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Abstract: Many studies of sleep have tempted to establish a relation between environmental,
ecological, and physiological variables and sleep duration. This article establishes unambiguously
that there is a negative correlation between gestation and sleep durations in mammals. Gestation
offers the advantage that one species is characterized by a precise value of its gestation time, with
relative small variations, and it is a quantity that can easily be measured. The duration of gestation
is a parameter which differs from other parameters that have been used for comparison, such
as weight, brain size, and predatory danger. The review of all relevant research articles clearly
demonstrates that those mammals, which have longer gestation period, experience less sleep.
Within the class of mammals, precocial mammals, capable of moving at birth, show a relatively
short amount of rapid eye movement (REM) sleep (a unique phase of mammalian sleep) that does
not vary much after birth, while altricial species with a short gestation that are relatively more
dependent at birth adjust their amount of REM sleep after birth and show longer sleep duration
in-line with the present findings. The essential data on which this result is obtained has been
deduced from an extensive and attentive review of previously published articles on mammalian
sleep and mammalian gestation, among others. In answering the question “Why does species
with a shorter gestation period need more sleep?”’, many similarities in behavior between the
fetal state and REM sleep state have been identified. Even if at birth all sensory organs are fully
developed, their functions have not been exercised, and it is proposed that the amount of REM
sleep may be the time needed to strengthen adaptation of the senses to the external world and
its components, such as light, sound, contact, taste, odors, and particularly cold and gravity. The
assumption proposed is that REM sleep is needed to compensate for the short gestation. It is a
period for the brain to reorder and rearrange all sensations accumulated during wake and prepare
for the following wake period, and that REM sleep is a carry over of the fetal state.
Keywords: gravity, REM sleep, mammal, brain, fetus, neuron

Introduction

Sleep is the object of sustained scientific research; some of its functions are unclear,
and although many features have been discovered and explained, numerous questions
remain. Currently, it is thought that all species throughout the animal kingdom, have
periods of reduced activity or quiescence that can be equated to a state of sleep.' The
sleep of mammals, including the human species, has been the subject of numerous
analyses. Mammalian sleep involves complex mechanisms, some of which have been
identified and are well understood. Siegel* quotes that “Across mammals, the amount
and nature of sleep are correlated with age, body size and ecological variables, such
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as whether the animals live in a terrestrial or an aquatic
environment, their diet and the safety of their sleeping site.”
This encapsulates in one sentence that all of the parameters
are thought to influence sleep in mammals.

A comparison of the durations of mammalian sleep peri-
ods and their weights led to the conclusion that there are dif-
ferences between carnivores, herbivores, and omnivores with
regard to correlations between weight and sleep duration.?

Predation risk can also influence sleep duration;® how-
ever, the degree of risk was determined in the cited study
using a number of poorly defined, nonquantifiable factors
that are not established in the literature. Lighter animals are
at greater risk of predation, and this is demonstrated in the
article; however, this could indicate that the observed cor-
relation between predation risk and sleep could be attributed
to weight differences between species.

Other parameters studied in relation to sleep duration
include life span, heart rate, and brain weight. All these
constitutive variables are interrelated and may be a con-
sequence of the same underlying relationship, as noted
by Lesku et al.* Sleep duration can also be understood in
terms of energy expenditure. For example, it has been stated
that “A platypus may sleep more (fourteen hours), perhaps
because a frugal meal of crustaceans is enough to bring him
a sufficient dose of calories.”® The time required to forage
for food may also have an effect, since herbivores generally
require more time to collect sufficient vegetation to meet
their energy requirements.

Nonetheless, close examination of the results reveals a
trend for shorter sleep duration in heavier species, and the
influence of weight, or gravity, on rapid eye movement (REM)
sleep was confirmed by Gonfalone and Jha,® who show in
their article that REM sleep can only occur if the sensation
of weight has been reduced.

The duration of mammalian sleep varies widely, and
there remains no clear explanation of the fact that elephants
sleep for ~3 hours and opossums sleep for 18 hours, each
day.” Mammals exhibit a number of sleep phases, including
paradoxical sleep, or its equivalent, REM sleep. REM sleep
represents ~20%—25% of total sleep time in most species
and is a characteristic of the sleep of adult mammals. REM
sleep usually occurs after a period of slow wave sleep and is
characterized by more rapid waves indicating brain activity,
while the sleeper is profoundly asleep and disconnected from
the external world.®?

This article demonstrates an unambiguous relation-
ship between gestation and REM sleep durations for a
large number of terrestrial mammal species. Furthermore,

similarities between the fetal state and the REM sleep
state are highlighted, and a possible explanation for the
relationship is provided, associating REM sleep with the
need for adaptation to ecological variables, such as cold
and gravity. In addition to light, sound, contact, odor, and
taste, which can be stimulated during gestation, these two
variables, such as cold and gravity, do not affect the fetus,
which develops in a constant thermal environment and in
a state of weightlessness.

Zepelin et al' in their article noted that “There are strik-
ingly strong correlations of REM sleep quotas with degree
of maturity at birth. REM sleep may be a carryover from
fetal life.” The present study demonstrates the validity of this
statement and pursues it further to confirm the indisputable
similarity between gestation and the REM sleep state.

Methods

Numerous scientific reports related to sleep and REM sleep
duration in mammals have been published in recent years.'™!!
In this article, all these published data are carefully reviewed
and reinterpreted, and a new hypothesis is proposed. Gesta-
tion and corresponding REM sleep durations were collated
for 79 mammalian species (Table 1). It seems that gestation
has not often been compared with sleep amount before and
when it has and has never been appreciated as the important
parameter,'™ rather other parameters such as weight and
lifespan for instance, have been considered in an analysis of
REM sleep duration. Data are shown in Table 1, and gestation
duration and REM sleep duration are compared subsequently
using a correlation method. The sleep data are taken from
Gonfalone and Jha,® and the gestation data are taken from
the very complete study of Lesku et al.*

In that study, Lesku et al considered the weight of the
brain at birth, compared with its weight in the adult; a trend
was observed, but the data are not conclusive, are interpreted
with an emphasis on phylogenetic links between species,
and appear to invalidate the majority of the conclusions of
previous research articles. However, this report contains an
extensive data set related to both gestation and REM sleep.

Brain maturity and subsequent adaptation of a newborn
animal to the external world depend on the length of gesta-
tion. In addition, adaptation to the external world and its
ecological variables are the keys to sleep duration.

Gestation period is a relatively invariable, species-specific
parameter,'>!* as opposed to, for instance, weight. Moreover,
gestation duration can be measured accurately and is a per-
manent characteristic of a given species. Where there are
variations, these are in the order of only a few percent. This
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Table | REM sleep and gestation data from 79 species of mammals

Gestation TST NREM REM Gestation TST NREM REM

(days) (hours) (hours) (hours) (days) (hours) (hours) (hours)
African giant pouched rat 344 83 6.3 2 House shrew 30.1 12.8 10.8 2
Arctic ground squirrel 25 16.08 12.7 3.38 Least shrew 18 9.1 7.7 1.4
Barbary macaque 164.6 11.75 10.68 1.07 Lesser mole rat 28 10.61 822 2.39
Belding’s ground squirrel 26.8 15.84 12.83 3.01 Lion 108 14 1.4 2.6
Big brown bat 47.5 19.7 15.8 39 Little brown bat 70 19.92 17.93 1.99
Black lemur 1325 9.65 8.8l 0.84 Little pocket mouse 21.8 20.06 1691 3.15
Blind mole rat 12.44 10.54 1.9 Long-nosed potoroo 336 10.68 10.06 0.62
Bonnet macaque 76.8 9.17 8.12 1.05 Lutrine opposum 14 19.39 12.86 6.53
Brandt’s hedgehog 37 10.32 7.5 2.82 Mexican volcano mouse 27.3 17.3 15.49 1.81
Brushtail possum 18 13.68 12 1.68 Mongolian jird 25.6 13.13 10.95 2.18
Domestic cat 63.9 13.23 10.01 322 Mongoose lemur 128 11.88 11.52 0.36
Chimpanzee 223.8 10.8 9.18 1.62 Mountain beaver 29.7 14.4 11.95 2.45
Chinchilla 110.8 12.52 10.97 1.55 Northern night monkey 139 16.97 I5.15 1.82
Collared lemming 18 15.19 12 3.19 Northern short-tailed shrew 17 14.9 12.6 2.3
Common genet 77.8 6.1 48 1.3 Norway rat 21.8 13.24 10.66 2.58
Common marmoset 142.9 9.49 7.89 1.6 Olive baboon 184 9.77 8.38 1.39
Common squirrel monkey 167 9.13 8.1 1.03 Patas monkey 167.8 10.85 9.99 0.86
Common tenrec 59.3 15.6 13.26 2.34 Pig 117 9.03 6.4 2.63
Common tree shrew 45.2 15.79 13.2 2.59 Pig-tailed macaque 114 9.6 8.54 1.06
Cow 280.7 3.97 3.22 0.75 Pale-throated three-toed sloth 106 10.53 9.34 1.19
Degu 89.3 6.92 6.4 0.52 Rabbit 308 8.44 7.35 1.09
Djungarian hamster 19.9 14.3 12.23 2.07 Red fox 52 9.79 7.39 2.4
Domestic dog 62 8.63 7.08 1.55 Rhesus macaque 87.3 8.95 7.97 0.98
Eastern mole 399 8.45 6.34 2.11 Rock hyrax 2224 4.89 4.34 0.55
Eastern tree hyrax 228.6 4.89 4.39 0.5 Seneral galago 125.9 7.8 6.93 0.87
Elephant 630 4 37 0.3 Sheep 146.3 3.85 328 0.57
Domestic ferret 41.2 14.5 8.64 5.86 Siberian musk deer 167.3 10.24 9.5 0.74
Hamadryas baboon 178.6 9.84 8.58 1.26 Siberian chipmunk 33.6 12.2 9.26 2.94
Giraffe 435 4.6 15 0.25 Southern opposum 13.2 19.4 13.75 5.65
Goat 163.9 54 4.69 0.71 Star-nosed mole 45 1032 815 2.17
Golden hamster 16 14.98 11.47 351 Stump-tailed macaque 100.7 9.52 8 1.52
Golden-mantled ground squirrel 29.8 14.52 11.76 2.76 Thirteen-lined ground squirrel 27.5 13.8 10.39 341
Gray mouse lemur 60.1 14.31 12.94 1.37 Vervet monkey 170.8 10.34 9.74 0.6
Guinea baboon 175 8.98 8.44 0.54 Virginia opposum 12.6 16.32 8.98 7.34
Guinea pig 67.2 8.63 7.57 1.06 Western European hedgehog  35.5 10.08 7.2 2.88
Heerman’s kangaroo rat 30.7 16 13.28 272 Yellow-spotted hyrax 2288 5.3 4.39 091
Hippopotamus 235 8 6 1.5 Yellow baboon 175 9.89 9.1 0.78
Hispid cotton rat 26.8 1.3 9.82 1.48 Yellow-bellied marmot 30 17.42 15.61 1.81
Horse 337 2.88 2.09 0.79 Zebra 375 3 1.5 0.5
House mouse 21.2 13.15 11.89 1.26

Notes: Data are derived from the reports of Madan and Jha** and Gonfalone and Jha,® with some additional data from the lion, the giraffe,2® and the platypus. Gestation times
are reported in the article by Lesku® and are widely available on the Internet. *REM sleep duration was estimated as 25% of NREM sleep duration. Adapted from Neurosci
Bull. Sleep alterations in mammals: did aquatic conditions inhibit rapid eye movement sleep? 2012;28:746—758. Madan V, Jha SK. © Shanghai Institutes for Biological Sciences,
CAS and Springer-Verlag Berlin Heiedelberg 2012. With permission of Springer and SK Jha.3* Copyright ©2015. Dove Medical Press. Adapted from Gonfalone A, Jha SK. The

influence of gravity on REM sleep. Open Access Anim Physiol. 2015;7:65-72.¢

Abbreviations: NREM, nonrapid eye movement; REM, rapid eye movement; TST, total sleep time.

is much less than intraspecies variations in weight, which in
dogs, eg, can vary by a factor of 20 (between 1.5 kg and 30 kg).

Excluded species and justification

All aquatic mammals were excluded from the analysis
because their sleep is unihemispheric,'* eg, dolphins shut
down only half of their brains,'’ along with the opposite eye,
when sleeping. These species deserve additional research
and, potentially, a different interpretation of their REM sleep.

Two other groups of animal species have sleep durations
that differ considerably from the majority of mammals: the
armadillo family (eg, nine-banded, large hairy, and giant),
which are terrestrial mammals, and the seals (eg, cape fur,
northern fur, grey, caspian seals, and southern sea lion),
which are semiaquatic.'®'” A very particular and unusual
trait in common between these two groups is that their ges-
tation is delayed;'®!* embryo development does not proceed
immediately after fecundation but is delayed until a few
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months before the time when the birth conditions are favor-
able, eg, until spring or summer, when food availability and
temperature are adequate. In addition, eared seals have been
noted for an absence of REM sleep when in water, while
they do experience REM sleep when on shore. A possible
explanation for this phenomenon is that seals are subject to
their own weight on shore, where they do have REM sleep
and behave more like fish, which have no REM sleep when
in water.>? Furthermore, these animals move by wriggling
on their bellies and not by using their front limbs. Although
this is not their main mode of locomotion, the nine-banded
armadillo is often observed moving on its hind limbs,?' which
may require additional exertion of effort to maintain balance
and an effort to oppose gravity, leading to a need for a longer
rest period (ie, sleep). However, the definitive explanation for
these particular behaviors has yet to be identified.

The other species excluded from the analysis is humans.
The sleep duration of humans is much longer than that would
be expected for a species with a 9-month gestation. A pos-
sible explanation for this may be that humans are the only
true, permanently two-legged species; therefore, the waking
behavior of humans differs from four-legged mammal spe-
cies. The anomalous sleep patterns observed in humans may,
therefore, be due to the permanent effort required to support
their weight and maintain their balance and posture, oppos-
ing the effects of gravity. Hence, locomotion on two or four
limbs may influence the need for sleep.

Results
Gonfalone and Jha® in their article compared the sleep
duration of ~80 mammals and revealed a clear trend for the
association of short sleep durations with increased weight
and longer gestation periods. In the present study, data from
anumber of additional species, including the giraffe (a short
sleeper),? the lion,” and the platypus (a long sleeper),’ have
been added, while some were excluded (as explained in the
“Methods” section). The data concerning the REM sleep of
these mammals were compared with their gestation time.
The logarithm of gestation length (days) was plotted
against the logarithm of REM sleep duration (minutes)
(Figure 1). This mode of presentation amplifies changes in
values close to zero and moderate changes to large numbers
and highlights relative variations. A trend line was added to
illustrate the negative correlation between the durations of
gestation and REM sleep. The spreadsheet software was used
to calculate the correlation from the data set. The straight
line indicates the negative correlation between coordinates
of the data point.

Although Figure 1 contains data from ~80 mammalian
species, it was obtained by excluding a small number of
species for which the data did not fit the general trend (as
explained in the “Methods” section); however, these excep-
tions do not invalidate the general trend.

In Figure 1, the platypus, an egg-laying mammal with a
short gestation period, demonstrates a sleep duration consis-
tent with that of other mammals. The sleep of the platypus
was the subject of specific study, which concluded that “Our
findings indicate that REM sleep may have been present in
large amounts in the first mammals and suggest that it may
have evolved in pre-mammalian reptiles.”> However, taking
into account gestation length places the sleep duration of the
platypus in-line with that of other mammals indicating the
validity of the results presented in this study.

Discussion

The plot in Figure 1 shows unambiguously that there is a
negative correlation between the durations of REM sleep
and gestation in mammals. This raises the question “Why
does a species with a short gestation period need a longer
period of sleep?”’. Here, a new hypothesis is proposed that the
development of the functions of the sensory organs begins at
birth but is consolidated during REM sleep.

Sense organs become morphologically mature before
birth.? Although a neonate possesses all the necessary sense
organs that have developed during gestation, no stimulation
has been consistently applied to these organs, and their func-
tions essentially begin at birth, with exposure to light, sound,
air, cold, and gravity.

During gestation, under special circumstances and with
sufficiently strong stimuli, sense organs detecting light,
sound, tastes, and touch are active;** however, stimulation
by cold or gravity is not possible. During gestation, the
embryo exists under conditions of low gravity and constant
temperature within the womb, a state that persists for a period
of months in some species. It is generally assumed that the
fetus floats almost weightlessly in its environment, hence
gravitational stimuli are not present in utero.

At birth, the brain is, in principle, prepared to react with
these new stimuli. However, gestation does not lead to equal
levels of brain maturity at birth for all mammalian species,
with some producing precocial, which can move at birth, and
other altricial neonates. In the minutes following the birth
of a baby giraffe, it is striking to see that the first activity is
to rise on to its four limbs, before even looking for milk.> If
the brain has developed sufficiently, adaptation to stimuli in
the external world, particularly cold and gravity, will occur
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Gestation—REM sleep

Days
1,000
Elephant
y=-1.02x+2
R"2=0.57163
Giraffe R=-0.7560
Zebra P<0.001
316 Horse n=79
Cow
Hippopotamus
Chimpanzee
Barbary macaque
Black lemur
Pig Lion
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S 2
8 . Rhesus macaque ©
3 Little brown bat Common genet 2
O Domestic cat Domestic dog -
32
Hispid cotton rat
Platypus
Djungarian hamster
10 Golden hamster Southern opposum
10 32 100 316 1,000
Minutes

REM sleep duration

Figure | Negative correlation between gestation and REM sleep durations from 79 mammalian species.
Notes: Common logarithmic transformations were used for gestation period and paradoxical sleep values. Correlation coefficient is —0.7560. The strength of the correlation

found is higher than the value reported in Zepelin et al' and Capellini et al.”
Abbreviation: REM, rapid eye movement.

rapidly, particularly in species with long gestation periods,
despite the fact that the fetus has not been exposed to cold
and gravity before birth. In contrast, a short gestation period
does not prepare the newborn to face cold and gravity at
birth, and most probably, adaptation to the external world
takes place during REM sleep episodes.

In this case, REM sleep may be conceived as an addi-
tional period for the development of brain capabilities
required for adaptation to certain ecological variables in
the external world.?® Surprisingly, this adaptation appears
to continue throughout life. This may be because adapta-
tions not acquiring before birth need to be strengthened or
revised periodically. As mentioned by Siegel,” sleep is a
period of inactivity but adaptive inactivity. In mammals,
neurogenesis ceases within a month of birth, “So why not

conceive that certain genetic programs may be reinforced
periodically.”?®

This hypothesis certainly does not provide a full explana-
tion of the need for REM sleep, but similarities between the
behavior of the fetus and some reactions observed during
REM sleep suggest a relationship. The fetus exhibits REMs
and jerky motions and also has penile erections,”-*? all things
which also occur during REM sleep.’!*? Body temperature
is not well regulated during REM sleep, and the sensation of
weight is strongly reduced, as in the fetal state. Anecdotally,
the sleeping position most frequent among humans is the
“fetal position”. In addition, astronauts experiencing weight-
lessness sleep in a position very similar to the fetal position.>
Moreover, it has been stated that “Suppression of REM
sleep during early development can produce long-lasting
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behavioral as well as brain morphological and biochemical
abnormalities in later life.”*

As mentioned earlier, there is a correlation between
gestation duration and animal weight. In a study that scaled
the gestation periods of a sample of 429 mammals against
their weight, the following two slopes were observed: one
for those species that give birth to altricial neonates and a
second for those species with precocial neonates.!! Precocial
species tend to be heavier, in agreement with the plot in
Figure 1, which shows the short REM sleep durations for
heavier species, such as the elephant and the cow. The altricial
neonate shows a large amount of REM sleep at birth, but the
amount of REM sleep diminishes to reach the adult value
within weeks.! It is supposed that given all of the sensory
information a neonate can take in, it must begin to develop its
processing skills and learn how to use the incoming sensory
information to effectively act on its environments, such as
light, cold, and gravity.

In a recent publication, Herculano-Houzel*® related the
duration of sleep with the amount of specific neurons in the
brain. The results corroborate those presented in the present
article and indicate that brain size and brain maturation play
a role in the duration of sleep.

Another idea that should be explored is that the amount
of waking time may be related to the quantity of stimulations
and sensations that the brain can acquire before reaching
saturation. During the course of a typical day, the brain is
constantly submitted to external and internal sensations,
and each of them leaves a trace; at night, the brain needs to
reorder and clear all of these traces.*® The present findings
have their limitations: as described in the “Excluded species
and justification” section, many species have REM sleep
durations that do not fit with the correlation established in
Figure 1, particularly the human species. Furthermore, this
article concerns the gestation of mammals and their REM
sleep. It cannot be applied easily to other classes of verte-
brates, such as fishes, reptiles, amphibians, and birds, where
the embryo usually develops in an egg.

Another questionable conclusion of this study is that REM
sleep is “needed” all life long, even if its amount changes,
and it poses the question of a permanent need for adaptation
to the external world. At present, there is no simple answer.

Conclusion

A number of previous propositions for factors that may play
a role in mammalian sleep duration have been presented
in research articles, and clearly, none can be ignored or
rejected completely as potential contributors. In addition,

it must be noted that this article does not propose a unique
explanation for REM sleep duration in mammalian species,
rather it identifies a trend in ~80 species of mammals. The
most likely explanation for the observation presented in this
article is that during REM sleep, cerebral activity takes place
to consolidate adaptation to the external world.

This assumption is somehow indirectly supported by
previous work demonstrating that REM sleep deprivation
in neonate rats has negative effects on their development.

Mirmiran et al** quote “We conclude, therefore, that
chronic clomipramine-induced suppression of AS (REM
sleep) during early postnatal life ...results in a characteristic
‘syndrome’ consisting of specific behavioral, neurophysi-
ological and structural brain abnormalities.” A more positive
confirmation may come from space: astronauts do not feel
gravity, and their external world misses this component, while
other components are still present, such as light and sound. As
aresult of this adaptation to a “truncated” environment, their
REM sleep is reduced.’”*® Experiments submitting rats to an
environment of hypergravity are planned, and it is expected
that their REM sleep will be longer.

There are strong arguments to support the assertion that
REM sleep is a carryover from the fetal state; however,
further investigation is needed. Beyond this assertion, there
are clearly many questions requiring further study to fully
interpret REM sleep. It is possible that there is no single
explanation for the amount of sleep required by different
species, as a combination of many parameters may influence
this phenomenon.
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