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Summary
Management of gases during diving is not well understood across marine mammal species. Prior to
diving, phocid (true) seals generally exhale, a behaviour thought to assist with prevention of
decompression sickness. Otariid seals (fur seals and sea lions) have a greater reliance on their lung
oxygen stores, and inhale prior to diving. One otariid, the Antarctic fur seal (Arctocephalus gazella),
then exhales during the final 50-85% of the return to the surface, which may prevent another gas
management issue: shallow-water blackout. Here we compare data collected from animal-attached
tags (video cameras, hydrophones, and conductivity sensors) deployed on a suite of otariid seal
species to examine the ubiquity of ascent exhalations for this group. We find evidence for ascent
exhalations across four fur seal species, but that such exhalations are absent for three sea lion
species. Fur seals and sea lions are no longer genetically separated into distinct subfamilies, but are
morphologically distinguished by the thick underfur layer of fur seals. Together with their smaller
size and energetic dives, we suggest their air-filled fur might underlie the need to perform these
exhalations, although whether to reduce buoyancy and ascent speed, for the avoidance of shallowwater blackout or to prevent other cardiovascular management issues in their diving remains
unclear.

Glossary
Apnoea – cessation of breathing
Barotrauma – physical damage caused by pressure difference between a gas space and its surroundings
Baroreceptor – stretch receptor detecting changes in blood pressure
Bradycardia – reduction in heart rate
Diastole – phase of the heartbeat when the heart muscle relaxes and the chambers fill with blood
Hypoxia – deprivation of oxygen supply at tissue level
Hypoxemia – oxygen deficiency in arterial blood
Syncope – transient loss of consciousness and muscle strength
*Author for correspondence (s.hooker@st-andrews.ac.uk).
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Tachycardia – increase in heart rate
Vasoconstriction – constriction of blood vessels
Vasomotor – actions upon a blood vessel which alter its diameter

Introduction
The dual constraints for diving, air-breathing vertebrates are the ability to maintain aerobic
metabolism during apnoea, and the need to avoid physiological trauma caused by the effects of
changing pressure. To achieve a longer underwater (aerobic) breath-hold duration, animals
maximise their oxygen stores and minimise the rate of oxygen consumption, both of which extend
their aerobic dive limit (ADL) – the maximum breath-hold possible without anaerobic respiration [13]. However, for diving mammals, air stores are subject to the effects of increasing pressure with
depth (Boyle’s Law).
All marine mammals have reinforced airways which allow a graded compression-collapse of the
alveoli at depth [4, 5]. This reduces gas absorption at depth such that there is no further absorption
when deeper than the depth of alveolar collapse. For deep-diving marine mammals, this reduces the
utility of lung oxygen stores, and most oxygen tends to be stored in the blood and muscle [6, 7].
However, in some shallower-diving species the lungs are a significant source of oxygen during a
dive. Under pressure at depths shallower than alveolar collapse this can pose a risk because of the
high partial pressures of gases in the lungs at depth. Nitrogen (in addition to oxygen) in the lungs is
absorbed into the blood at high partial pressures, and upon ascent this can come out of solution and
cause decompression sickness (DCS) and gas bubble disease (GBD). Acute DCS and GBD are rarely
observed [8], but there is some evidence of probable chronic, asymptomatic bubble formation [9, 10].
Estimates of oxygen stores and their variation between species rely on several assumptions [6, 1113]. For the lungs it is usually assumed that diving lung volume is a fraction (~50% for pinnipeds,
100% for cetaceans) of the lung capacity (0.1[body mass]0.96). For the blood, it is assumed that
oxygen stores are based on blood volume, haemoglobin concentration and haemoglobin oxygen
binding capacity. For muscle, it is assumed that oxygen stores are based on estimated muscle mass,
myoglobin concentration and myoglobin oxygen binding capacity. Such calculations show that the
magnitude and distribution of these oxygen stores varies quite substantially among taxonomic
groups. Within the pinnipeds, phocids and otariids have markedly different oxygen storage
strategies. Both have large muscle oxygen stores representing approximately 30-35% of total body
oxygen, but otariid seals (19% lung, 47% blood) rely more on their lung oxygen stores and less on
their blood oxygen stores compared with phocid seals (5% lung, 60-65% blood) [6, 7]. In fact,
differences in oxygen stores are likely to be even greater than these body oxygen store calculations
suggest, because of these assumptions, particularly for lung oxygen stores. In fact both static
respiratory variables (such as anatomy) and dynamic respiratory variables (such as differences in
behaviour) vary between species [14]. For instance, lung capacity is lower for deep-diving species
than the standard allometric prediction above [15]. Furthermore, diving lung volume is that inhaled
immediately prior to diving, and seal species differ markedly in this. Phocid seals are thought to
exhale while otariid seals are thought to inhale prior to diving, rendering the assumption that
diving lung volume is 50% of lung capacity for both unlikely to be accurate [16, 17].
The observation that Antarctic fur seals (Arctocephalus gazella) dive upon full inhalation and then
exhale continuously during the last 50-85% of ascent from all dives was novel and surprising [18].
This behaviour is counter-intuitive both in terms of increasing the risk of decompression sickness
(by reducing the potential for nitrogen to be removed from the blood during ascent) and in terms of
losing buoyancy that would otherwise help with ascent. However, for species which rely on lung
oxygen during the dive, it seems that the lung air is no longer a particularly useful oxygen store
during ascent [6, 19, 20]. Hooker et al. [18] suggested that this behaviour might be needed for
species which inhale prior to diving and which have particularly energetic dives. The combination
of high energy expenditure resulting in low blood oxygen, combined with lung re-expansion and
potential reversal of the oxygen gradient on ascent could lead to hypoxic syncope (herein called
black-out). Ascent exhalations would not be expected in phocid seals, which dive after exhalation
and therefore dive on relatively low lung volumes. Indeed, Weddell seals have only once been
observed to exhale during ascent, despite hundreds of observed dives [7]. Similarly, harbour seals
(Phoca vitulina) and monk seals (Neomonachus schauinslandi) have carried Crittercam video camera
tags and acoustic tags and no ascent exhalations have been observed [21-23].

If all otariid seals are indeed inhalation divers, and sea lions and fur seals show similar diving
behaviour and morphology, we would expect all otariids to perform ascent exhalations. In this
paper, we examine evidence for and against the presence of ascent exhalations in four fur seal
species and three sea lion species. We consider similarities and differences between morphology
and behaviour of these species, and explore hypotheses underlying gas management that might
help to explain observations.

Methods
We used several sources of data and video to monitor the presence/absence of exhalations in as
many otariid species as possible. While no specific logger has been developed to test for the
presence of ascent exhalations, these were detected in Antarctic fur seals using three types of
animal-borne instruments: inductive-cell conductivity sensors, video recorders and acoustic
recorders (Table 1; [18]). We used the same types of instruments here. Conductivity measurements
were obtained using a conductivity and temperature datalogger (ACT-HR, Alec Electronics, Japan)
deployed alongside a time-depth recorder (TDR Mk7 or Mk9, Wildlife Computers, USA).
Conductivity was measured using an inductive-cell sensor that measured the rate of decay of an
electromagnetic field (ca. 3 cm around the sensor, for details see [24]). Conductivity, together with
temperature, was used to calculate water salinity [24]. Anomalies caused by air bubbles around the
sensor cause the conductivity/salinity measurements to drop dramatically (see [18]). Video
recordings were obtained with a National Geographic Crittercam system [25, 26] using either colour
or black and white video, or with a Video and Data Recorder (VDR) [27, 28]. In some cases, sound
was recorded with a hydrophone simultaneously with the video recordings.
Instruments were deployed on seals of several otariid species for a single foraging trip (generally
~5-10 days; Table 2). Animals were captured using standard methods for each species. Subantarctic
fur seals (Arctocephalus tropicalis) were captured with a hoop net and were physically restrained, but
other species were anaesthetized. Instruments were attached either directly or were cable-tied to
webbing which was attached with adhesive to the fur on the dorsal midline of the seal immediately
posterior to the scapulae, using double component, quick setting epoxy resin. Upon return from the
foraging trip, seals were recaptured and the devices were removed either by cutting cable ties and
leaving a small piece of webbing attached to the fur or by careful clipping of the fur to remove the
tag. At each of the deployments and retrievals, the restrained seals were released within 30 min of
capture.

Results
Results were clear for all species except the northern fur seal (Callorhinus ursinus) for which one set
of results was ambiguous (Table 2).
Antarctic fur seal male – Instrument problems limited the data and video collected. Of more than 50
dives, exhalations were common despite relatively shallow depth (maximum dive depth was less
than 50 m and most dives were less than 20 m). The acoustic record from these dives showed
continuous and increasing volume of exhaled bubbles heard for 16 sec before surfacing. The camera
footage also showed bubbles, but due to the camera mount being quite high on the animal’s head,
these bubbles were at times easier to detect acoustically than visually (Figure 1a, b; electronic
supplementary material, movie S1).
Subantarctic fur seals – ACT-HR loggers were deployed on two female subantarctic fur seals at a lowdensity breeding colony on Marion Island in April/May 2008. Recordings were from austral winter
deployments (late April to early August), and showed clear deviations in conductivity/salinity
measurements in the latter half of 412 dive ascents (Figure 2), indicative of ascent exhalations.
Australian fur seals – Video recordings were obtained from 26 female Australian fur seals
(Arctocephalus pusillus doriferus). Three different camera systems were used: Crittercam (41.2 hours,
18 animals), CATS (18 hours, 5 animals) and BBC cameras (22.3 hours, 3 animals). Crittercam
studies used a 40 m depth trigger, but other systems recorded continuously. Over 1772 foraging
dives were recorded showing clear evidence of ascent exhalations (figure 1c, d; electronic
supplementary material, movie S2). On 80m dives, bubbles were released during ascent from
around 60m.

Northern fur seals – Two female northern fur seals were instrumented with Crittercams in the Kuril
Islands, eastern Russia. Bubbles were visible in 72 of 174 videos from one animal and from 152 of
196 videos from the other (Figure 1e, f). There were some problems with recording protocols
resulting in lack of light in some recordings and an error in the operation of the onboard A-D
converter, corrupting the pressure transducer data. Dive records were therefore unavailable
alongside the video recordings, and so we were unable to examine the depth trajectory for these.
However, some ascents to the surface were clear (as the seal swam continuously toward the backlit
surface), and ascent exhalations could be seen for approximately 20 sec prior to surfacing (see
electronic supplementary material, movie S3). Some dives in daytime (light) conditions were clearly
benthic and were followed by ascent exhalation.
Deployment of an ACT-HR logger on St George Island, Alaska was more ambiguous in identifying
whether this seal was performing ascent exhalations. Only 32 dives deeper than 30 m were
recorded, and discontinuities in the conductivity record were observed only at relatively shallow
depths (Figure 2), contrasting with observations for Antarctic fur seals [18] or subantarctic fur seals
(Figure 2).
New Zealand sea lion – Crittercam video recordings were obtained for five female New Zealand sea
lions (Phocarctos hookeri), resulting in a total of 14h 56 min of footage. For three animals the camera
used a depth trigger and recorded 193 dives. For two animals, the camera was duty-cycled (one
recorded for 15 min, the other for 9 min) and 38 complete ascents to surface, lasting up to 2 min
duration, were recorded. There was no evidence of ascent exhalations from dives in any of this
footage, although for some near surface ventilation dives the seals could be seen to begin exhalation
in the second before the animal broke the surface.
Steller sea lion - Three female Steller sea lions (Eumetopias jubatus) were instrumented with VDR
cameras and recorded 713 dives (duration 3.1 ± 1.2 min and depth 56 ± 44 m; max depth 200 m) in
the Kuril Islands, eastern Russia. There were two peaks in the distribution of dive depths, with 65%
of dives < 50 m and 24% between 100-150 m. There were no ascent exhalations during ascents from
either deep or shallow dives.
Australian sea lion - Two female Australian sea lions (Neophoca cinerea) were instrumented with
Crittercam video cameras, resulting in 8.2h of footage. Neither animal showed any sign of ascent
exhalations.

Discussion
Although ascent exhalations have been reported for female Antarctic fur seals [7, 18], they have not
previously been investigated for males or for other otariid species. This paper is the first to
document the prevalence of this behaviour across both sexes of Antarctic fur seals and across
multiple fur seal species (Figures 1 and 2). Importantly, we also show that ascent exhalation does
not appear to occur in sea lion species (Table 2). We examine the potential factors that might lead to
this difference between otherwise similar species, in order to explore the likely function of these
exhalations.
Phylogeny
Data presented here show ascent exhalations for four of the nine extant fur seal species. Eight of the
fur seals are in the genus Arctocephalus, and the other is in the genus Callorhinus. Results were
similar across all Arctocephaline fur seals investigated, showing ascent exhalations during every
ascent (Figure 1). Results for northern fur seals were a little less clear. Crittercam records from
northern fur seals in Russia clearly show exhalation for 20 sec prior to surfacing (electronic
supplementary material, movie S3). However, ACT-HR deployment on a northern fur seal in
Alaska did not show clear exhalations (although only 32 dives were recorded, Figure 2). Acoustic
records have previously been collected from four northern fur seals in St Paul, Alaska, but the
effective frequency bandwidth was <800 Hz [29], and so not sufficient to detect bubbles which are
generally >1kHz in audible frequency (Table 1).
Data for three of the five extant sea lions (each a different genus) suggest that these species do not
perform ascent exhalations. This apparent difference between fur seals and sea lions is somewhat
surprising since these groupings are not monophyletic. In fact, the dated molecular supertree for all
pinniped species suggests that C. ursinus is a sister species to all remaining otariids, with neither the

sea lions nor Arctocephalus species forming a separate clade [30]. The five sea lion genera were
positioned basally to the various Arctocephalus species, with the exception of Phocarctos, which
nested within Arctocephalus [30]. Thus, the behavioural differences observed here do not seem to fit
with what is known about phylogeny of these species. We therefore look instead at other
possibilities.
Mass, Metabolic Rate and Diving Behaviour
Sea lions generally have greater mass than fur seals (between 2-6 times the mass; Table 3), although
there is some overlap (e.g., Australian fur seals are not all that dissimilar in size to Australian sea
lions; and male Antarctic fur seals are larger than female Australian sea lions), and so size alone
does not seem to be responsible for the absence of exhalations in sea lions. For the species we
examine here, there do not appear to be major differences in their published dive behaviour (Table
3). Although sea lions have the capacity to perform longer, deeper dives, there is generally much
overlap in their diving behaviour and some sea lion species perform short, shallow dives while
some fur seal species perform long, deep dives (Table 3). Previous comparisons between fur seals
and sea lions have also suggested little difference in diving behaviour [31]. These comparisons are
slightly problematic, however, due to different criteria used in definition of ‘dives’, differences in
diving effort between species, and methods of analyses used [31]. Sympatric studies of Steller sea
lions and northern fur seals in Russia conformed to expectations that fur seals perform shallower
(epipelagic) dives and sea lions perform longer, deeper (near shore benthic) dives [32].
Several studies investigated field metabolic rates in these species (Table 3). In general fur seals have
higher metabolic rates than sea lions although there is much overlap. A comparative study of
captive Australian otariids suggested that Australian sea lions, Australian fur seals and New
Zealand fur seals had similar metabolic rates [33]. However, measurements of metabolic rate may
also be exercise dependent, as there appears to be as much as fivefold variation in diving metabolic
rate during short dives of the Steller sea lion [34].
The calculated aerobic dive limit (cADL) is a measure of the estimated oxygen stores for an animal
divided by its metabolic rate. Comparisons of diving behaviour and cADL suggested that the
benthic diving behaviour of Australian fur seals, Australian sea lions and New Zealand sea lions in
deep water causes these species to exceed their cADL and use a greater proportion of their oxygen
stores during dives than do the epi/mesopelagic foraging dives of Antarctic fur seals and California
sea lions which dive well within their cADL ([35], Table 3). However, this does not appear to explain
our observations – since Australian fur seals, which exceed their cADL, perform exhalations in the
same manner as Antarctic fur seals which dive within their cADL. It is tempting to question the
ambiguity around ascent exhalations in northern fur seals in Alaska in terms of whether these might
have been pelagic dives? Indeed, the seal instrumented in Alaska performed only shallow dives
(<30m). However, for Antarctic and subantarctic fur seals, exhalations are seen even for pelagic
dives to such shallow depths ([18], Figure 2).
Barotrauma and avoidance of alveolar rupture
It has been suggested that the distribution of air in the lungs might be a concern during ascent from
dives [36]. Human divers use the mantra “never hold your breath when scuba diving”. This is
particularly dangerous for divers with a lung full of pressurised air which can expand beyond lung
capacity during ascent if not exhaled. Free-divers do not have the same concern since they retain
their initial air volume (i.e. it matches their lung capacity). However, non-uniform expansion of
collapsed lungs or a minor airway obstruction could potentially cause some alveoli to overinflate
and rupture. This may have been what happened to a human free-diver, who ultimately suffered a
cerebrovascular accident (stroke) [7]. However, he ascended at 5 m/s which is much faster than is
observed for marine mammal diving. In general, fur seals and sea lions appear to dive in very
similar ways and to show similar behaviour and movements underwater, so it is not clear that any
risk during lung reinflation should be any greater for fur seals than for sea lions.
Pulmonary volume and cardiovascular changes during diving
The most striking morphological difference between these two groups which are otherwise
remarkably similar is the presence of a thick underfur layer in the pelage of fur seals. Fur seals have
a dense waterproof fur which traps air against the body when submerged [37]. Compared to sea
lions, fur seals have greater fur density (430 ± 110 hairs/mm for fur seals compared to 20 ± 10
hairs/mm for sea lions), longer guard hairs, longer underhairs, and elongated scalar patterning on
both guard and underhairs allowing them to lock together and maintain a relatively still air layer
against the skin [37]. Fur seals use the air layer trapped between these fur layers as their primary

means of thermoregulation, and use their homogeneous blubber layer primarily for energy storage,
whereas sea lions have a stratified blubber layer and use the outer layer of their blubber for thermal
insulation and the inner layer for energy storage [38]. This could have various consequences. There
could be implications of the difference in buoyancy between fur seals and sea lions caused by the
buoyant layer of air in the fur of fur seals. Fur seals might need to expend more energy during
descent to counter this high surface buoyancy with energetic ramifications for diving behaviour.
Alternatively the additional buoyancy during ascent could be problematic, and fur seals might lose
buoyancy during ascent to control rate of ascent/maneuverability. This could even help to avoid
barotrauma as detailed above. Alternatively, there could be thermal insulation differences,
particularly at depth. The layer of air trapped in the fur will be very much compressed at depth
resulting in reduced insulation and which might only be partially offset by an increased metabolic
rate during diving. We examine current knowledge of diving physiology for otariid seals in order to
explore these possibilities.
Recent work on California sea lions (Zalophus californianus) provides much additional insight into
their diving behaviour, and the transport and sequestration of oxygen for this species. California
sea lions have reduced stroke rates during descent with prolonged glides during much of the
descent for deeper dives, despite their increased lung air volume [39]. In contrast, stroke rates of
Antarctic fur seals and northern fur seals [29, 40], and thrusting intensity for Antarctic fur seals were
greater on descent than on ascent from dives ([18], SK Hooker 2002, unpublished data), likely
related to the additional buoyancy their air-filled fur in addition to lung air provides.
The extent of bradycardia may be related to energy expenditure in descent. Diving California sea
lions were able to lower their heart rates more extensively than Antarctic fur seals. California sea
lion heart rate reduced to on average 55bpm for dives less than 3 min in duration and to 40 bpm
(minimum 11 bpm) for dives longer than 5 min [41]. Antarctic fur seals reduced heart rate only to
approx. 70-100 bpm during dives [42]. It may be that fur seals, which need to overcome their high
buoyancy during descent, require higher heart-rates to facilitate their increased energy expenditure.
Heart-rate ashore may also be higher for Antarctic fur seals (109 bpm for time ashore [42]) compared
to California sea lions (54bpm [41]), although the latter were recorded resting motionless, while the
former were in an active busy colony. However, Australian fur seals decreased heart-rate <40bpm
for benthic dives >300s duration (JPY Arnould 2008, unpublished data), which questions any link
between fur seal ascent observations and lack of heart-rate reduction.
Unlike Antarctic fur seals which had a constant diving lung volume [18], arterial oxygen partial
pressure measurements showed that lung collapse depth for California sea lions (160-260m) varied
in relation to dive depth, suggesting an increased air volume for deeper dives [43]. When sea lions
dived below their lung collapse depth, they preserved a pulmonary oxygen reservoir that was
accessed again during initial ascent to boost their blood oxygen [43]. In other words, if these sea
lions had exhaled during ascent, this oxygen reservoir would not have been available to them.
Further work looking at venous oxygen profiles in California sea lions showed arterialization of
venous blood before and possibly during shallow dives, likely via arteriovenous (a-v) shunts in the
peripheral vasculature [44, 45]. This maintains highly oxygenated blood in the anterior vena cava
throughout much of the dive [45] compared to decreasing oxygenation in the posterior vena cava
[39, 44]. Whether similar mechanisms are found for fur seals is not known, and we wonder whether
different thermal properties of the fur of fur seals might impact their use of peripheral vasculature.
Potential physiological benefits of ascent exhalations
In their original description of ascent exhalations, Hooker et al. [18] speculated that these might
function to mitigate against shallow-water blackout. By preventing lung gas re-expansion and
recruitment of the alveoli on ascent, these seals would prevent any reversal of oxygen diffusion
from the pulmonary capillaries into the lung that might lead to hypoxemia and cerebral hypoxia [6].
Recent measurements for California sea lions [39, 41, 43-45] showing their gliding on descent, more
pronounced bradycardia, venous oxygen store, and high end-of-dive arterial haemoglobin
saturations suggest minimal risk for shallow-water blackout in sea lions. A phocid seal, the harbour
seal, has also shown a high tolerance to hypoxia [46]. Such data are not yet available for a fur seal,
so their tolerance to hypoxia and risk of shallow-water blackout remain open questions.
Active-swimming from depth is seen in our video recordings for both fur seals and sea lions, and
this will cause a suite of dynamic, physiologically complex afferent signalling which triggers
cardiovascular responses in order to maintain optimal blood flow in high-priority tissues, such as
the brain. Depth- and apnoeic-dependant changes in gas tensions may affect vascular resistance and

distribution of systemic flow [43, 44]. Additional demands of exercise will increase the need for
perfusion [47]. Pronounced non-linear changes in lung volume also cause mechanical effects to
which the cardiovascular system responds. As such, there are many simultaneous inputs to the
nervous system which will be both peripherally and centrally integrated causing cardiovascular
response patterns which may themselves also cause additional modulating feedback.
The physical changes in lung volume itself are likely to be important. Upper airway receptors such
as pulmonary stretch receptors as well as arterial chemoreceptors and intra/extrathoracic arterial
baroreceptors will provide ample physiological signalling to initiate cardiac and vasomotor reflexes,
and will also modify the effectiveness of incoming impulses from other cardiovascular receptors.
Exhalation on ascent might then be beneficial to reduce such signals. Pulmonary stretch receptors in
the airways respond to changes in both lung volume and rate of volume change, reflexively causing
tachycardia [47], and probably also vasodilation (otherwise arterial blood pressure would increase).
This reduction in systemic vascular resistance could increase the rate of oxygen depletion as heartrate increases, as appears to be seen for California sea lions [45].
Depletion of arterial blood oxygen during a dive and decrease in oxygen tension with ascent should
cause stimulation of the arterial chemoreceptors (carotid bodies). The cardiac response to
stimulation of the carotid bodies (in seals) during diving without changes in lung volume is a
marked bradycardia [48]. Yet ascent is commonly associated with elevation of heart-rate towards
pre-diving levels (tachycardia). Thus the carotid body bradycardia/vasoconstriction response
appears to be masked as arterial gas tension reduces [49]. This may be due to insensitivity
(refractoriness) of the central vasomotor neurons associated with excitation of the pulmonary stretch
receptors [50, 51]. Indeed, studies of non-diving animals have highlighted the increased
refractoriness that pulmonary stretch receptor excitation can have on chemoreception with a
proportional increasing effect with lung inflation [52]. Therefore, as depth decreases, re-inflation of
the lungs would override arterial chemoreceptors, systemic vascular resistance is reduced and rate
of oxygen depletion would increase. The observed heart-rate increase during ascent of Antarctic fur
seal dives [42] occurs despite reduced pulmonary stretch receptor activity (since ascent exhalations
reduce lung reinflation), and is therefore contrary to expectations, but may be modulated by
additional factors such as exercise during ascent.
There is also the potential that baroreceptor signalling is overridden during ascent. During lung
inflation, cardiac vagal motoneurons become partially or wholly insensitive to incoming
baroreceptor impulse traffic [52-54]. As depth-dependant changes during ascent will significantly
and non-linearly affect intrathoracic pressure, failure to appropriately regulate arterial and venous
blood pressure [55] could also impact tissue-specific perfusion and metabolic regulation. Changes in
intrathoracic pressure contribute to alterations in transmural pressure in all large intrathoracic
viscera - particularly the low-pressure areas in the thorax and high-pressure areas of the left
ventricle, especially during the period of diastole. As intrathoracic pressure becomes more negative
there is a movement of blood toward the thorax as the pressure gradient between the peripheral
veins and the right atrium increases. Blood flow into the chest is thus accelerated, with the
additional blood coming from the large intrathoracic veins. Increased venous return must be
compensated by elevated heart rate, stroke volume, and reduced systemic vascular resistance in
order to avoid elevated arterial pressure. If atrial and arterial baroreceptor signalling is overridden
by pulmonary stretch receptors, there could hypothetically be a situation where blood pressure is
not optimally regulated. Furthermore, prolonged or rapid excessive emptying of the large
extrathoracic veins could collapse these veins particularly at the point of entry into the thorax. The
implications of any combination of these phenomena may not be without consequence, and could
affect the arterial and venous systems as well as tissue-specific haemodynamic regulation. If
appropriate integrated regulation of systemic vascular resistance (to reduce oxygen depletion)
and/or regulation of blood pressure during lung reinflation is of concern to fur seals, then ascent
exhalations could help to facilitate this by reducing some of the dynamic cardiovascular and
respiratory signalling, and potentially facilitating better autonomic regulation.
Further work
Understanding regulation of blood flow and gas dynamics in free-ranging marine mammals is
extremely challenging. The primary difficulty has been limitation in available technologies to
measure cardiovascular variables. Heart rate/ECG recording is now becoming more widely
available and additional detail for other fur seal and sea lion species would certainly be useful to
help understand haemodynamics. The combination of heart-rate with accelerometry and acoustic
sampling would enable examination of work effort (stroke rate) and heart-rate coincident with

ascent exhalations. PO2 electrodes can be highly informative and have been used successfully on
California sea lions, but maintaining a sensor intravenously in a highly manoeuvrable animal is
problematic and data collection is often hampered by logistical and technical factors [45]. Recent
developments in optical technologies, some of which are wearable, may also provide tools to allow
external measurements of cardiovascular regulation. Continuous-wave near-infrared spectroscopy
(CW-NIRS) has been tested on both diving seals and humans [56, 57]. CW-NIRS provides highresolution data on relative measures of the concentration of oxyhaemoglobin and
deoxyhaemoglobin, the dynamics of which allow various measures of haemodynamic changes. For
example, calculation of total haemoglobin can be used as a proxy for changes in blood volume and
calculation of relative haemoglobin difference can be used as a proxy of oxygenation changes while
removing the effect of changes in blood volume. Diffuse correlation spectroscopy (DCS) and
broadband CW-NIRS, which are currently only static technologies, can also provide measures of
blood flow, intracranial pressure and metabolic rate changes.
Although we have discussed this issue here in terms of comparisons between otariid seals, cetaceans
and sea otters also dive on inhalation, and sea otters (Enhydra lutris) have air-filled fur. No ascent
exhalations have been observed in underwater video observations for these species (e.g., [58-60]),
although their physiology, particularly for cetaceans, may be unique and it is possible that their
alveolar and perhaps also their caval sphincters could play a role in stabilising arterial, venous and
cerebral responses.
Much of our understanding about diving physiology to date has come from only a handful of the
more easily-studied marine mammal species. The observations presented here highlight the need
for caution in inferring common physiological responses across species. We have shown that two
related groups of seals show a dramatically different approach to their otherwise similar diving
behaviour. Whether this is caused by their differences in size, fur, buoyancy or thermoregulation
costs is not yet clear. The most parsimonious explanation may be that of buoyancy reduction to
avoid overly rapid ascent, although many questions remain – in particular, the consequences of this
behaviour on their gas management and cardiovascular and respiratory signalling. We look forward
to further work that might help provide the answer to this physiological puzzle.

References
1. Kooyman G.L., Castellini M.A., Davis R.W. 1981 Physiology of diving in marine mammals. Annu Rev
Physiol 43, 343-356. (doi:10.1146/annurev.ph.43.030181.002015).
2. Butler P.J., Jones D.R. 1997 Physiology of diving of birds and mammals. Physiol Rev 77, 837-899.
3. Fedak M.A., Thompson D. 1993 Behavioural and physiological options in diving seals. Symp zool Soc Lond
66, 333-348.
4. Scholander P.F. 1940 Experimental investigations on the respiratory function in diving mammals and
birds. Hvalrad Skr 22, 1-131.
5. Denison D.M., Warrell D.A., West J.B. 1971 Airway structure and alveolar emptying in the lungs of sea
lions and dogs. Respir Physiol 13, 253-260.
6. Kooyman G.L. 1989 Diverse divers. Berlin, Springer-Verlag; 200 p.
7. Davis R.W. 2019 Marine Mammals: Adaptations for an Aquatic Life. Berlin, Germany: Springer.
8. Fernandez A., Sierra E., Diaz-Delgado J., Sacchini S., Snchez-Paz Y., Suarez-Santana C., Arregui M., Arbelo
M., de Quiros Y.B. 2017 Deadly acute decompression sickness in Risso's dolphins. Sci Rep 7, 13621.
(doi:10.1038/s41598-017-14038-z).
9. Dennison S., Moore M.J., Fahlman A., Moore K., Sharp S., Harry C.T., Hoppe J., Niemeyer M., Lentell B.,
Wells R.S. 2012 Bubbles in live-stranded dolphins. Proc R Soc B 279, 1396-1404.
(doi:10.1098/rspb.2011.1754).
10. Moore M.J., Early G.A. 2004 Cumulative sperm whale bone damage and the bends. Science 306, 2215.
(doi:10.1126/science.1105452).
11. Costa D.P., Gales N.J., Goebel M.E. 2001 Aerobic dive limit: how often does it occur in nature? Comp
Biochem Physiol A 129, 771-783.
12. Wright T.J., Davis R.W. 2015 Myoglobin oxygen affinity in aquatic and terrestrial birds and mammals. J
Exp Biol 218, 2180-2189. (doi:10.1242/jeb.119321).
13. Polasek L.K., Davis R.W. 2001 Heterogeneity of myoglobin distribution in the locomotory muscles of five
cetacean species. J Exp Biol 204, 209-215.
14. Fahlman A., Moore M.J., Garcia-Parraga D. 2017 Respiratory function and mechanics in pinnipeds and
cetaceans. J Exp Biol 220, 1761-1773. (doi:10.1242/jeb.126870).
15. Piscitelli M.A., McLellan W.A., Rommel S.A., Blum J.E., Barco S.G., Pabst D.A. 2010 Lung size and thoracic
morphology in shallow- and deep-diving cetaceans. J Morphol 271, 654-673. (doi:10.1002/jmor.10823).

16. Kooyman G.L. 1985 Physiology without restraint in diving mammals. Mar Mamm Sci 1, 166-178.
(doi:10.1111/j.1748-7692.1985.tb00004.x).
17. Kooyman G.L. 1973 Respiratory adaptations in marine mammals. Am Zool 13, 457-468.
(doi:10.1093/icb/13.2.457).
18. Hooker S.K., Miller P.J.O., Johnson M.P., Cox O.P., Boyd I.L. 2005 Ascent exhalations of Antarctic fur seals:
a behavioural adaptation for breath-hold diving? Proc R Soc B 272, 355-363. (doi:10.1098/rspb.2004.2964).
19. Lanphier E.H., Rahn H. 1963 Alveolar gas exchange during breath holding with air. J Appl Physiol 18, 478482.
20. Lanphier E.H., Rahn H. 1963 Alveolar gas exchange during breath-hold diving. J Appl Physiol 18, 471-477.
21. Littnan C.L., Baker J.D., Parrish F.A. 2004 Effects of video camera attachment on the foraging behavior of
immature Hawaiian monk seals. Mar Mamm Sci 20, 345-352.
22. Bowen W.D., Tully D., Boness D.J., Bulheier B.M., Marshall G.J. 2002 Prey-dependent foraging tactics and
prey profitability in a marine mammal. Mar Ecol Prog Ser 244, 235-245. (doi:10.3354/meps244235).
23. Mikkelsen L., Johnson M., Wisniewska D.M., van Neer A., Siebert U., Madsen P.T., Teilmann J. 2019 Longterm sound and movement recording tags to study natural behavior and reaction to ship noise of seals.
Ecol Evol 9, 2588-2601. (doi:10.1002/ece3.4923).
24. Hooker S.K., Boyd I.L. 2003 Salinity sensors on seals: use of marine predators to carry CTD dataloggers.
Deep-Sea Res I 50, 927-939.
25. Marshall G., Bakhtiari M., Shepard M., Tweedy J.I., Rasch D., Abernathy K., Joliff B., Carrier J.C., Heithaus
M.R. 2007 An advanced solid-state animal-borne video and environmental data-logging device
("Crittercam") for marine research. Mar Tech Soc J 41(2), 31 - 38.
26. Marshall G.J. 1998 Crittercam: an animal-borne imaging and data logging system. Mar Tech Soc J 32(1), 1117.
27. Davis R.W., Hagey W., Horning M. 2004 Monitoring the behavior and multi-dimensional movements of
Weddell seals using an animal-borne video and data recorder. Mem Natl Inst Polar Res Special Issue 58,
150-156.
28. Davis R.W., Fuiman L.A., Williams T.M., Collier S.O., Hagey W.P., Kanatous S.B., Kohin S., Horning M.
1999 Hunting behavior of a marine mammal beneath the Antarctic fast ice. Science 283, 993-996.
29. Insley S.J., Robson B.W., Yack T., Ream R.R., Burgess W.C. 2008 Acoustic determination of activity and
flipper stroke rate in foraging northern fur seal females. Endang Species Res 4, 147-155.
30. Higdon J.W., Bininda-Emonds O.R.P., Beck R.M.D., Ferguson S.H. 2007 Phylogeny and divergence of the
pinnipeds (Carnivora: Mammalia) assessed using a multigene dataset. Bmc Evolutionary Biology 7, 1-19.
(doi:10.1186/1471-2148-7-216).
31. Georges J.-Y., Tremblay Y., Guinet C. 2000 Seasonal diving behaviour in lactating subantarctic fur seals on
Amsterdam Island. Polar Biol 23, 59-69.
32. Waite J.N., Trumble S.J., Burkanov V.N., Andrews R.D. 2012 Resource partitioning by sympatric Steller sea
lions and northern fur seals as revealed by biochemical dietary analyses and satellite telemetry. J Exp Mar
Biol Ecol 416, 41-54.
33. Ladds M.A., Slip D.J., Harcourt R.G. 2017 Swimming metabolic rates vary by sex and development stage,
but not by species, in three species of Australian otariid seals. J Comp Physiol B 187, 503-516.
(doi:10.1007/s00360-016-1046-5).
34. Fahlman A., Wilson R., Svard C., Rosen D.A.S., Trites A.W. 2008 Activity and diving metabolism correlate
in Steller sea lion Eumetopias jubatus. Aquat Biol 2, 75-84. (doi:10.3354/ab00039).
35. Costa D.P., Kuhn C.E., Weise M.J., Shaffer S.A., Arnould J.P.Y. 2004 When does physiology limit the
foraging behaviour of freely diving mammals? International Congress Series 1275, 359-366.
(doi:10.1016/j.ics.2004.08.058).
36. Kooyman G.L., Anderson H.T. 1969 Deep diving. In Biology of Marine Mammals (ed. Anderson H.T.), pp.
65-94. New York, Academic Press.
37. Liwanag H.E.M., Berta A., Costa D.P., Abney M., Williams T.M. 2012 Morphological and thermal
properties of mammalian insulation: the evolution of fur for aquatic living. Biol J Linn Soc 106, 926-939.
(doi:10.1111/j.1095-8312.2012.01900.x).
38. Liwanag H.E.M., Berta A., Costa D.P., Budge S.M., Williams T.M. 2012 Morphological and thermal
properties of mammalian insulation: the evolutionary transition to blubber in pinnipeds. Biol J Linn Soc
107, 774-787. (doi:10.1111/j.1095-8312.2012.01992.x).
39. Tift M.S., Huckstadt L.A., McDonald B.I., Thorson P.H., Ponganis P.J. 2017 Flipper stroke rate and venous
oxygen levels in free-ranging California sea lions. J Exp Biol 220, 1533-1540. (doi:10.1242/jeb.152314).
40. Jeanniard-du-Dot T., Trites A.W., Arnould J.P.Y., Speakman J.R., Guinet C. 2016 Flipper strokes can
predict energy expenditure and locomotion costs in free-ranging northern and Antarctic fur seals. Sci Rep
6. (doi:10.1038/srep33912).
41. McDonald B.I., Ponganis P.J. 2014 Deep-diving sea lions exhibit extreme bradycardia in long-duration
dives. J Exp Biol 217, 1525-1534. (doi:10.1242/jeb.098558).
42. Boyd I.L., Bevan R.M., Woakes A.J., Butler P.J. 1999 Heart rate and behavior of fur seals: implications for
measurement of field energetics. Am J Physiol 276, H844-H857.
43. McDonald B.I., Ponganis P.J. 2012 Lung collapse in the diving sea lion: hold the nitrogen and save the
oxygen. Biol Lett 8, 1047-1049. (doi:10.1098/rsbl.2012.0743).
44. McDonald B.I., Ponganis P.J. 2013 Insights from venous oxygen profiles: oxygen utilization and
management in diving California sea lions. J Exp Biol 216, 3332-3341. (doi:10.1242/jeb.085985).

45. Tift M.S., Huckstadt L.A., Ponganis P.J. 2018 Anterior vena caval oxygen profiles in a deep-diving
California sea lion: arteriovenous shunts, a central venous oxygen store and oxygenation during lung
collapse. J Exp Biol 221, 1-12. (doi:10.1242/jeb.163428).
46. Kerem D., Elsner R. 1973 Cerebral tolerance to asphyxial hypoxia in the harbor seal. Respir Physiol 19, 188200. (doi:10.1016/0034-5687(73)90077-7 ).
47. McDonald B.I., Tift M.S., Huckstadt L.A., Jeffko M., Ponganis P.J. 2020 Stroke effort and relative lung
volume influence heart rate in diving sea lions. J Exp Biol 223, 1-10. (doi:10.1242/jeb.214163).
48. Daly M.D.B., Angell-James J.E., Elsner R. 1980 Cardiovascular-respiratory interactions in breath-hold
diving. In Central Interaction Between Respiratory and Cardwoascular Control Systems (eds. Koepchen H.P.,
Hilton S.M., Trzebski A.), pp. 224-231. Berlin, Springer-Verlag.
49. Daly M.D.B. 2011 Interactions between respiration and circulation. In Comprehensive Physiology (ed.
Terjung R.) pp. 529-594. Hoboken, NJ: Wiley. (doi://10.1002/cphy.cp030216).
50. Daly M.D.B., Ward J., Wood L.M. 1984 Comparison of the effects of lung-inflation on the hindlimb
vascular-responses to stimulation of the carotid chemoreceptors and baroreceptors and to urinary-bladder
distension in the anesthetized dog. J Physiol 353, 115.
51. Daly M.D.B. 1984 Breath-hold diving: mechanisms of cardiovascular adjustments in the mammal. In
Recent Advances in Physiology (ed. Baker P.F.), pp. 201-245. Edinburgh, Churchill Livingstone.
52. Eckberg D.L., Orshan C.R. 1977 Respiratory and baroreceptor reflex interactions in man. J Clin Investig 59,
780-785. (doi:10.1172/jci108699).
53. Eckberg D.L., Kifle Y.T., Roberts V.L. 1980 Phase relationship between normal human respiration and
baroreflex responsiveness. J Physiol 304, 489-502. (doi:10.1113/jphysiol.1980.sp013338).
54. Haymet B.T., McCloskey D.I. 1975 Baroreceptor and chemoreceptor influences on heart-rate during the
respiratory cycle in the dog. J Physiol 245, 699-712. (doi:10.1113/jphysiol.1975.sp010869).
55. Jones D.R. 1973 Systemic arterial baroreceptors in ducks and consequences of their denervation on some
cardiovascular responses to diving. J Physiol 234, 499-518. (doi:10.1113/jphysiol.1973.sp010357).
56. McKnight J.C., Bennett K.A., Bronkhorst M., Russell D.J.F., Balfour S., Milne R., Bivins M., Moss S.E.W.,
Colier W., Hall A.J., et al. 2019 Shining new light on mammalian diving physiology using wearable nearinfrared spectroscopy. PLoS Biol 17, e3000306. (doi:10.1371/journal.pbio.3000306).
57. McKnight J.C., Mulder E., Ruesch A., Kairnerstorfer A., Wu J., Hakimi N., Balfour S., Bronkhorst M.,
Horschig J.M., Pernett F., et al. 2021. When the human brain goes diving: cerebral and systemic
cardiovascular responses to deep, breath-hold diving in elite freedivers. Phil Trans R Soc Lond B. 376,
20200349. (doi:10.1098/rstb.2020.0349)
58. Aoki K., Sakai M., Miller P.J.O., Visser F., Sato K. 2013 Body contact and synchronous diving in longfinned pilot whales. Behav Processes 99, 12-20. (doi:10.1016/j.beproc.2013.06.002).
59. Williams T.M., Davis R.W., Fuiman L.A., Francis J., Le Boeuf B.J., Horning M., Calambokidis J., Croll D.A.
2000 Sink or swim: strategies for cost-efficient diving by marine mammals. Science 288, 133-136.
(doi:10.1126/science.288.5463.133).
60. Calambokidis J., Schorr G.S., Steiger G.H., Francis J., Bakhtiari M., Marshal G., Oleson E.M., Gendron D.,
Robertson K. 2007 Insights into the underwater diving, feeding, and calling behavior of blue whales from
a suction-cup-attached video-imaging tag (CRITTERCAM). Mar Tech Soc J 41, 19-29.
(doi:10.4031/002533207787441980).
61. Arnould J.P.Y., Hindell M.A. 2001 Dive behaviour, foraging locations, and maternal-attendance patterns of
Australian fur seals (Arctocephalus pusillus doriferus). Can J Zool 79, 35-48.
62. Fowler S.L., Costa D.P., Arnould J.P.Y., Gales N.J., Kuhn C.E. 2006 Ontogeny of diving behaviour in the
Australian sea lion: trials of adolescence in a late bloomer. J Anim Ecol 75, 358-367.
63. Boyd I.L., Croxall J.P. 1992 Diving behaviour of lactating Antarctic fur seals. Can J Zool 70, 919-928.
(doi:10.1139/z92-131).
64. Wege M. 2013 Maternal foraging behaviour of Subantarctic fur seals from Marion Island, Africa [MSc
thesis], University of Pretoria.
65. Kooyman G.L., Goebel M.E. 1986 Feeding and diving behavior of northern fur seals. In Fur Seals: Maternal
Strategies on Land and at Sea (eds. Gentry R.L., Kooyman G.L.), pp. 61-78. Princeton, Princeton University
Press.
66. Gales N.J., Mattlin R.H. 1997 Summer diving behaviour of lactating New Zealand sea lions, Phocarctos
hookeri. Can J Zool 75, 1695-1706.
67. Merrick R.L., Loughlin T.R. 1997 Foraging behavior of adult female and young-of-the-year Steller sea lions
in Alaskan waters. Can J Zool 75, 776-786.
68. Costa D.P., Gales N.J. 2003 Energetics of a benthic diver: Seasonal foraging ecology of the Australian sea
lion, Neophoca cinerea. Ecol Monogr 73, 27-43.
69. Shero M.R., Andrews R.D., Lestyk K.C., Burns J.M. 2012 Development of the aerobic dive limit and
muscular efficiency in northern fur seals (Callorhinus ursinus). J Comp Physiol B 182, 425-436.
(doi:10.1007/s00360-011-0619-6).
70. Gerlinsky C.D., Rosen D.A.S., Trites A.W. 2013 High diving metabolism results in a short aerobic dive
limit for Steller sea lions (Eumetopias jubatus). J Comp Physiol B 183, 699-708. (doi:10.1007/s00360-013-07427).
71. Rosen D.A.S., Gerlinsky C.G., Trites A.W. 2018 Telemetry tags increase the costs of swimming in northern
fur seals, Callorhinus ursinus. Mar Mamm Sci 34, 385-402. (doi:10.1111/mms.12460).

Additional Information
Ethics
All field research procedures were approved by relevant authorities: Animal Use and Care Committee,
University of Pretoria (AUCC 040827–024) (subantarctic fur seal); Deakin University Animal Ethics Committee
Approval (A16/2008) and Department of Sustainability and Environment (Victoria) Wildlife Research Permits
(10005362, 10005848) (Australian fur seal); British Antarctic Survey ethics committee and Texas A&M
Institutional Animal Care and Use Committee (Antarctic fur seal); Alaska SeaLife Center Institutional Animal
Care and Use Committee and permits from the pertinent Russian permitting agencies (Steller sea lion and
northern fur seal), New Zealand Department of Conservation (NZDoC) Animal Ethics Committee and
research permit (New Zealand sea lion); South Australian Department of Primary Industry and Regions
(PIRSA) Animal Ethics Committee (Approval no. 32–12) and South Australian Department for Environment
and Water, Scientific Research Permit (A24684) (Australian sea lion).
Data accessibility
Example datasets supporting this article have been uploaded as part of the electronic supplementary material.
Authors’ contributions
S.K.H. conceivedthis study.R.D.A., J.P.Y.A.,M.N.B., R.W.D., S.J.I., N.J.G., S.D.G. provided data. S.K.H., R.W.D.
and J.C.M. contributed to analysis and interpretation. All authors were involved in writing and approved the
final version for publication.
Competing interests
We have no competing interests.
Funding
Many agencies provided funding and logistical support for the various research efforts resulting in the data
presented here: the South African Department of Science and Technology, administered by the National
Research Foundation and the Department of Environmental Affairs for subantarctic fur seal work; the
Australian Research Council (DP110102065), Holsworth Wildlife Research Endowment and the Office of
Naval Research (Marine Mammals and Biological Oceanography Program Award no. N00014-10-1-0385) for
Australian fur seal work; the National Oceanic and Atmospheric Administration (NOAA) via grants to the
Alaska SeaLife Center and the National Marine Mammal Laboratory, with additional funding and logistical
support from North Pacific Wildlife Consulting for Steller sea lion and northern fur seal (Russia) work; the
National Marine Mammal Laboratory, National Marine Fisheries Service, NOAA for northern fur seal
(Alaska) work. Research support for R.W. Davis was provided by the National Science Foundation.
Acknowledgments
Many thanks to National Geographic for loan of Crittercam instrumentation involved in several of these
studies, and to all field research participants who helped to collect this data, in particular, Vladimir Burkanov
(Russia), and Bruce Robson (Alaska). Dan Costa and one anonymous reviewer provided several helpful
suggestions on a previous draft of this manuscript.

Tables
Table 1. Biologging methods for detection of ascent exhalations, and potential problems causing misclassification of bubble presence/absence.
Conductivity sensor

Video camera

Acoustic sensor

Available biologging devices
ACT-HR (Alec Instruments)

Detection
Data record drops to zero
caused by interference of
bubbles in EM field.

Venus (Wild Insight Ltd)
Crittercam (National
Geographic)
VDR (Video and Data
Recorder, Pisces Design, San
Diego)
CATS (Customised Animal
Tracking Solutions)
D-tag
AcousondeTM tags (Greenridge
Sciences Ltd)

Visible bubbles (some
cameras include audio)

Audible bubbles

Potential problems
Tag placed high on head/neck
may not record bubbles which
stream around neck and down
back.
Field of view potentially
limited, and forward facing
camera high on neck might
miss bubbles.

Requires sampling at approx.
2-6kHz [18]

Table 2. Ascent exhalations examined in otariid seal species. Biologging equipment was deployed for a single
trip, from female (♀) and male (♂) seals. Maximum depth and duration are presented for these data, unless
indicated by ~ showing typical values for this species and location.

Fur seals
Antarctic fur seal
Arctocephalus gazella
Subantarctic fur seal
A. tropicalis
Australian fur seal
A. pusillus doriferus

Northern fur seal
Callorhinus ursinus

Sea lions
New Zealand sea lion
Phocarctos hookeri
Steller sea lion
Eumetopias jubatus
Australian sea lion
Neophoca cinerea
a
[61]; b [32]; c [62]

Location

Sex

Year

Biologging
equipment

#

#
dives

Max
depth
(m)

Max
duration
(min)

Ascent
exhalation
present

South Georgia,
Antarctic
Marion Island

♂

VDR

1

>50

50

3

ü

♀

200607
2008

2

412

93

3.4

ü

Bass Strait, SE
Australia

♀

2008

18

1772

~85 a

~3.7 a

ü

♀

5

n/a

~85 a

~3.7 a

ü

♀
♀

201519
2017
2005

ACT-HR logger
and TDR
Crittercam
videocamera
CATS camera
BBC camera
ACT-HR logger
and TDR

3
1

n/a
32

~85 a
58

~3.7 a
3.4

Kuril Islands,
eastern Russia

♀

2007

Crittercam
videocamera

2

227

~102 b

~3.8 b

ü
Near surface
(~10m) on
19 dives
ü

Auckland
Islands, New
Zealand
Kuril Islands,
eastern Russia
S. Australia

♀

1997

5

231

n/a

7.2

û

♀

2008

Crittercam
videocamera with
acoustic
VDR

3

713

200

6-7

û

♀

2008/
09

Crittercam
videocamera

2

n/a

~103 c

~7.5 c

û

St George
Island, Alaska

Table 3. Typical body size and dive characteristics of otariid species recorded here. All results are presented
for females unless specified as male (♂).
Species and general
citation

Typical
Length
(m)

Mass
(kg)

Typical
depth
(m)

Fur seals
Antarctic fur seal [63]
1.4
22-51
20-50
Antarctic fur seal ♂ [63]
2.0
122-159 50
Subantarctic fur seal [64]
1.2
24-43
46
Australian fur seal [61]
1.4
67-93
58
Northern fur seal [65]
1.5
~43
68
Sea lions
NZ sea lion [66]
2
91-148
125
Steller sea lion [67]
2.9
~200
24
Australian sea lion [68]
1.8
83-147
61
*Method: doubly labelled water (DLW), respirometry (resp)

Max dive
depth (m)

Typical
duration
(min)

cADL

Field metabolic rate
(mlO2kg-1min-1)
(method*)

181
100
194
89
168

1.3
n/a
1.8
2.9
2.2

1.6 [35]
n/a
n/a
1.7 [35]
2.6 [69]

29.6 (DLW) [11]
n/a
n/a
15.95 (resp) [33]
36.8 (resp) [71]

470
>250
105

3.4
2
3.3

2.3 [35]
3.0 [70]
2.3 [35]

20.3 (DLW) [11]
12.6 (resp) [70]
14.25 (resp) [33]

Figures
(a)

(b)

(c)

(d)

(e)

(f)

Figure 1. (a, b) Video and data recorder setup and observations for male Antarctic fur seal, (c, d) Crittercam
observations from two female Australian fur seals, (e, f) Crittercam observations from two female northern fur
seals; (e) shows recording in low light conditions.
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Figure 2. Dives over 30 m depth are plotted (a) as depth-time profiles for each seal with (b) corresponding
depth-salinity recorded during descent (solid grey) and ascent (dotted red) for these dives. The two upper
plots show dives of subantarctic fur seals (n = 143 dives, n=269 dives), while the lower plot shows dives of one
northern fur seal (n=32 dives).

Supplementary material
Movie 1. Male Antarctic fur seal, South Georgia, 2007. Short dive on krill.
Movie 2. Australian fur seal dive, Bass Strait, Australia, 2013. 134 sec foraging dive includes octopus capture.
Movie 3. Northern fur seal dive, Kuril Is. Dive portion from benthos to surface (44s).

