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The pattern of sleep in the fur seal, a semiaquatic pinniped, has
several striking behavioral and physiological adaptations that
allow this species to inhabit both the land and water
environment. These features include unihemispheric slow wave
sleep (USWS, also being unihemispheric waking), the ability to
maintain movement for stabilization of the sleep posture and to
briefly open one eye while having a sleep
electroencephalogram (EEG) in one hemisphere. In vivo
microdialysis studies suggest that acetylcholine release is
required for cortical activation during USWS, and that
monoamines are not required for USWS. The need to breathe,
to maintain efficient thermoregulation, and to avoid predation
have shaped the sleep patterns in semiaquatic fur seals as in
fully aquatic cetaceans.
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Introduction (sleep on land and in water)
Behaviorally, sleep in terrestrial mammals is usually
described as (1) a state of immobility/behavioral quies-
cence in (2) a specific posture (3) with a reduced ability to
respond to external stimuli. Terrestrial mammals can
display two distinctive sleep stages—slow wave sleep
(SWS) and rapid eye movement (REM) sleep, which
are usually scored based on EEG (electroencephalogram),
EMG (electromyogram) and EOG (electrooculogram)
features [1-4].

Air-breathing animals sleeping in water encounter a
number of challenges. First, animals need to prevent
inhaling water into the lungs while breathing. This can
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be achieved by regularly emerging or continuously stay-
ing at the surface while keeping the nostrils/blowholes
above the water. This requires the maintenance of
motions or postures that are not a requirement for terres-
trial mammals. Second, sleeping at the water surface,
which is the easiest way to maintain regular breathing,
is not always a safe place to sleep. The surface is where
the animals are most often hunted by large ocean pre-
dators (e.g, killer whale, sharks, [5]). In addition, most
cetaceans (fully aquatic mammals) are social animals with
strong connections between individuals. They ‘sleep’ in
groups while remaining in motion and maintaining posi-
tions appropriate to their social status. Therefore, contin-
uous monitoring of the environment for predators and
conspecifics can be a life-sustaining requirement for
aquatic mammals. The third important issue arises from
the fact that thermal conductivity of water is 50-60 fold
greater than air. This requires that aquatic mammals have
some behavioral adaptations preventing excessive heat
loss or overheating, by maintaining postures or motion
and excluding prolonged periods of immobility when at
the water surface.

Studies of sleep in cetaceans (Odontocete) reveal that
these challenges are met via two striking features of their
sleep, unthemispheric sleep (USWS) and the absence of
rapid eye movement (REM) sleep. It has been proposed
that USWS (being unihemispheric waking at the same
time or UW) enables movement, which allows breathing
without aspiration of water [6,7]. Movement also allows
muscle thermogenesis and prevents overcooling while in
cold water [8]. The other function of USWS in cetaceans
is believed to be monitoring the surrounding environ-
ment, which enables analysis of the afferent information
arising from the open eye, facilitating the avoidance of
predators, maintaining pod coherence and protection of
neonates [9]. The reasons why REM sleep in cetaceans is
absent (or remains undetectable if present) are not clear
[8]. REM sleep in land mammals features elevated
arousal thresholds, impaired thermoregulation and mus-
cle tone suppression [2,3]. Thus, long episodes of REM
sleep at the surface of water would be obviously mal-
adaptive or dangerous behavior for cetaceans.

Fur seals are member of the eared seals (Family Otar-
iidae, Clade Pinnipedia, Order Carnivores; [10]). The
northern fur seal (Callorhinuos ursinus 1..) is one of the
smallest and most pelagic fur seals. During the winter
migratory season, northern fur seals migrate more than
2000 km to the wintering grounds and remain pelagic for
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up to 10 months before going back to land [11]. The aim
of this review is to summarize the data on the adaptive
features of the pattern of sleep in the fur seal allowing this
animal to inhabit both terrestrial and aquatic
environments.

Sleep stages and amounts in fur seals while
on land

When on land, SWS in seals can be bilateral, as in
terrestrial mammals, meaning that EEG slow waves
progress and disappear synchronously in two cortical
hemispheres (Figure 1). SWS in the fur seal is also
characterized by striking interhemispheric electroen-
cephalogram (EEG) asymmetry [12-14]. These episodes
are also called asymmetrical SWS or USWS. REM sleep
in the fur seal has all the commonly described behavioral
(muscle jerks, body twitches) and polygraphic features
(reduced muscle tone, cortical activation, rapid eye move-
ments, increased heart and breathing rate variability) of
this stage described in the majority of terrestrial mammals
[1-3]. The amount of sleep stages in fur seals depends on
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the animals’ age [13]. The amounts of REM sleep and
duration of REM sleep episodes drop substantially during
the first months of the pup’s lives and the number of
episodes appear to decrease progressively with age
(Figure 2). As opposed to REM sleep, the amount of
SWS do not decline in pups over the first months of their
lives but it appears to decline in adulthood. Shortly after
birth the fur seal pups display predominantly BSWS.
Within the next 2-3 months, by the time the pups are
about to leave for their first migratory trip in the ocean,
the proportion of ASWS in fur seal pups increases reach-
ing on average 25% of SWS which is close to that in adults
(Figure 2).

Sleep in water

T'he fur seal has large flippers serving for locomotion in
water and on land as well as for thermoregulation. The
flippers are highly vascularized but not insulated with fur.
When seals sleep in water they maintain two hind flippers
and one fore flipper above the surface (Figure 1). The
other front flipper paddles in water. This posture is often
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Representative polygrams of recording from fur seals sleeping on land, at the surface in the lateral (middle) and in a prone position (bottom). The
duration of each polygram is approximately 6 hours. EMG—neck electromyogram, EEG—electroencephalogram in symmetrical left (L) and (R)
fronto-occipital derivations. Episodes of unihemispheric sleep (USWS) in the left and right hemispheres and active wakefulness (AW) are marked
by brown, blue and black dotted lines, respectively. Postures of fur seals are shown on the photographs.
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Sleep ontogeny in the fur seal. The diagrams show the amounts of sleep stages (REM sleep—rapid eye movement sleep, SWS—slow wave sleep,
TST—total sleep time), duration and number of REM sleep episodes, and proportion/ratio of asymmetrical SWS (ASWS) in fur seals of different
ages (10-20 day old pups, 2-3 month old pups and in the group of juvenile males and females, 3-10 year old animals) while sleeping on land. The
data are means + SEM calculated for 4, 4 and 7 individual fur seals from the 3 age groups.

called a ‘jug handle’. Keeping three flippers above the
water in the air, fur seals reduce heat loss in cold water
[11,15,16]. When sleeping in water the fur seal’s nostrils
are in the air for most of the time allowing regular
breathing except for periods when they submerge during
short episodes of REM sleep [13]. When in water, seals
can go without sleep for a day or two, so the variability in
the amounts of sleep between days greatly increases.
REM sleep episodes in water do not last longer than
1 min, and the total duration of REM sleep substantially
decreases or even disappears for several continuous days.
The composition of SWS also changes: the proportion of
asymmetrical SWS/USWS in water increases while that of
bilateral SWS decreases (Figure 1, [13]).

Comparative aspects of USWS

In addition to the northern fur seal, interhemispheric
EEG asymmetry during SWS was also recorded in 3 other
species of fur seals and sea lions [17,18], as well as in one
young walrus (a pinniped belonging to the family Odo-
benidae; [19]) and in one Amazonian manatee (the order
Sirenia; [20]). In contrast, no evidence for EEG

asymmetry has ever been recorded in individuals of
the 3rd family of Pinnipeds, namely the Phocidae also
called ‘earless seals’ or ‘true seals’ [21-23]. Therefore,
USWS is likely a feature of all toothed whales (Cetacea)
and eared seals (Otariidae) but not of the true seals
(Phocidae). In other words, USWS is not an obligatory
feature of aquatic sleep.

In both the fur seal and bottlenose dolphin (the two most
extensively studied species of Pinnipeds and Cetaceans)
interhemispheric EEG asymmetry during SWS s
recorded across the dorsal cortex, including sensory,
motor and associative areas [6,7,14,24]. In the fur seal,
the difference between the EEG power in the two
cortical hemispheres is clearly detectable in the range
of 1.2-16 Hz [14,24]. In the bottlenose dolphin the
asymmetry in slow waves is paired with the asymmetry
in sleep ‘spindles’ [6,7]. In both the dolphin and fur seal
EEG asymmetry during SWS is also recorded between
subcortical areas [8,25]. Thus, USWS in Cetaceans and
Otariids appears to be both a cortical and subcortical
phenomenon.
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When fur seals that are sleeping on land are deprived of
bilateral SWS they display repeated attempts to enter this
state. At the same time the frequency and duration of the
episodes of SWS with interhemispheric EEG asymmetry
increase when compared to baseline conditions [26].
Even under these conditions, the expression of EEG
asymmetry in fur seals is generally smaller than in Ceta-
ceans. However, when fur seals sleep in water the differ-
ence between EEG power in symmetrical cortical areas
becomes comparable with that in cetaceans reaching a
10 fold ratio [14,27], and the episodes of asymmetrical and
USWS become longer lasting several hours (Figure 1) as
in cetaceans [6-8].

Interhemispheric EEG asymmetry during SWS has also
been recorded in a number of avian species [28,29,30°].
"This suggests that EEG asymmetry is likely a feature of
sleep in many species of birds. At the same time, the
expression of EEG asymmetry during SWS in the birds is
highly variable between species. In general, the expres-
sion of asynchrony of EEG slow waves in the birds is
smaller and the duration of episodes shorter than that in
marine mammals.

USWS and motion/postures

While immobility is one of the core features of sleep in
terrestrial mammals, the ability to display EEG slow
waves (or ‘sleep’) during swimming is one of the remark-
able features of cetaceans. One of the first hypotheses on
the function of USWS was to achieve some of the benefits
of sleep, while allowing movement directed by the wak-
ing hemisphere to control movement to support breath-
ing. However, subsequent visual observations on dol-
phins and porpoises revealed that the pattern of their
swimming during USWS is indistinguishable from that of
quiet waking [7].

In contrast, USWS in fur seals is accompanied by a
characteristic posture. Fur seals sleep in water most of
the time in a lateralized posture on the side while they
paddle with only one front flipper to maintain the position
(e.g., the left front flipper paddles while sleeping on the
left side and the right front flipper when on the right side;
[13]). While in this posture the moving front flipper is
contralateral to the waking (in case of USWS) or more
activated (displaying lower voltage EEG slow waves)
hemisphere (Figure 1). These data indicate that
USWS/UW in the fur seal permits motion, specifically
allowing the waking hemisphere to adjust the intensity
and direction of the flipper movements to maintain pos-
tural stability without frequent arousal and sleep
interruptions.

This hypothesis is also supported by the data on the
pattern of sleep in water in the Phocidae seals [21-23] and
the walrus [19]. They do not display USWS. They sleep
in water while holding their breath and floating
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motionlessly at the surface or at depth. They always wake
up to initiate movement to surface for breathing. There-
fore, bilateral SWS is incompatible with movement in the
Phocidae seals and likely in the walrus, as in terrestrial
mammals. This pattern of sleep allows them to sleep
under the ice fields to minimize the time spent on the
surface and thereby avoid predation (sharks, killer whales,
and polar bears) and harsh weather (e.g., limited access to
open water in the freezing seas).

When in water fur seals also can sleep in a prone (ventral)
position (Figure 1). The amplitude and frequency of
movement in this posture is smaller compared to the
lateral posture. Sleep in the prone position can be either
right or left USWS. Less often SWS can be bilateral but
even in this case the interhemispheric EEG asymmetry
remains highly pronounced. Thus, while asymmetrical
SWS remains the major type of sleep in the fur seal while
in the prone position, no obvious association is observed
between interhemispheric EEG asymmetry and the pat-
tern of movement in this posture. This suggests that
maintaining of movement is not the only function of
USWS in the fur seal.

USWS and eye state

EEG asymmetry during SWS in fur seals is frequently
linked to asymmetry in eye state. When seals sleep on
land these episodes occur at the onset of sleep. A delay in
the development of slow wave activity in one of two
hemispheres is associated with brief opening (1-2 s) of
the eye contralateral to the hemisphere with lower volt-
age activity. The eye contralateral to the hemisphere with
higher voltage activity is closed at this time. Both eyes are
usually closed during bilateral (both low and high voltage)
SWS and during REM sleep (Figure 3). When fur seals
sleep in water on the side, the eye directed to the water,
where predation risk originates from sharks and killer
whales, was observed to be briefly open while contralat-
eral eye directed away from the water was more often
closed. The eye facing water is also contralateral to the
waking hemisphere when in the lateral position.

In cetaceans USWS/UW also correlates with unilateral
eye closure/opening. For instance, in one beluga and one
bottlenose dolphin studied, the eye contralateral to the
deeply sleeping hemisphere was found to be primarily
closed or in an intermediate state (40-60% and 31-46% of
SWS respectively). At the same time the eye contralateral
the waking hemisphere was open or in an intermediate
state for 95-98% of the time [27,31].

EEG asymmetry in parallel with asymmetrical eye state
was also recorded in one walrus [19] as well as in several
bird species [28,30°]. During such sleep episodes birds
opened the eye which was contralateral to the hemisphere
with low voltage EEG slow waves as in cetaceans and in
the fur seal. In birds the open eye was also directed toward
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Association between sleep and eye states in a fur seal. The diagrams on the left side (from top to bottom) show behavioral states (W—
wakefulness, SWS—slow wave sleep and REM —rapid eye movement sleep), integrated neck electromyogram (EMG), slow wave activity (SWA,
EEG power in the range of 1.2-4 Hz) in the left (L) and right (R) cerebral hemispheres and the time of closure of the left (L) and right (R) eyes. All
parameters were scored or calculated for consecutive 5-s epochs. Time scale is 5 min. Blue rectangles highlight episodes of unihemispheric and
asymmetrical SWS (USWS and ASWS) in the left and right hemispheres (L-USWS and R-USWS), and an episode of L-ASWS transitioned into
bilateral SWS (BSWS). The blue dotted line separates the margin between L-ASWS and BSWS. The diagram on the right side shows percentage
of time each eye was closed during the two episodes of L-USWS combined, episode of L-ASWS/BSWS and the episode of R-USWS as marked

on the left diagram.

potential threats [28] or the direction of their fly [30°]. All
of the above supports the idea that USWS in marine
mammals and birds universally serves to monitor the
surroundings via processing of the visual information in
the waking hemisphere. At the same time, the waking
hemisphere during USWS in marine mammals appears to
be capable of processing multimodal information, includ-
ing auditory [26] and somatosensory (from the vibrissae
and moving flipper when sleeping in the lateral position).

Neurochemistry of USWS

To date we have examined the release of four neuro-
transmitters in sleep and waking states in the fur seal. In
terrestrial animals cortical and subcortical release of
monoamines (histamine, serotonin and noradrenaline)
decreases at the transition from active wakefulness
(the state with the greatest levels of both muscle tone
and activity), to quiet wakefulness, bilateral SWS and
then decreases further in REM sleep (the state of
immobility with the most substantial reduction in mus-
cle tone; [32-34]). This was also the case in the fur seal
[35,36°]. Also similar to terrestrial mammals [37,38],
cortical release of acetylcholine (Ach) in the seal during
waking and REM sleep was greater than in bilateral SWS

[39]. During USWS the release of Ach in the waking
hemisphere in the fur seal was always greater than in the
sleeping hemisphere (Figure 4). There was no such
asymmetry in the release of norepinephrine, serotonin
or histamine.

The primary phenomena of USWS is interhemispheric
slow wave EEG asymmetry. Activity of the Ach system is
known to be more related to EEG arousal in animals than
activity of the monoamine system [37,38]. This may
explain why Ach, as opposed to monoamines, is found
to be lateralized during USWS in the fur seal. We can
suggest that the activity of the Ach system can be con-
trolled asymmetrically from both sides of the cerebral
cortex. At the same time, the activity of other systems
may either not be controlled laterally or it does not have
an effect on the cortical asymmetry of EEG. This does
not imply that other neurotransmitters do not contribute
to the control of other aspects of USWS. For instance, we
cannot fully exclude that over short intervals of time
asymmetric release of the monoamines might occur in
the fur seal [39]. However, we see no changes in the
concentration of monoamines in relation to asymmetric
sleep or waking states in the fur seal.
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Release of neurotransmitters during sleep and waking states in the fur seal. (a,b) Cortical and subcortical release of histamine (HI), norepinephrine
(NE), serotonin (5HT) and acetylcholine (ACh) during bilateral slow wave sleep (BSWS) and unihemispheric slow wave sleep (USWS) in the left (L)
and right (R) hemispheres in fur seals. Each point represents the mean of the percent change in neurotransmitter level relative to BSWS which is
calculated separately for the probes located in the left and right cortical hemispheres and subcortical structures (Hy, hypothalamus; Th, thalamus;
Nc, caudate nucleus). (c,d) Cortical and subcortical release of HI, NE, 5HT, and ACh during waking and sleep states in fur seals. Each point
represents the mean of the percent change in neurotransmitter level relative to BSWS. The release of HI, NE, and 5HT were not lateralized during
USWS. It is shown as average for all left and right probes. The release of ACh was lateralized during USWS. For USWS it is shown separately for
the waking (open circle) and sleeping (closed circle) hemispheres. During USWS, ACh release is higher on the waking side than on the sleeping
side. The release of cortical HI, NE, and 5HT as well as subcortical NE and 5HT during USWS are not lateralized and are comparable to the
release of ACh on the sleeping side (reproduced from Lyamin et al., [36°)).

Conclusions

The fur seal displays several remarkable behavioral and
physiological adaptations allowing sleep both on land and
in water under the temperature conditions of the subpolar
areal of this species. As a semiaquatic animal, the fur seal
provides an opportunity to examine the physiological and

behavioral substrates of switching between the typical
terrestrial type of sleep (such as bilateral SWS, immobil-
ity, regular breathing and REM sleep) and fully aquatic
mode of sleep as shown by cetaceans (USWS, sleep in
motion, interrupted pattern of breathing and absence or
substantial reduction of REM sleep).
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