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Glossary
Common ancestor A single species from which two or more new species evolved
Derived A term in evolutionary biology used to qualify a trait present in one species (or one taxonomic group of organisms),
but not present in its most recent common ancestor
Hyperpallium dorsal part of the avian forebrain considered to be homologous, in many respects, to the mammalian primary
visual cortex
Sharp-wave ripples intermittent local field potentials resulting from highly synchronous activity in the hippocampus. They are
composed of a sharp-wave (large, 50–100 ms deflections) and ripples (150–200 Hz oscillations)

Introduction

All animals rigorously studied by sleep scientists have been shown to sleep. The function of this seemingly ubiquitous need for sleep
remains debated. In animals that exhibit more than one type of sleep, different sleep states likely serve distinct functions or share
complementary roles in fulfilling the same function. Mammalian sleep is composed of two main states, rapid eye movement (REM)
and non-REM (NREM) sleep. One method for revealing the functions of NREM and REM sleep is to examine natural variation in
sleep across species. For instance, there is great variation in the time mammalian species spend in NREM and REM sleep. If such
variation reflects underlying differences in the need for these sleep states, then identifying the factors responsible for maintaining
such variation should provide insight into their functions. A similar evolutionary approach seeks to reveal the functions of NREM
and REM sleep through examining which non-mammalian species exhibit these states and, when present, the extent to which they
are similar to those in mammals. Through linking this variation in sleep to inter-specific variation in physiology, neurobiology, and
ecology, this comparative approach can provide novel perspectives on the evolution and functions of NREM and REM sleep.

In this respect, birds are particularly interesting. Birds last shared a common ancestor with mammals more than 300 million
years ago (Brusatte et al., 2015). Even though birds are a type of reptile (Dinosauria), in many respects, they are more similar to
their distant mammalian relatives. Mammals and birds independently evolved homeothermy and large brains capable of perform-
ing complex cognitive processes (Clayton and Emery, 2015; Olkowicz et al., 2016). Interestingly, of the vertebrate groups examined,
birds also exhibit sleep states that are the most similar to those observed in mammals.

Avian sleep states

Non-REM sleep

Avian NREM sleep, like mammalian NREM sleep, is characterized by high-amplitude, slow (peak at 2 Hz) electroencephalogram
(EEG) waves (Fig. 1). Slow-waves likely reflect the alternations of neuronal membrane potentials between depolarized up-states
with action potentials and hyperpolarized down-states without. Similar to the mammalian neocortex, slow-waves travel through
the avian cortex (hyperpallium) (Fig. 2) (van der Meij et al., 2019). Birds that spend most of the day awake show a decline in
NREM sleep-related slow-wave activity (SWA; �0.5–4.5 Hz power density) during sleep at night, suggestive of mammalian-like
NREM sleep homeostasis (Szymczak et al., 1996; Rattenborg et al., 2004). Accordingly, in most studies, short-term (6–8 h) sleep
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deprivation results in an increase in SWA during subsequent sleep (Martinez et al., 2008; Jones et al., 2008; van Hasselt et al.,
2020a). However, a rebound in SWA was not found after 24 h of sleep deprivation (Tobler and Borbèly, 1988). Also, in the studies
that varied the duration of sleep deprivation, a mammal-like dose-dependent positive relationship between sleep deprivation dura-
tion and the subsequent increase in SWA was not found (van Hasselt et al., 2020a; van Hasselt et al., 2021). Nonetheless, as in
mammals, SWA increases and decreases locally in the avian brain following local use and disuse, respectively, during prior wake-
fulness, possibly reflecting underlying changes in synaptic strength (Fig. 3) (Lesku et al., 2011b). Althoughmammalian NREM sleep
is associated with thalamocortical spindles (8–14 Hz), these rhythms have not been found in birds (van der Meij et al., 2019). In
addition, it is unclear whether birds exhibit hippocampal sharp-wave ripples (SWR) similar to those found in the mammalian
hippocampus during NREM sleep and quiet wakefulness (Rattenborg et al., 2011).

REM sleep

Many features of avian REM sleep largely overlap with those observed in mammals (Fig. 1). As in mammals, the EEG during avian
REM sleep resembles the high-frequency, low amplitude activity of an alert bird, but with bilateral eye closure, REMs, and twitches
of the skeletal muscles. Gamma activity, a feature of mammalian REM sleep, has also been found in birds engaged in REM sleep
(van der Meij et al., 2019). As in mammals, thermoregulatory responses are reduced during REM sleep compared to wakefulness
and NREM sleep (Heller et al., 1983). The incidence and duration of REM sleep episodes generally increase across the main
sleep period in birds, a pattern also observed in mammals (Szymczak et al., 1993; Ayala-Guerrero et al., 2003; Low et al., 2008;
Martinez-Gonzalez et al., 2008; Canavan and Margoliash, 2020). Furthermore, in most studies, REM sleep increases following sleep
loss in both mammals and birds (Tobler and Borbèly, 1988; Low et al., 2008; Martinez-Gonzalez et al., 2008; Newman et al., 2008;
but see van Hasselt et al., 2020a). Finally, REM sleep is highest in young and declines throughout ontogeny in altricial barn owls
(Tyto alba), as in altricial mammals (Scriba et al., 2013).
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Fig. 1 Correlates of NREM and REM sleep in a pigeon. From top to bottom: hypnogram of sleep states (NREM sleep in blue and REM sleep in red);
time frequency representation of the right anterior hyperpallial electroencephalogram (EEG); right anterior and posterior hyperpallial EEG; left anterior
and posterior hyperpallial EEG; left and right hyperpallial temperature; left and right eye movements along horizontal and vertical axes defined relative
to the plane of eyelid closure. Positive increases in signal values represent rostral and dorsal movements respectively; neck electromyogram (EMG,
high pass filter set at 10 Hz, order 2); 3-axial accelerometry.
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Fig. 2 Traveling slow waves in the avian cortex (hyperpallium) during NREM sleep. (A) Position of a 32-channel silicon electrode grid (red) in the hyperpallium of a pigeon (medial, left and dorsal, top).
Input from the avian lateral geniculate nucleus (LGN) projects primarily to the interstitial part of hyperpallium apicale (IHA) and the hyperpallium intercalatum (HI). The underlying hyperpallium densocellulare
(HD) receives relatively little input from the LGN. The hyperpallium overlies and is interconnected with the dorsal and ventral mesopallium (MD and MV) and nidopallium (N). (B) Five-second example of local
field potentials showing the spatial distribution of slow waves in the hyperpallium during NREM sleep. (C) Propagating slow waves during NREM sleep: red underlined 1.2 s episode from panel (b) is
visualized in a sequence of image plots where pixels represent electrode sites and electrical potential is coded in color. Both negative and positive potentials are largest in amplitude in the thalamic input
layers. They also propagate most prominently within these layers and, to a lesser extent, the overlying hyperpallium apicale (HA). E, entopallium; LSt, striatum lateral; MSt, striatum medial. Reproduced from
van der Meij, J., Martinez-Gonzalez, D., Beckers, G. J. L., Rattenborg, N. C., 2019. Intra-“cortical” activity during avian non-REM and REM sleep: variant and invariant traits between birds and mammals.
Sleep 42, zsy230.
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Some other features of mammalian REM sleep are only partially expressed or have not been found in birds (Fig. 2). Pigeons
(Columba livia) increase cortical (hyperpallial) temperature during REM sleep, albeit 10 times less compared to mammals
(Fig. 1) (Ungurean et al., 2020). Unlike mammals in which episodes of REM sleep can last several minutes, episodes of avian
REM sleep rarely last longer than 10 s. Nonetheless, birds can exhibit over 750 episodes of REM sleep during a single night (Tisdale
et al., 2018; Canavan and Margoliash, 2020). Finally, in contrast to mammals, REM sleep in birds does not appear to be accom-
panied by a hippocampal theta rhythm (Rattenborg et al., 2011).

The muscle atonia typical of mammalian REM sleep is rarely observed in birds. Nonetheless, birds often exhibit behavioral signs
of reduced tone, such as head drooping, swaying, sliding of the wings off the side of the body, or the collapse of feathers held erect
during preceding NREM sleep. A study of domestic geese suggests that birds are able to regulate muscle tone during REM sleep in
a posture-dependent manner (Dewasmes et al., 1985). When geese enter REM sleep with their head fully supported on their back,
atonia of the neck muscles is observed, but when they enter REM sleep with the head facing forward, unsupported, the head drops in
a controlled manner and some muscle tone is maintained (Fig. 4). Birds likely rely on this ability to partially or locally regulate
muscle tone to balance while sleeping on one foot during REM sleep. Indeed, contrary to the popularly held view that perching
birds rely on a passive perching mechanism in their foot to grasp a perch, a series of experiments in starlings indicates that perching
birds actively hold on to the perch during sleep (Galton and Shepherd, 2012).

Fig. 3 Avian local sleep homeostasis. (A) Experimental design: a 12 h baseline night follows an undisturbed day; 4 h into the next day, pigeons
were kept entirely awake while watching David Attenborough’s “The Life of Birds” with only one eye; the birds were then allowed to engage in
recovery sleep. (B) Spectral power density of NREM sleep during the first 3 h of the recovery night for the visually-stimulated hyperpallium (VS, dark
blue) and visually-deprived hyperpallium (VD, light blue) expressed as a percent of the baseline night mean (100% line). Colored squares at the
bottom of the plot reflect pairwise comparisons between power density of the VS hyperpallium during the recovery and baseline nights (dark blue),
and the VS and VD hyperpallia during the recovery night (red). Note the significant <5 Hz inter-hyperpallial asymmetry in power density with greater
power in the VS hyperpallium. Power density of the VD hyperpallium was not significantly different from baseline. Inset: drawing of a frontal view of
a transverse section through the cerebrum of a pigeon highlighting the hyperpallium. Modified from Lesku, J. A., Vyssotski, A. L., Martinez-Gonzalez,
D., Wilzeck, C., Rattenborg N. C., 2011. Local sleep homeostasis in the avian brain: convergence of sleep function in mammals and birds? Proc. R.
Soc. B Biol. Sci. 278, 2419–2428.

Fig. 4 Posture-dependent regulation of muscle tone during REM sleep in geese. Along with many other birds, geese can engage in REM sleep
while balancing on one foot. The head can face backward, supported on the birds back (left bird) or forward and unsupported (right bird). When the
head is supported it usually remains still and the neck electromyogram (EMG) shows atonia. By contrast, when the head is unsupported it drops in
a controlled manner and the neck EMG shows hypotonia. Birds only occasionally show behavioral signs of reduced tone in the muscles involved in
holding the wings against the body and balancing on one foot. Illustration by Damond Kyllo based on Dewasmes, G., Cohen-Adad, F., Koubi, H.,
et al. 1985. Polygraphic and behavioral study of sleep in geese: existence of nuchal atonia during paradoxical sleep. Physiol. Behav. 35, 67–73.
Reproduced from Blumberg, M. S., Lesku, J. A., Libourel, P. A., et al. 2020. What is REM sleep? Curr. Biol. 30, R38–R49.

Sleep in birds 71

Encyclopedia of Sleep and Circadian Rhythms, Second Edition (SLS2), Second Edition, 2023, 68–76

Author's personal copy



In most birds, the behavioral and physiological components of REM sleep occur in conjunction with EEG activation. However,
in young and adult ostriches (Struthio camelus), REMs and muscle atonia can occur with EEG activation or slow-waves (Lesku et al.,
2011a; Lyamin et al., 2020). As ostriches and other Paleognathic birds retain several primitive traits, it was suggested that this mixed
state reflects the ancestral state for birds (Lesku et al., 2011a). However, this interpretation is challenged by the presence of sleep
states typical of other birds in another Paleognathic bird, the elegant crested tinamou (Eudromia elegans) (Tisdale et al., 2017).

Interim summary

Birds and mammals exhibit sleep states with several similarities and some potentially important differences (Fig. 5). Several of the
electrophysiological features that occur during NREM and REM sleep in mammals, also define these states in birds. However, some
brain rhythms found in mammals have not been detected in birds. Although sleep seems to be regulated in a similar manner in
birds and mammals, further research is needed to understand the apparent absence of a dose-dependent response in NREM sleep
SWA and an increase in REM sleep following sleep deprivation in some birds. The thermoregulatory aspects of NREM and REM
sleep investigated in birds are qualitatively similar to those in mammals. Birds show signs of reduced tone during REM sleep,
but this appears to be locally regulated in a posture-dependent manner. Although the temporal distribution of REM sleep across
the main sleep period is similar in mammals and birds, episodes of REM sleep are much shorter and more frequent in birds.

Evolution of avian sleep

The similarities between avian and mammalian sleep states were either inherited from the last common ancestor to mammals and
birds or evolved independently in each lineage. As birds are a derived type of reptile that evolved from bipedal dinosaurs, the
common ancestry hypothesis predicts that non-avian reptiles should show similar sleep states. Unexpectedly, in contrast to the
largely consistent EEG correlates of NREM and REM sleep found within mammals and birds, studies on non-avian reptiles yielded
highly variable results, including (1) sleep-related changes in EEG or local field potential (LFP) activity similar to those during
mammalian/avian NREM and REM sleep, (2) only one sleep state similar in some respects to NREM sleep, (3) no change in
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Fig. 5 Similarities and differences between mammalian and avian NREM and REM sleep. Listed are shared (solid-color), partially shared (color
gradient) and taxon-specific (white background) features of each state for mammals and birds. * Hippocampal recordings during sleep have revealed
SWR in some, but not all, avian species. More research is needed to understand this diversity and the degree of homology between SWR reported in
birds and mammals. Abbreviations: EEG, electroencephalogram; REMs, rapid eye movements; SWR, sharp-wave ripples; Tbr, brain temperature.
Pigeon and rat illustrations by Damond Kyllo.
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EEG activity between wakefulness and sleep, and (4) patterns not directly comparable to either NREM or REM sleep (Libourel and
Herrel, 2016). Contradictory results were even reported within the same species, the spectacled caiman (Caiman sclerops), studied by
different laboratories. The reasons for the diverse findings remain unclear, but may reflect (in part) differences in recording methods
and conditions. However, divergent results have also been found between closely related lizards recorded using the same modern
methods in the same laboratory, indicating that interspecific differences account for some of the variable results in reptiles (Shein-
Idelson et al., 2016; Libourel et al., 2018). Moreover, even when an EEG state similar to REM sleep has been reported in reptiles,
other aspects of REM sleep present in mammals and birds, such as an increase in brain temperature, are absent (Ungurean et al.,
2020). These diverse findings make it difficult to determine whether NREM and REM sleep were present in the common ancestor
to mammals, birds, and non-avian reptiles. Perhaps states antecedent to NREM and REM sleep were present in the common (or
earlier) ancestor, as suggested by recent work on zebrafish (Leung et al., 2019), that were elaborated upon independently in a similar
manner in mammals and birds. These antecedent states might date very far back in evolutionary time, or evolved independently
multiple times, given behavioral signs of two states resembling NREM and REM sleep in cephalopods (cuttlefish and octopus) (Igle-
sias et al., 2019; Lima de Souza Medeiros et al., 2021). The various components that we typically use to define NREM and REM sleep
may have also evolved at different times. In this respect, tracing the evolution of sleep components and their temporal relationships,
rather than sleep states per semight be amore informative approach to understanding the evolution of sleep (Blumberg et al., 2020).

Despite the variable results observed in reptiles, a common electrophysiological correlate of sleep is the appearance of high-
voltage sharp-waves (HShW) (Libourel and Herrel, 2016). However, the incidence, duration and morphology of these HShW varies
across studies. In some species, HShW resemble the sharp-waves that occur in the mammalian hippocampus during NREM sleep,
whereas in others, such as bearded dragons, they are slower, reminiscent of the slow-waves that define NREM sleep in mammals and
birds (Shein-Idelson et al., 2016; Libourel et al., 2018). As a result, it is debated whether reptilian HShW are an evolutionary
precursor to mammalian hippocampal sharp-waves or slow-waves. The occurrence of reptilian HShWs in non-hippocampal brain
regions that generate slow-waves in birds (Beckers et al., 2014), and the fact that they originate in the claustrum (Norimoto et al.,
2020), a region also implicated in mammalian slow-waves (Narikiyo et al., 2020), suggest that reptilian HShW are more closely
related to mammalian/avian slow-waves than they are to mammalian hippocampal sharp-waves. Regardless, the presence of inter-
mittent, synchronous bursts of brain activity in sleeping larval zebrafish (Leung et al., 2019), suggests that such forms of brain
activity evolved early in vertebrates.

Function of avian sleep

A growing body of research across a diverse array of animals indicates that sleep plays a role in processing information acquired
while awake. For example, in birds, sleep has been implicated in imprinting (Jackson et al., 2008), song learning (Derégnaucourt
et al., 2005; Brawn and Margoliash, 2015), and auditory memory (Brawn and Margoliash, 2015). In mammals, the various brain
rhythms occurring during NREM sleep (slow-waves, spindles, and hippocampal sharp-wave ripples) and REM sleep (hippocampal
theta rhythm) are thought to play an active role in processing information (van der Meij et al., 2020). The apparent absence of tha-
lamocortical spindles and hippocampal theta during NREM and REM sleep, respectively, in birds, as well as uncertainty over
whether birds exhibit hippocampal sharp-wave ripples, raises the possibility that birds process information differently from
mammals (van der Meij et al., 2020). Nonetheless, the local use-dependent regulation of EEG SWA in birds (Lesku et al.,
2011b), a feature shared with mammals, might be involved in processing information at a local level in the avian brain. Additional
research is needed to determine the functional implications of the apparent differences and similarities between the electrophysi-
ological correlates of sleep in mammals, birds, and other taxonomic groups.

Avian sleep in response to ecological demands

Historically, the amount of time that animals spend sleeping has been viewed as largely fixed; species A sleeps X hours, while species
B sleeps Y hours. However, a growing body of research, particularly on birds, indicates that the composition and duration of sleep is
highly flexible within and between individuals of a species. Notably, several studies in captivity and, more recently, in the wild have
revealed that sleep changes dramatically in response to changing ecological conditions.

Birds often keep one eye open during NREM sleep (Rattenborg et al., 2019). This behavior has been observed in many avian
orders and may be an ancestral trait, as reptiles also engage in unilateral eye closure (Kelly et al., 2015). Unilateral eye closure
in birds is associated with interhemispheric asymmetries in the level of NREM sleep SWA, with the hemisphere receiving projections
primarily from the closed eye showing greater SWA (i.e., more intense sleep). Such asymmetries are similar to those observed in
sleeping cetaceans and fur seals. Although the magnitude of the asymmetry is often smaller in birds, asymmetries comparable to
those in aquatic mammals have been observed in some birds (Rattenborg et al., 2016). In both birds and some aquatic mammals,
interhemispheric asymmetries in the level of SWA may serve as a compromise between competing needs for sleep and monitoring
the local environment. Indeed, when compared to mallard ducks (Anas platyrhynchos) safely flanked by other ducks, those sleeping
exposed at the edge of a group engage in more unilateral eye closure and direct the open eye away from the group, as if watching for
approaching threats (Rattenborg et al., 1999; see also Rattenborg et al., 2016).
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In addition to keeping one eye open, birds can also modulate the composition of sleep in other ways. Pigeons spend less time in
REM sleep when sleeping on a low perch compared to a higher one, presumably owing to an increase in the perceived risk of preda-
tion (Tisdale et al., 2018). Garden warblers (Sylvia borin) that are in poor condition (low fat and muscle mass) during a migratory
stopover prefer to sleep in an energy saving posture, with their head tucked in the feathers on their back, whereas warblers in better
condition prefer to sleep with the head untucked and facing forward, a posture associated with a faster response to threatening
sounds (Ferretti et al., 2019). Thus, garden warblers in poorer condition sacrifice anti-predator vigilance for increased energy savings
while sleeping with the head tucked.

Birds can also reduce the overall time spent sleeping in response to ecological demands. Several European songbirds sleep 2 h
less during the summer, relative to winter, likely in response to differences in daylength (Steinmeyer et al., 2010; van Hasselt et al.,
2020b). White-crowned sparrows (Zonotrichia leucophrys gambelii) reduce the time spent sleeping by two-thirds when exhibiting
migratory restlessness in captivity (Rattenborg et al., 2004). EEG-based studies of pectoral sandpipers (Calidris melanotos) and great
frigatebirds (Fregata minor) in the wild found even more dramatic reductions in sleep. During the breeding season, male pectoral
sandpipers compete intensively for territories and choosy females under constant light of the Arctic summer. Interestingly, the time
spent sleeping varies greatly among males, with some spending as much as 95% of the time active for weeks at a time (Lesku et al.,
2012). Interestingly, the males that spend the most time awake sire the most offspring, suggesting that they do not experience the
decrements in neurobehavioral performance that usually accompany extended periods of wakefulness in other animals. Similarly,
great frigatebirds also experience periods of drastic sleep deprivation. Frigatebirds spend weeks at sea searching for food, but cannot
safely land on the water. Instead, they catch flying fish and squid as they jump out of the water to evade sub-surface predators.
Although it had been speculated that frigatebirds and other species that fly for extended periods of time sleep in flight, until recently
this had never been demonstrated. EEG recordings showed that female frigatebirds can sleep in flight and they usually do so asym-
metrically or unihemispherically (Fig. 6) (Rattenborg et al., 2016). Sleep usually occurs at night while the birds circle in rising air

sway
surge
heave

L EEG

R EEG

18 min

Fig. 6 Electroencephalogram (EEG) and accelerometry (sway, surge and heave) recording from a frigatebird sleeping while circling in rising air
currents. When the bird circled to the left (as indicated by centripetal acceleration detected in the sway axis) the bird showed asymmetric NREM
sleep, here referred to as slow wave sleep (SWS), with the left hemisphere sleeping deeper (larger slow waves) than the right (ASWS-left). When the
bird circled to the right, the right hemisphere slept deeper than the left (ASWS-right); during the other recording segments the bird was awake.
Although the birds’ eye state is not known, based on studies from other birds, the EEG asymmetries suggest that the frigatebirds kept the eye
connected to the more awake hemisphere open and facing the direction of the turn, as shown in the bottom illustration of a bird circling to the right.
Top reproduced from Rattenborg, N. C., Voirin, B., Cruz, S. M., et al. 2016. Evidence that birds sleep in mid-flight. Nat. Commun. 7, 12468.
Illustration by Damond Kyllo.
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currents. The hemisphere that is more awake is connected to the eye facing into the turn, suggesting that they are looking where they
are going. Surprisingly, despite being able to sleep on the wing, frigatebirds sleep less than 1 h per day, whereas once back on land
they sleep over 12 h. Consequently, like some of the pectoral sandpipers, frigatebirds have the capacity to perform adaptively under
challenging real-world ecological circumstances on very little sleep.

At first glance, these findings might seem far from relevant for understanding mammaliandand ultimatelydhuman sleep.
However, the discovery of asymmetric sleep in ducks, expressed as a response to predation risk (Rattenborg et al., 1999), inspired
research that led to the finding that humans also sleep less deeply with parts of the left hemisphere during the first night spent in
a novel environment, apparently to monitor the surroundings for sounds at night (Tamaki et al., 2016). Similarly, the ability to
greatly reduce the time spent sleeping exhibited by some birds does not mean that sleep is unimportant or functionless, but rather
that they might have evolved a mechanism to cope with sleep loss when it is advantageous to forgo sleep. Thus, future research
aimed at understanding the mechanisms underlying adaptive sleeplessness in birds might again inspire novel and unexpected
research paths on mammals.
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