decreases in wave amplitude
with instantaneous heart rate (Fig. 6) may also indicate wave
damping—a gradual reduction in oscillation amplitude over
time as energy is lost from the system, leading to a progres-
sive return to a steady state.

@ Springer

or group means. Points are plotted as a function of body mass (kg)
on a log,,—log,, scale and labeled with species abbreviations. Point
shape indicates dive context: spontaneous (filled circle), trained (filled
triangle), escape (open circle), or forced (open triangle). Additional
distinctions are shown for harbour seals (dive context), narwhals (dive
context), and Weddell seals (dive depth). No statistical analyses were
performed. Species abbreviations: HS harbour seal, HP harbour por-
poise, CSL California sea lion, SSL Steller sea lion, GS grey seal, BD
bottlenose dolphin, WS Weddell seal, NW narwhal, PW pilot whale,
BW beluga whale, KW killer whale

Discussion

Our fine-scale heart rate data provide new perspectives on
how Steller sea lions regulate cardiovascular responses
during dives, challenging the idea of a typical, generaliz-
able heart rate profile. We quantified two underexplored
heart rate responses across 12 dives: the presence of heart
rate oscillations and a slow and variable heart rate decline.
These features provide a unique opportunity to examine a
fundamental question in diving physiology—do changes in
heart rate and total peripheral vasoconstriction occur simul-
taneously to maintain blood pressure, or does one response
precede the other? Previous studies have shown that these
responses can occur rapidly (e.g., Grinnell et al. 1942;
Irving et al. 1942; Murdaugh et al. 1961), may become dis-
sociated (Murdaugh et al. 1968; Elliott et al. 2002), and can
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begin prior to submersion (Jones et al. 1973; Casson and
Ronald 1975; McKnight et al. 2019). However, simultane-
ous cardiovascular measurements in freely diving species
are lacking—and are needed to fully resolve the coordina-
tion of dive responses.

Heart rate oscillations

Heart rate, vasoconstriction, and blood pressure are related
by the hemodynamic equation:

MAP = CO x TPR, )

Where mean arterial blood pressure (MAP), is determined
by cardiac output (CO)—the product of heart rate and
stroke volume—and total peripheral resistance (TPR),
which increases with vasoconstriction. Changes in heart
rate directly reflect cardiac output adjustments if stroke
volume remains constant—which is a reasonable assump-
tion for otariids based on previous findings in California
sea lions (Elsner et al. 1964; Ponganis et al. 1991), though
results for phocids are less consistent where stroke vol-
ume has decreased (Kjekshus et al. 1982; Ponganis et al.
1990), increased (Thornton et al. 2005), or remained stable
(Murdaugh et al. 1966). The prevailing hypothesis suggests
that heart rate and peripheral vasoconstriction change simul-
taneously to maintain constant blood pressure at the onset
of a dive. However, it is also possible that either changes
in total peripheral resistance occur first, and heart rate is
reflexively decreased because blood pressure is rising, or
alternately that changes in heart rate occur first, and total
peripheral resistance is reflexively increased because blood
pressure is falling. These various responses are important to
consider in diving mammals due to their impact on oxygen
consumption and blood pressure regulation.

In Steller sea lions, we found that instantaneous heart rate
oscillated by approximately 10 bpm during both the initial
decline and steady low phases of the dive. Although heart
rate oscillations have not been widely reported as a common
feature of the dive response, similar patterns are visible in
diving heart rate profiles of several marine mammal spe-
cies. These include grey seals (Thompson and Fedak 1993),
northern elephant seals (Mirounga angustirostris) (Andrews
etal. 1997), California sea lions (Ponganis et al. 1997,2017),
Weddell seals (Williams et al. 2015), harbour porpoises
(Elmegaard et al. 2021), a killer whale (Orcinus orca), a
pilot whale (Globicephala macrorhynchus), a beluga whale
(Bickett et al. 2019), and a blue whale (Balaenoptera mus-
culus) (Goldbogen et al. 2019). Comparable oscillations are
also present in humans during immersed static apnea (Perini
et al. 2010). Importantly, these oscillations differ from pre-
viously described transient cardiac arrhythmias (Ponganis et
al. 2017) because they are repetitive and fairly consistent in
amplitude and frequency. Given that heart rate oscillations
occur in multiple species, they likely have a physiological
origin. In bottlenose dolphins, it has been suggested that
these oscillations may arise from blood pressure adjust-
ments, but the precise mechanism underlying this remains
unclear (Blawas et al. 2021).

We hypothesize that the heart rate oscillations observed
in marine mammals arise from baroreflex-mediated adjust-
ments in response to transient changes in arterial pressure
at the onset of a dive. The baroreflex is activated whenever
arterial pressure deviates from its setpoint, and any initial
perturbation could trigger this reflex—such as changes in
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body orientation, lung volume (Andersson and Schagatay
1997), blood volume redistribution, or a temporal mis-
match between heart rate and vasoconstriction. Heart rates
that decline more rapidly than vasoconstriction increases
at the onset of the dive would temporarily drop mean arte-
rial pressure and elicit reflexive increases in total peripheral
resistance to restore pressure. The differential between heart
rate decline and vasocontraction could simply be due to the
slight difference in how quickly these responses are imple-
mented (Borgers et al. 2014; Reyes del Paso et al. 2017).
Brief reductions in blood pressure at the onset of apneic
periods and dives have been documented in seals, rats, and
humans (Olsen et al. 1962; Ponganis et al. 2006; Sieber et
al. 2009; Perini et al. 2010; Panneton and Gan 2020), sup-
porting the plausibility of this mechanism. Concurrent heart
rate and arterial pressure oscillations documented in humans
during apnea (Myers et al. 2001; Javorka et al. 2002; Perini
et al. 2010) further support this argument.

Our results for Steller sea lions are consistent with the
scenario where heart rate decreases before total peripheral
resistance increases, producing an initial drop in blood pres-
sure that triggers compensatory changes in vascular tone to
restore blood pressure to its setpoint. Due to the low heart
rate and circulation time inherent to diving, delays arise
between sensing at the baroreceptors and reflex changes
in vascular tone. Such delays can cause arterial pressure to
overshoot its setpoint and enter an oscillatory cycle (Cherni-
ack and Longobardo 1973; Ottesen 1997; Shaffer and Mee-
han 2020). Wave damping observed in our data (Fig. 3c) is
indicative of baroreflex-mediated oscillations (Lehrer and
Vaschillo 2008). Similar timing effects have been observed
in harbour seals, where changes in blood flow lagged~3 s
behind reductions in heart rate (Grinnell et al. 1942), though
measurement limitations may have influenced this result.

Moreover, these diving heart rate oscillations resemble
Mayer waves—naturally occurring arterial pressure oscilla-
tions that arise following disturbances in blood flow (Guy-
ton and Harris 1951). Mayer waves share key features with
the heart rate oscillations we observed: they occur at simi-
lar frequencies (0.1-0.4 Hz in humans, rabbits, and rats vs.
0.2 Hz in Steller sea lions) (Julien 2006), are generated in
part by the baroreflex (Lehrer and Vaschillo 2008; Julien
2020), and are driven by cardiac responses (Myers et al.
2001). If the mechanisms underlying diving heart rate oscil-
lations reflect those of Mayer waves, then the initial heart
rate decline could induce a drop in arterial pressure, initiat-
ing the oscillatory cycles we observed.

Initial heart rate declines

As expected, heart rate initially declined in all 12 dives, tak-
ing~26 s on average for Steller sea lions to reach a steady
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low heart rate. This duration accounted for approximately
one-third of the total dive time. A review of heart rate pro-
files in other diving marine mammals revealed a similar
time to reach a steady low heart rate (~20 s) in a California
sea lion, and killer whale (Ponganis et al. 2017; Bickett et
al. 2019) (Fig. 4, Table S1). Four notable exceptions were
observed, but not tested statistically: harbour porpoises, a
beluga whale, and a pilot whale reached their steady low
in~10 s, while Weddell seals took up to 159 s (Williams et
al. 2015; Elmegaard et al. 2016; Bickett et al. 2019). The
experimental dives in our study were within the routine dive
depths (<24 m) and durations observed in wild Steller sea
lions (1.3-2.0 min) (Merrick and Loughlin 1997), and below
their calculated aerobic dive limit (2.5-3.0 min) (Gerlinsky
et al. 2013), suggesting that the responses observed were
not driven by physiological stress. However, unlike wild sea
lion dives, our sea lions remained stationary, limiting direct
extrapolation to free-ranging animals, but allowing us to
isolate the dive response from exercise effects.

Abroader review of marine mammal dive profiles revealed
a consistent rate of heart rate decline (~2.5-3 bpm/s), with
two notable exceptions: the Weddell seal, which had a much
slower rate (~0.1 bpm/s) and the harbour porpoise with a
much faster rate (~10 bpm/s) (Fig. 4, Table S1). The simi-
larity among most species suggests a shared cardiovascular
control mechanism. We propose that these rates reflect the
time required to balance decreases in heart rate with increases
in vascular tone, thereby maintaining blood pressure and
appropriate changes in blood flow distribution. Slower heart
rate declines likely indicate that maximal vasoconstriction
develops over a longer period, delaying full implementation
of the oxygen-conserving dive response. Although heart
rate was modelled decline as a linear relationship, many
individual profiles exhibited curvilinear patterns, with heart
rate decreasing progressively more slowly over time. Future
studies should account for this nonlinearity, as it may pro-
vide insight into the mechanisms underlying fine-scale car-
diovascular adjustments during diving.

The extreme values in either duration or rate of initial HR
declines observed in the grey seal, Weddell seal, and har-
bour porpoise likely reflect both phylogenetic differences
and dive-specific conditions. This suggests that cardiovas-
cular adjustments are fine-tuned to specific diving behav-
iours and energetic demands. For example, faster declines
in harbour porpoises may reflect their high metabolic rates
(Rojano-Doiiate et al. 2018), whereas the slower decline in
grey and Weddell seals could support their prolonged dives
by ensuring stable perfusion to key tissues (Reed et al. 1994;
Kooyman et al. 2021).

In addition to these interspecific patterns, substan-
tial variation in heart rate decline rates has been observed
depending on dive task and context (e.g., Elsner 1965;
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Elmegaard et al. 2019). Generally, heart rate decreases more
slowly during voluntary dives than forced or stress-induced
dives, and what was once considered a “rapid” decline is
now known to take~30 s in several marine mammal spe-
cies—a timing that likely reflects physiological trade-offs
associated with maintaining circulatory stability when the
dive is under volitional control. Heart rate declined gradu-
ally during voluntary and trained dives in both narwhals
and harbour seals, but it dropped much more rapidly during
escape responses in narwhals and during naive, restrained
dives in harbour seals (Jobsis et al. 2001; Williams et al.
2017). These abrupt decreases, while enhancing oxygen
conservation, may impose transient physiological costs that
seals normally avoid by employing a more gradual, graded
reduction in heart rate. In contrast, a slower, coordinated
adjustment of heart rate and vascular tone likely provides a
more stable and efficient balance between oxygen conserva-
tion and circulatory control. Comparing heart rate profiles
from escape or naive dives to routine dives within the same
species highlights the influence of dive context on cardio-
vascular regulation.

Conclusions

Slow declines and fine-scale oscillations in heart rate appear
to be common features in some diving animals and may pro-
vide insights into cardiovascular control mechanisms. Our
comparisons of the timing and rate of the initial heart rate
decline across marine mammal species suggest that these
features reflect the anticipated conditions of the dive. While
the precise mechanisms remain unclear, our findings point
to the baroreflex as a key driver of these oscillations and
suggest that heart rate adjustments occur before changes in
vascular tone. These results show that fine-scale recordings
of diving heart rates can reveal physiological processes that
are otherwise difficult to observe, providing new insights
into cardiovascular regulation in diving mammals.
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