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Abstract: Sleep, a ubiquitous behavior reported in animal 
kingdom spreads out from cnidarians to mammals. 
Evolutionarily it is linked with the development of nervous 
system which was first time reported in phylum Cnidaria. 
Thus, this information satisfies a basic function of sleep 
which is memory processing and information storage. 
Besides this, cellular restoration and synaptic scaling also 
encompass as the core function of sleep. Sleep is broadly 
characterized by the oscillation of NREM (Non-rapid eye 
movement) and REM (Rapid eye movement) sleep cycles in 
mammals. Interestingly its distant relative birds also show 
the same stages while sleeping. Therefore, avian sleep can 
act as window to understand the mechanisms associated 
with generation and function of mammalian sleep. Avian 
sleep shares many similarities with that of mammals, for 
instance, presence of REM/NREM sleep states which in turn 
are under circadian and homeostatic control. Likewise minor 
differences also exist between the two groups for example, the 
thalamocortical spindles and the ripple complex which are 
missing from bird sleep. Thus, avian model system can help in 
understanding the complicacies associated with mammalian 
sleep (with reference to human) during health and illness.

Keywords: Cellular restoration, Circadian, NREM, REM, 
Sleep.

I. Evolution of Sleep Across Taxa

How far in the evolutionary history does origin of sleep dates 
back? Looking at the evolutionary tree sleep can be observed 
as a conserved behavior prevalent in vertebrates, molluscs, 
arthropods etc. But on the basis of literature available sleep 
can be traced back to Cnidarians as they were the first phylum 
to evolve nervous system [1]. Reports suggest that jellyfish, a 
member of Cnidaria, undergo periods of extended behavioral 
shutdown that can be reversed by sensory stimulation [2]. 
Thus, it can be speculated that sleep co-evolved with neurons. 
Tracing sleep before Cnidarians is uncertain, as the most 
phylogenetically ancient animal phylum i.e. Porifera lacks the 
presence of nervous system and thus, could not exhibit essential 
features of sleep. Thus, Cnidaria is the oldest extant animal 
phylum exhibiting sleep like traits in the animal kingdom.
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Moving on to vertebrates, the mammalian (human) sleep is 
basically characterized by the presence of REM and NREM 
cycles. Besides human, birds have interestingly evolved 
REM/NREM sleep cycles whereas a hypothetical antecedent 
to NREM was supposed to exist in reptiles which are a 
closer relative to avian group than that of mammals. These 
findings suggest convergent evolution of distinct sleep states 
in birds and mammals [3]. However, recent EEG recordings 
reveal the presence of NREM/REM sleep cycles in lizards as 
well which possess an oscillatory circuit for controlling the 
balance between the two sleep states [4]. Since, in mammalian 
brain also NREM and REM were localized in forebrain and 
brainstem region respectively, thus, the two sleep states might 
have existed as a coupled mechanism in the amniote lineage of 
vertebrates [4]. Such an ancient coupling was also supported 
by the shared developmental origin of REM-, NREM- and 
wake- promoting neurons in the brainstem [5] along with a 
positive correlation between REM and NREM sleep duration 
across evolution [6]. However the phylogenetic origin of the 
two brain states is apparently not clear. It is assumed that 
REM state originated before NREM which can be proved 
by its electrophysiological resemblance with the wake state. 
REM state evolved as a modification of awake state which 
has deflected brain’s attention inwards away from any sensory 
stimuli [7] whereas NREM sleep which involves synchronous 
activity in the neocortex is relatively a late evolutionary 
adaptation. The presence of NREM sleep in sauropsids also 
supports this view since the neural circuitry along with the 
molecules discriminating neocortex from other brain regions in 
mammals seems to be intact in its analogous regions i.e. dorsal 
pallium and dorsal ventricular ridge [8, 9, 10]. Sauropsid’s also 
possess thalamus which regulates NREM sleep [11, 12]. The 
non-amniotic vertebrates lack the presence of REM/NREM 
sleep traits. This can be proved by studies done in teleost’s 
(for example; zebrafish) which possesses dorsal pallium and 
dorsal ventricular ridge but lack in thalamocortical loops which 
controls the frequency and synchrony of NREM sleep waves 
[13]. But clues to ancestral sleep-regulating systems may be 
present in these animals, since teleost’s thalamus projects as the 
pallial correspondent of the mammalian hippocampus [13] that 
generates sharp wave ripples facilitating memory consolidation 
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during NREM sleep. Remarkably, even in invertebrates, the 
structural and functional homologs of the two sleep states exist. 
Thus the evolution of sleep states might represent the neuronal 
oscillation of the ancestral circuitry that serves to enhance 
information storage.

 
 
 
 
 
 

 

 

 

Figure 1: Cladogram defining the evolution of sleep and its relationships across different 
phyla. Red line represents groups with REM and NREM sleep. Pink line represents taxa in 
which these sleep states are expected on the basis of its relatedness with red line group. Green 

Fig. 1: Cladogram Defining the Evolution of Sleep and its 
Relationships across Different Phyla

Red line represents groups with REM and NREM sleep. Pink 
line represents taxa in which these sleep states are expected 
on the basis of its relatedness with red line group. Green lines 
represent groups with uncertain sleep outcomes. Magenta lines 
reflect group with multiple sleep features but not REM/NREM. 
The figure is redrawn from Joiner et al. 2016.

II. Why to Sleep?

Sleep, behaviorally quiescent state which prevents an organism 
to exploit its environment for feeding, mating and make them 
more vulnerable to predators. Despite of all these drawbacks 
sleep is practically unavoidable for organisms. The factors 
promoting sleep are likely to arise from intrinsic physiological 
demands which are yet to be recognized. Scientists working 
from decades have tried to justify sleep via adaptive inactivity 
and energy allocation hypotheses. 

A. Adaptive Inactivity
This idea is driven by the availability of food and safety of 
an organism. For example, armadillos sleep 20 hours a day 
whereas its contemporary sloth sleeps for about half of their 
duration. This behavioral attribute of the armadillos can be 
explained by the fact, since they are insectivorous in nature 
and most of the insect availability is during dawn and dusk 
[14] thus, they spend most of their time sleeping. Secondly, 
since armadillos inhabit comparatively cool, deep warren that 

protects them from predators and hot external ambience [15], 
thus it would energetically wasteful and potentially dangerous 
to stroll around unnecessarily. The above reason was also used 
to justify sleep in bats [16]. Besides the above example, daily 
torpor or seasonal hibernation poses more extreme situations for 
the animals. In this case, metabolism and arousal threshold are 
reduced further more than sleep. Thus, sleep can be considered 
as a midpoint between active and dormant state as it benefits 
the animal by reduced metabolic rate along with lower arousal 
thresholds [16, 17]. Taking into account the pervasiveness of 
sleep/wake cycle an animal requires a balance between the two 
for its optimum performance.

The hypothesis that sleep might have evolved as a state of 
adaptive inactivity does not eliminate the other anticipated 
function of sleep [16] instead it suggests that those functions 
evolved in species specific manner along with inactivity that 
lies at core of sleep. But some researchers argued that inactivity 
was not a function of sleep rather it was a product of the same. 
This idea was driven from the ontogenetic hypothesis, but 
focuses on muscle twitching feature of REM sleep. According 
to this hypothesis, REM sleep evolved as an internal tuning 
mechanism for sensorimotor circuits during absence of 
conflicting signals from environment [18]. Recent research 
indicates that twitching follows a temporal pattern regulated by 
the brainstem circuits that manifests twitching with increasing 
frequency with the progression of REM episodes. Since 
REM sleep precedes wakefulness therefore, some researchers 
hypothesized that it might have evolved to promote arousal by 
facilitating feedback from motor neurons [19]. This hypothesis 
is a more refined version of a previous hypothesis which states 
that REM sleep evolved to compensate for NREM sleep.

B. Energy Allocation Hypothesis
According to this hypothesis, sleep partitions different biolog-
ical processes according to the behavioral state to meet the 
overall energy requirements of the organism [17]. This implies 
that certain processes are more efficiently performed while 
awake whereas others during sleep state. Thus the energy 
allocation hypothesis addresses the loopholes of previous 
energy related or restorative theories regarding what sleep 
actually restores. As the whole body metabolism and brain 
energy reserves (like glycogen and ATP etc.) did not change 
much across 24 hour cycle, thus, these findings actually support 
the energy allocation hypothesis. The hypothesis also explains 
sleep homeostasis resulting from sleep deprivation which 
arises as a conflict because of shifting of sleep related energy 
consuming processes during wake hours, which increases sleep 
drive [17].

The above hypothesis also provides an explanation for the 
reduced sleep in migratory birds, male pectoral sandpipers 
and in new born cetaceans. The energy allocation concept is a 
temporary adaptive feature which directs essential biological 
processes to wake state which otherwise would occur while 
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sleeping. Animals which cannot bring about the efficient 
redirection, suffer negative consequences for the same. For 
instance, a migratory bird performs worse in an operant task 
during its non-migratory phase because of lack of seasonal 
adaptation [20]. Thus, the above hypothesis propounds a core 
function of sleep in energy conservation.

III. Resemblance between Avian and Mammalian 
Sleep

A. NREM Sleep
As mentioned earlier in the evolution of sleep, among the 
amniotes, birds show striking similarity in terms of sleep when 
compared with the mammals. NREM sleep is characterized 
by high amplitude slow waves of EEG. Similar to mammals 
[21], the avian slow wave sleep oscillates between neuronal 
depolarized and hyperpolarized states [22]. According to 
a recent study, the slow waves propagate as traveling waves 
through an avian brain similar to mammalian brain [23] despite 
of marked cytoarchitectural differences between the two groups 
[24]. Birds show mammalian like homeostatic regulation of 
slow wave sleep as it is maximum in the beginning of night 
and gradually decreases with time spent in NREM sleep [25, 
26, 27]. Another similarity between bird and mammalian sleep 
is in its response towards sleep deprivation. A study conducted 
on pigeons (Columba livia) proved an increment of slow 
wave sleep in response to 8 hours of sleep deprivation [28]. 
This study was the first experimental evidence of homeostatic 
regulation of NREM sleep in birds. Besides pigeon, white-
crowned sparrows (Zonotrichia leucophrys gambelli; [29]) 
showed similar response to sleep deprivation proving it to be 
a general feature of avian sleep similar to those in mammals. 
Apart from these two species, the behavioral examination 
of sleep in a migratory passerine finch, redheaded bunting 
(Emberiza bruniceps) revealed increased daytime drowsiness 
and napping because of intense nighttime activity during its 
migratory phase which again proves mammal like homeostatic 
regulation of sleep in avian class [30].

B. REM Sleep
Same as NREM, REM sleep also shares certain similarities 
between avian and mammalian class. REM sleep is represented 
by low amplitude, high frequency EEG activity similar to that of 
wakeful state [27, 29, 31]. Besides these EEG representations, 
REM is also demarcated by reduced muscle tone, rapid eye 
movement and occasional twitches [31]. In birds, the reduced 
muscle tone can be visualized behaviorally by gradual drop of 
head [31, 32] and suspended shivering and panting behaviors 
[31, 33] similar to mammals. 

REM sleep appears to be controlled by both homeostatic and 
circadian processes of sleep regulation with respect to its timing 
of appearance and amount in birds. In a diurnal species, time 
spent in REM sleep gradually increases with the passage of 
night [25, 26, 27, 28] but discrepancies have been reported 
in this pattern in some studies [34]. Studies in few species of 
birds reveal an increased frequency and duration of REM sleep 
across the night [27, 28]. To confirm the circadian regulation of 
REM, forced desynchrony experiments are yet to be performed 
in the avian class [35], but at least these studies indicate towards 
circadian regulation of timing of REM sleep in both birds and 
mammals. In addition to the influence of circadian regulation 
of REM sleep, Tobler and Borbély were the first to show the 
homeostatic control of REM sleep in 24 hour sleep deprived 
pigeons [28]. Besides acute deprivation of 24 hour, pigeon 
subjected to chronic sleep deficit by disk-over-water method 
[36] or other more effective version [37], demonstrate large 
increase in REM sleep similar to mammals (sleep deprived rats). 
Development of REM sleep is also similar in both birds and 
mammals. In mammals the amount of REM sleep is maximum 
in early life which reduces as the individual grows in age [7, 
38]. This occurs in utero and after birth in altricial species and 
in utero in precocial species [39, 40]. A recent study in barn 
owl (Tyto alba) nestlings revealed declination of REM sleep 
with aging [31], although more species need to be investigated 
with reference to the prevalence and persistence of REM sleep 
in birds.

IV. Differences between Avian and Mammalian 
Sleep

The aforementioned text reveals the similarities during sleep in 
both birds and mammals but as a coin has two faces, similarly, 
differences do also exist in sleep between the two classes. 
Several brain rhythms observed in sleeping mammalian brain 
were missing in birds while asleep [41]. To name, few of 
them are thalamocortical spindles, the sharp-wave or ripple 
complexes etc. although birds exhibit slow wave sleep, but 
mammal-like thalamocortical spindles were missing from the 
EEG records from a variety of species studied [41, 42]. Besides 
spindles and ripple complexes of NREM sleep occurring in 
mammalian hippocampus, grooming, feeding and brief pause 
of activity have never been reported in avian hippocampus 
during any sleep state. Consistent with these differences, the 
theta rhythm of hippocampus in mammals was also missing 
from different birds studied in past [41]. Therefore, the above 
information indicates towards a basic difference in processing 
of hippocampal information between aves and mammals during 
sleep and wakefulness.
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lines represent groups with uncertain sleep outcomes. Magenta lines reflect group with multiple 
sleep features but not REM/NREM. The figure is redrawn from Joiner et al. 2016. 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Similarities and differences between REM/NREM traits in birds and mammals. 
The following figure represents the features of REM and NREM sleep which are common 
between the two classes of vertebrates along with its differences. The figure is redrawn from 
Rattenborg et al. 2014. 

Fig. 2: Similarities and Differences between REM/NREM 
Traits in Birds and Mammals

The following figure represents the features of REM and 
NREM sleep which are common between the two classes of 
vertebrates along with its differences. The figure is redrawn 
from Rattenborg et al., 2014.

V. Conclusion

The mosaic of convergent and divergent evolution of different 
sleep traits in mammals and birds provide novel insights into 
the function and mechanism of sleep in mammals. The greater 
quantity of REM sleep in early phase of life, its persistence in 
mature strata of life and rebound after sleep deprivation in both 
birds and mammals advocate that these are the basic features of 
REM sleep. Parsimony would suggest that both the avian and 
mammalian sleep serve the same fundamental function. Talking 
of NREM sleep suggests that these slow wave oscillations 
play fundamental role in both the classes. Despite of marked 
differences in hippocampal memory processing in birds, the 
confined use-dependent homeostatic regulation of slow wave 
sleep in both the birds and mammals shares common role of 
synaptic scaling and cellular restoration occurring locally 
in the brain. Although birds prove to be an imperfect model 
for human sleep but they lay in their value for understanding 
human sleep. Further comparison of sleep between birds and 
mammals and across the entire animal kingdom might yield 
auxiliary information in the field of sleep research, which is 
not readily available following a traditional model based study. 
Henceforth, a more comparative approach for studying sleep 

across different animal taxa will likely have greater translational 
value in better understanding of human sleep during health and 
illness.
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