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Here, we propose an original approach to explain one of the great unresolved
questions in animal biology: what is the function of sleep? Existing ecological
and neurological approaches to this question have become roadblocks to an
answer. Ecologists typically treat sleep as a simple behavior, instead of a
heterogeneous neurophysiological state, while neuroscientists generally fail
to appreciate the critical insights offered by the consideration of ecology and
evolutionary history. Redressing these shortfalls requires cross-disciplinary
integration. By bringing together aspects of behavioral ecology, evolution,
and conservation with neurophysiology, we can achieve a more comprehensive
understanding of sleep, including its implications for adaptive waking behavior
and ﬁtness.

Trends
Few studies have measured sleep neurophysiology in ecologically relevant
contexts.
Using behavior as a proxy for sleep has
limitations.
Sleep ecophysiology can provide
unique insights into sleep evolution
and function.
The relevance of sleep for ﬁtness in wild
animals remains poorly understood.

Why Do We Sleep?
Sleep is ubiquitous across the animal kingdom [1]. Multiple, nonexclusive hypotheses for the
purpose of sleep have been proposed, including energy homeostasis [2,3], maturation of the
central nervous system [4–6], maintaining high waking neurobehavioral (see Glossary) performance [7], strengthening [8] or weakening [9] synaptic connections, waste clearance from the brain
[10], and the enforcement of inactivity when wakefulness is unproductive or dangerous [11,12].
Sleep also has costs: during sleep, animals are typically immobile and less aware of the local
environment, making them vulnerable and unable to perform other essential tasks [13,14]. In this
way, the need for sleep inﬂuences all aspects of the biology of an animal and creates important
trade-offs for ﬁtness [14]. Given that no single hypothesis currently explains all aspects of sleep, it is
likely that sleep serves multiple functions and is under different selective pressures in different
species [15–18]. Nevertheless, the speciﬁc functions of sleep remain an active topic of debate.
How might we provide new insight into sleep? Most basic sleep research is conducted in
laboratories, typically on rats, mice, and, more recently, fruit ﬂies (Drosophila melanogaster).
Such research provides a wealth of information into the genetics, cellular basis, regulation, and
signiﬁcance of sleep. However, the laboratory is an intentionally simpliﬁed environment that fails
to capture the complexity of natural conditions [19,20]. Laboratory rodents and ﬂies are also
simpliﬁed animals owing to generations of selective breeding [21]. Meanwhile, relatively few
ecological studies have explored how the timing, location, and duration of sleep have been
shaped under natural conditions. Moreover, these studies typically characterize sleep solely by
its outward behavior [22,23], rather than its more informative neurophysiological state (Box 1).
Both approaches have merit; however, a clear gap in current research is the comprehensive
study of sleep in real-world, ecologically relevant situations. Filling this gap will be crucial for a
comprehensive understanding of the functions and evolutionary origins of sleep.
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Box 1. Sleep is a Heterogeneous Neurophysiological State

Glossary

Sleep is fundamentally a neurophysiological state that can be characterized by changes in the electrical activity of the
brain. In the fruit ﬂy, brain activity is reduced during sleep compared with wakefulness [33]. Similarly, in forager honey
bees (Apis mellifera), the daily timing of inactivity is associated with reduced sensitivity of neurons [68]. Bees and fruit ﬂies
also show within-individual variation in sleep depth (or intensity), as deﬁned by variation in arousal threshold [33,69]. In
other species, the heterogeneity of sleep is even more pronounced. Birds and mammals have two distinct types of sleep,
called rapid eye movement (REM) and non-REM (or slow wave) sleep [70], which are thought to serve different or
complementary functions [37]. REM and non-REM sleep can be distinguished from one another, and from wakefulness,
using records of brain and muscle activity, called the electroencephalogram (EEG) and electromyogram (EMG),
respectively (Figure I).

Arousal threshold: the level or
intensity of stimulus required to
awaken a sleeping animal.
Cognition: neurological processes
involved with the acquisition and
integration of new information that
affects future behavioral responses.
Electroencephalogram (EEG):
used to measure electrical (voltage)
activity in the brain; commonly used
to measure sleep in birds and
mammals.
Electromyogram (EMG): used to
measure the electrical activity of
skeletal muscles, which, together
with the EEG, can characterize sleep
states in some species. In mammals
and some birds, REM sleep is
associated with a reduction (or
absence) of skeletal muscle tone.
Neurobehavior: a term used in the
ﬁeld of sleep science that refers to a
wide range of behaviors purportedly
affected by sleep, including cognitive
processing, attention, motivation,
task performance accuracy, reaction
time, and emotional reactivity.
Neurophysiology: the physiology of
the nervous system, including the
brain.
Non-rapid eye movement (nonREM) sleep: a type of sleep
observed in mammals and birds,
characterized by large, slow waves of
electrical activity in the brain (stages
of non-REM sleep have been
characterized in humans).
Rapid eye movement (REM)
sleep: a type of sleep observed in
mammals and birds, so-called
because it is often accompanied by
rapid eye movements beneath closed
eyelids. Can also be referred to as
‘paradoxical sleep’ because it is
characterized by small, fast waves
brain waves, similar to those of an
awake animal.
Sleep intensity: the depth of sleep,
whereby a higher arousal threshold
indicates greater sleep intensity. In
mammals, sleep intensity is also
positively correlated with slow wave
activity.
Slow wave activity: the amount of
EEG slow waves during non-REM
sleep. Slow wave activity is a reliable
indicator of sleep intensity in
mammals [66], and shows similar
patterns of regulation in birds [67].

As well as demonstrating different types of sleep, sleep neurophysiology is closely associated with the regulation of sleep,
particularly in mammals and birds. Sleep is homeostatically regulated: lost sleep can be recovered by sleeping longer and
more intensely [33,66]. In mammals, the amount of EEG slow waves during non-REM sleep (or slow wave activity) is
correlated with sleep intensity, such that an animal is more difﬁcult to awaken when slow wave activity is higher [66]. In
birds and mammals, slow wave activity increases following sleep loss, and is greatest in regions of the brain that were
used most during prior wakefulness [66,67,71]. For example, after viewing (with only one eye) video footage of wild birds,
pigeons (Columba livia) show increased slow wave activity in the corresponding visual processing region during
subsequent sleep [67]. Consequently, sleep neurophysiology reveals important aspects of sleep composition and
regulation that are unavailable to the naked eye.

Behavior

EEG

EMG

Awake

Non-REM
sleep

REM sleep

Figure I. Electroencephalogram (EEG) and Electromyogram (EMG) Traces of an Awake and Asleep Mouse.
The EEG (showing brain waves) and EMG (reﬂecting skeletal muscle tone) are used to distinguish between wakefulness,
non-rapid eye movement (non-REM) sleep and REM sleep in mammals. During wakefulness, the EEG shows small, fast
waves, often accompanied with an EMG of moderate to high muscle tone. During non-REM sleep, these patterns are
replaced by large, slow brain waves, and relaxed skeletal musculature. During REM sleep, the EEG reverts to wake-like
brain activity, yet the EMG can show a profound reduction in muscle tone. Each trace is 4.5 sec long. Paintings
reproduced, with permission, from Linh My Tran Ly.

Here, we propose an innovative approach: sleep ecophysiology, as the cross-disciplinary integration of neuroscience, behavioral ecology, and evolution. While the importance of ecophysiology
is well recognized in the study of hormones and immune function [24–26], this approach is only
beginning to be applied to the study of sleep. We detail the theoretical advantages of bringing sleep
neuroscience to ecology, and highlight the value of studying wild animals to test and generate new
functional hypotheses for sleep. We also emphasize the broader insights that ecologists and
evolutionary biologists can gain by incorporating sleep into research.

Behavioral Proxies for Sleep Can Be Deceiving
How humans experience sleep might partly explain why some research characterizes sleep
solely as a behavior. In healthy humans, sleep is a profound behavioral shutdown lasting many
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hours at a time, with closed eyes and decreased responsiveness to the environment. However,
some species do not have such obvious outward behavioral indications of sleep (Figure 1).
Therefore, the amount of time an animal spends sleeping could be greatly underestimated if
based on behavioral observations alone. Accordingly, in laboratory studies of mammals,
estimates of sleep duration based exclusively on behavior tend to be lower than those based
on electrophysiology [27]. Birds can also have hundreds of ‘microsleeps’ across the 24-h day (e.
g., [28–31]), which could easily be missed in behavioral studies that only target or recognize
longer, mammal-like, sleep bouts. For species that can be awake while exhibiting sleep behavior
(i.e., sitting motionless with closed eyes), such as the three-toed sloth (Bradypus variegatus),
behavioral studies could also overestimate the amount of sleep [32].

(A)

(B)

(C)

(D)

(E)

(F)

Figure 1. Behavior Can be a Questionable Indicator of Sleep. (A) Rabbits and many grazing animals engage in nonrapid eye movement (REM) sleep with both eyes open [72]. (B) Ruminants, including cows and sheep, stand and even
continue to chew their cud during non-REM sleep [73]. (C) Dolphins can swim continuously while in non-REM sleep with one
half of their brain at a time, keeping open only the eye associated with the ‘awake’ hemisphere [48] (D) Ostriches sit in an
alert-like posture during non-REM sleep, with their eyes open and head held periscopically above the ground; only during
REM sleep do their eyes close and neck muscles relax [30]. (E) Birds that remain aloft for days, weeks, or longer [74,75],
including frigatebirds (pictured) [76], may even sleep on the wing, although this has yet to be conﬁrmed with EEG recordings
[65]. (F) Conversely, animals that rely on crypsis, such as sloths, may look asleep but may in fact be awake [32]. Paintings
reproduced, with permission, from Linh My Tran Ly.
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Box 2. Shedding Light on Sleep
In many species, the sleep–wake cycle has a circadian rhythm, which synchronizes sleep with the natural light–dark
cycle. However, the development and spread of artiﬁcial light at night has dramatically increased urban and peri-urban
nighttime light intensities worldwide [77]. Artiﬁcial light at night can have pervasive impacts on wildlife, causing shifts in the
daily timing of behavior [78–80], the seasonal timing of reproduction [81], decreasing reproductive success [82] and
altering community composition [83]. However, less well studied are the effects of artiﬁcial night lighting on sleep in natural
systems.
Light can affect sleep through multiple pathways [84]. Exposure to even dim light, similar to that of a full moon, can
suppress melatonin [80,85], a hormone that promotes sleep in diurnal species [86]. Suppression of nighttime melatonin
concentrations also delays and destabilizes endogenous daily rhythms (or circadian rhythms), including the sleep–wake
cycle [87]. Lastly, the presence of artiﬁcial night lighting could cause temporal shifts of activity in diurnal animals towards
the night [88], reducing the time available for nocturnal sleep.
Despite a recent surge in research on the ecological impacts of artiﬁcial light at night [89], the impacts of night lighting on
sleep neurophysiology remain largely unstudied. Consistent with expectations, recent behavioral studies showed that
wild great tits (Parus major) exposed to light at night appeared to sleep less and wake earlier [22,23]. However, insights
into how light at night affects sleep neurophysiology have come primarily from studies of humans, which found that
artiﬁcial light at night decreased the proportion of total sleep time allocated to REM sleep [35] and decreased non-REM
sleep intensity [36], but had no effect on overall sleep duration [35,36]. The neurophysiological effects of light at night
observed in these latter studies would not have been detectable from behavior alone.
Integrating neurophysiology and behavioral ecology with studies of conservation could offer more comprehensive
insights into the costs of anthropogenic disturbances, including artiﬁcial light at night, for ﬁtness [90,91]. By measuring
sleeping brain activity in the wild, ecologists will reveal the full range of effects of anthropogenic disturbances, behavioral
responses following sleep restriction and fragmentation, and ﬁtness consequences of sleep loss in ecologically relevant
contexts.

Even if reliable behavioral proxies for sleeping brain activity were to be demonstrated for a given
species [33,34], behavior alone cannot provide insight into the composition of sleep (Box 1). In
mammals and birds, the relative proportions of non-rapid eye movement (non-REM) and
REM sleep for a particular species can differ among individuals, environments, and treatments,
even without detectable differences in total sleep duration [28,31,32,35,36]. The independent
regulation of these two sleep states supports the idea that they serve different functional roles
[37] and highlights the importance of distinguishing between them. In addition, determining
sleep intensity from behavior requires an animal to be woken (to measure arousal threshold),
which is not always feasible or appropriate. Not all animals will even necessarily respond
behaviorally to being stimulated; for example, a hermit crab might remain in its shell to protect
itself, even after it awakens. Moreover, while some studies suggest that sleep intensity is derived
from changes in sleep continuity [38], such ﬁndings are not universal. Other studies have found
that sleep intensity cannot be inferred from sleep continuity [36], the total amount of sleep, or the
time since having fallen asleep [33]. Importantly, this means that behavioral studies that only
estimate sleep duration could miss other salient features of sleep (Box 2). The behavioral
correlates of sleep can even differ between genetic strains of a species [33], suggesting that
behavioral rules for sleep cannot necessarily be generalized across strains, species, or situations. Thus, sleep cannot be measured from behavior alone. An analogous situation would be
trying to understand the energetics of an animal from the amount of time it spends eating, with no
knowledge of what it is eating or how fast it eats. To study sleep, we need to examine behavior in
conjunction with measures of brain activity.

Taking Tech to the Field
Historically, approaches to studying sleep were constrained by technology. Neurophysiological
sleep patterns of almost every species recorded have been measured by connecting electrodes
on the brain to a computer (electroencephalography; EEG) via a cable tether. This experimental arrangement restricts movement to a small, circular area underneath the junction
between the tether and the top of the cage. Although foundational in many respects, the
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contribution of these studies to a comprehensive understanding of sleep is limited by the
restrictions placed upon the normal behavior of the experimental animals. More recent modiﬁcations use wireless technology that transmits EEG signals to a receiver, which allows
researchers to record sleep in unrestrained animals in more naturalistic settings [39]. However,
such technology still conﬁnes animals to the laboratory, where they may not exhibit natural sleep.
The development of innovative lightweight EEG data loggers, small enough to be used with
animals larger than around 100 g, recently removed these technological constraints [40]. As a
consequence, sleep ecophysiology is now a viable area for study.
Despite the development of suitable EEG technology, few studies have recorded sleep neurophysiology in the wild [29,31,32,41]. The ﬁrst to do so recorded the EEG of three-toed sloths
(B. variegatus) in the Panamanian rainforest [41]. Under natural conditions, the sloths slept less
than 10 h per day, compared with the 16 h previously recorded in captive sloths (see also [32]).
This research explicitly demonstrated the extent to which sleep can differ between natural and
captive environments, reinforcing the need for sleep research beyond the laboratory environment [42]. Now that studies of sleep in natural environments are technologically feasible, it is
important for research to advance accordingly, rather than continue with conceptual limitations.
The development of new technology for studying sleep is beneﬁcial not only for neuroscientists,
but also for behavioral ecologists and evolutionary biologists who wish to study sleep in the wild.
With appropriate training, researchers can use modern EEG technology to answer questions
that would have previously been unanswerable. Since sleep inﬂuences most aspects of the
biology of an animal and is likely to be an important component of ﬁtness, sleep research can
offer new insights into the trade-offs driving the evolution of animal behavior [13,14]. In addition,
anthropogenic changes to the environment, including increasing noise and artiﬁcial light, have
the potential to disrupt sleep, with implications for adaptive waking behavior, reproductive
ﬁtness, and species conservation (Box 2). Accordingly, there has been recent and growing
interest in understanding how sleep interacts with factors such as sex [23,43], age [23,43],
metabolic rate [44], season [23,43], light [22,23,43], predation risk [45], reproductive success
[46], and survival [46] in wild birds, namely great tits (Parus major) and blue tits (Cyanistes
caeruleus). These two species are ideal for behavioral studies of sleep, given that there are large,
well-studied populations of these birds that readily roost in artiﬁcial nest boxes. These boxes can
be equipped with video cameras, allowing researchers to monitor sleep-related postures with
minimal or no disturbance. Unfortunately, birds of this size are too small to be ﬁtted with modern
data loggers for recording brain activity. Therefore, the full potential of this system will depend
on the development of even smaller devices for measuring neurophysiology. In the meantime,
incorporating measurements of sleep neurophysiology in similar studies across taxa can
complement and broaden this research, providing more comprehensive answers to important
ecological and evolutionary questions.

Insights from Evolutionary and Ecological Systems
The Importance of Comparative Sleep Research
Unearthing the evolutionary history of sleep through phylogenetic comparisons can reveal
shared and derived sleep features, reﬂecting fundamental and evolutionarily new sleep functions
[34,47]. Likewise, consideration of ecological factors can offer an understanding of the selective
pressures inﬂuencing the evolutionary convergence and divergence of sleep traits. Sleep
research was historically rich in ecological and evolutionary considerations ([12] reviewed in
[13]), which provided some of the biggest leaps in our understanding of the sleeping brain.
One of the biggest paradigm shifts in sleep research came about from comparative studies
of aquatic mammals. Early EEG recordings of captive cetaceans demonstrated that, while
one half of their brain was awake, the other hemisphere could show the large, slow waves
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of non-REM sleep [48]. This unihemispheric sleep allows cetaceans to sleep while swimming
and is used (in part) for breathing in an aquatic environment [48]. These observations
demonstrated that resting behavior is not a requirement for sleep (Figure 1). Interestingly,
by selectively depriving only one hemisphere of non-REM sleep, researchers also provided
the ﬁrst hints that sleep might be regulated independently in each hemisphere [49]. Collectively, this research suggested that the beneﬁts of sleep lie primarily within the brain, rather
than the body [50–52]. Subsequent research expanded on these ﬁndings [53–55] and
ultimately led to a prominent idea common to many functional hypotheses for sleep: that
local increases in non-REM sleep-related slow wave activity maintain or restore neural
tissues used during wakefulness [9,10,31]. Sleep research in other species has led to
similarly intriguing ﬁndings. For example, some birds can sleep with one eye open, and
use this behavior to reduce predation risk while asleep [56,57]. When sleeping in a row,
mallard ducks (Anas platyrhynchos) on the periphery spend more time with one eye open,
direct their open eye away from the group, and can quickly detect a threat with their open
eye to initiate escape behavior [56]. These observations led to the recent discovery of a
somewhat similar phenomenon in humans, whereby people sleeping in an unfamiliar environment have reduced sleep depth in only one hemisphere, which facilitates more rapid
behavioral responses to external stimuli [58]. The above studies, albeit of captive animals,
show that environmental and ecological pressures (here, the need to keep swimming and
avoid threats) can drive the evolution of sleep. The latter also demonstrates that sleep is
affected by the local environment, emphasizing the importance of studying sleep under
natural environmental conditions.
Comparative sleep research can also inform about the evolutionary history of sleep, which could
hold clues to its function. Notably, only birds and mammals engage in unequivocal REM and
non-REM sleep [1]. A recent report of a REM sleep-like state in bearded dragons (Pogona
vitticeps) failed to exclude the possibility that putative REM sleep reﬂected partial or full
awakenings from sleep [59]. In the absence of such data, current evidence still suggests that
unequivocal REM and non-REM sleep evolved independently in early birds and mammals
[30,33]. If true, then these more derived sleep states may support evolutionarily new sleep
functions not found in other animals [34]. A possible explanation is that the evolutionary
convergence of avian and mammalian REM and non-REM sleep is related to the convergent
evolution of large, complex brains capable of advanced cognition [33,60]. Therefore, comparing sleep across mammals and reptiles (both avian and non-avian), and relating any similarities
(or differences) to changes in behavior, neuroanatomy, ecology, or phylogeny could be key to
understanding the function of different brain rhythms [49].
Differences in sleep among closely related species provide evidence for the divergent evolution
of sleep. In mammals, there is much variation in the amount of time species spend in REM and
non-REM sleep [61]. For example, the large hairy armadillo (Chaetophractus villosus) can spend
almost 16 h per day in non-REM sleep, whereas some ungulates might spend only one-tenth of
that time in non-REM sleep [61]. In theory, phylogenetic comparisons of sleep duration across
mammals allow large-scale evolutionary tests of hypotheses for the functions of REM and nonREM sleep, and the role of ecological factors in shaping how long animals sleep [16,62].
However, a persistent problem with such analyses is that data from each of the 100 or so
species available came from wild animals brought into the laboratory. Thus, it is unclear whether
the relations identiﬁed by phylogenetic comparative analyses reﬂect ﬁxed evolutionary patterns
or plastic responses to an unnatural recording environment [16,41]. Addressing this problem
requires a better understanding of the extent to which sleep in the laboratory differs from sleep in
wild animals and, more importantly, the source of any differences. Therefore, we need sleep
ecophysiology: recordings of sleeping brain activity from wild animals, living in the environmental
and ecological context in which sleep evolved.
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Sleep Ecophysiology: A Way Forward
Sleep ecophysiology has the capacity to test predictions for the functional and ecological correlates
of sleep within an ecologically relevant context. For example, in comparative analyses of sleep in
captive animals, the risk of predation is commonly found to be a strong determinant of sleep
duration [16]. Species that sleep in more exposed (potentially dangerous) locations and those of
lower (more herbivorous) trophic positions have less REM sleep than less vulnerable sleepers
[15,16,61], presumably because REM sleep can be a particularly deep form of sleep [13]. In
addition, some species may be more vulnerable when asleep, while others might in fact be safer, if
they are less detectable to predators while sleeping than when they are active [63]. To test some of
these predictions, a recent study compared the sleep EEG of wild mainland sloths (B. variegatus),
which are exposed to nocturnal predators, with that of their sister species, pygmy three-toed sloths
(Bradypus pygmaeus), on an island without predators [32]. While both species spent a similar
amount of time in non-REM and REM sleep, the mainland sloths showed a preference for sleeping
at night, whereas the island sloths showed no such preference. Since remaining still and cryptic is
the primary antipredator defense of a sloth, it could be disadvantageous for sloths to move and
forage when their predators are active. Further studies of sleep in the wild would help us to better
understand the trade-offs between risk, antipredator vigilance, and sleep.
Sleep ecophysiology can also expand existing functional hypotheses. The ontogenetic hypothesis, which is one of the longest-standing hypotheses for the function of sleep, proposes that
REM sleep in particular is important for early development of the brain [4]. In altricial mammals,
the amount of REM sleep is highest at birth and declines to a species-speciﬁc level during early
postpartum life [18]. A recent study also demonstrated this pattern in wild birds, showing that
younger owlets (Tyto alba) had more REM sleep than older owlets [31]. This same study found
that the amount of REM sleep covaried with the expression of a gene linked with melanism.
These ﬁndings could intimate that there are pleiotropic effects linking melanism to sleep and
REM sleep-mediated brain development in owls.
Ecological studies can provide unique insights into sleep function by revealing trade-offs
between the neurophysiological beneﬁts of sleep and missed-opportunity costs [14]. In this
way, sleep ecophysiology can challenge existing ideas and generate new functional hypotheses.
For example, while sleep loss causes attentional and motivational impairments in humans [64],
little is known about how sleep loss relates to waking performance and ﬁtness in the wild (Box 3).
If sleep loss per se does not impair the ability to mate, trading off sleep for increased breeding
opportunities may yield substantial ﬁtness beneﬁts. Male pectoral sandpipers (Calidris melanotos) are polygynous shorebirds that breed under the continuous daylight of the high Arctic
summer, where competition for fertile females is intense. EEG recordings have revealed wide
variation in how much these birds sleep, with some males sleeping less than 2 h per day,
seemingly for several weeks [29]. Interestingly, males that slept the least had the highest
breeding success, without any apparent short-term costs for survival [29]. These observations
contradict the view that sleep loss inevitably impairs waking performance. Whether super-active
males are of higher quality and better able to withstand less sleep, or whether they suffer longterm costs from losing sleep, remains unknown. Investigating the mechanisms or genetic
differences that allow some males to perform well on little sleep for extended periods could
enhance our understanding of sleep function. Furthermore, this study sets an important
precedent for adaptive sleep loss, and demonstrates the need to understand how selective
pressures affect sleep. It is possible that selection for sleep loss when ecological demands favor
extended periods of wakefulness (e.g., to maximize reproductive success or allow long distance
migrations) is more common in wild animals than is currently appreciated [65].
Studying neurophysiology in a wild animal requires it to be captured, ﬁtted with an EEG data
logger, released, and then later recaptured so that the data can be retrieved. Although sleep
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Box 3. Sleep-Dependent Cognition in the Wild

Outstanding Questions

Advanced cognition is a key trait enhancing the ﬁtness of many animals [92]. However, maintaining the neural
mechanisms for advanced cognition, including specialized memory, is energetically expensive [9,93] and is often
dependent on sleep [8,94]. In addition, sleep can impose missed-opportunity costs on animals by limiting the time
available to perform other behaviors [13,14]. Much work on sleep-dependent cognition is conducted using reaction-time
tasks (such as the psychomotor vigilance task), word recall tests, and rodent mazes [95,96]. However, little is known
about how these laboratory observations translate to an ecological context [14]. Studies in wild animals could
complement laboratory studies [20] by testing the effects of sleep loss on cognition in contexts where it has direct
relevance to evolutionary ﬁtness [14].

Which ecological and evolutionary factors explain interspeciﬁc and intraspeciﬁc variation in the duration and
composition of sleep?

An ideal candidate system for investigating multi-level relations between sleep, waking performance and ﬁtness would be
male great bowerbirds (Chlamydera nuchalis). Bowerbirds are a group of birds best known for their unique and highly
conspicuous precopulatory behavior. Male bowerbirds create a structure (bower) decorated with objects (gesso) during
the breeding season to attract fertile females. Across species, bowers vary in their size and complexity. Great bowerbirds
build a particularly complex bower, with a gesso size-gradient in which the smallest objects are placed nearest the
female. This gradient is thought to create a forced perspective, which could make the male appear larger than his true size
when viewed from the location of the female [97]. Males vary in their ability to create this forced perspective [98],
potentially due to male–male variation in ability to locate and transport gesso from the surrounding environment [99].
Males that are better at creating a forced perspective are preferred by females, and achieve greater reproductive success
[100]. While awake, sexually mature males spend the majority of their time adding to and rearranging the gesso at their
bower, suggesting that it is a demanding task that requires motivation, sustained attention, motor coordination and
endurance (J. Endler, personal communication, 2016). By testing the effects of sleep restriction on male gesso
placement, female choice, and breeding success, it would be possible to determine the importance of sleep for
neurobehavioral performance and evolutionary ﬁtness.

Do only birds and mammals engage in
REM and non-REM sleep and, if so,
why?
How do environmental factors, including anthropogenic disturbances, affect
the timing, composition, and intensity
of sleep in wild animals?
What are the short- and long-term ﬁtness consequences of sleep and
sleeplessness in the wild? What are
the underlying differences in physiology
or inherent quality that allow some individuals to perform well on little sleep?

ecophysiology has only been applied to the four species described above, this approach can be
used in any species that has a reasonable likelihood of recapture and that is large enough to
carry the logger. The full potential of sleep ecophysiology will only be realized through studies on
a broader range of taxa, including reptiles, amphibians, ﬁsh, and large invertebrates. Nevertheless, as demonstrated here, existing studies of sleep ecophysiology have already begun to offer
important and unique insights into the evolution and function of sleep.

Concluding Remarks
Currently, neurophysiological studies of sleep are almost exclusively conducted in the laboratory. We argue that understanding how animals sleep in diverse, ecologically realistic situations
will help to generate and test hypotheses for the multiple functions of sleep. Furthermore, recent
developments in technology allow neuroscientiﬁc methods to be adopted by any ecologist who
wishes to investigate the important, promising links between sleep and ﬁtness, conservation,
and the evolution of animal behavior (see Outstanding Questions). The few studies that have
embraced these research opportunities have already made considerable contributions to our
understanding of sleep. We believe that the discipline of sleep ecophysiology, a nexus between
neuroscience and evolutionary ecology, will offer invaluable insights into the origins, evolution,
functions, and modern-day importance of sleep.
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