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Abstract

The mouse-deer or chevrotains are the smallest of the ungulates and ruminants. They are characterized by a number of 

traits which are considered plesiomorphic for the Artiodactyla order. The objective of this study was to examine sleep in 

the lesser mouse-deer (Tragulus kanchil), which is the smallest in this group (body mass < 2.2 kg). Electroencephalogram, 

nuchal electromyogram, electrooculogram, and body acceleration were recorded in four adult mouse-deer females using a 

telemetry system in Bu Gia Map National Park in Vietnam. The mouse-deer spent on average 49.7 ± 3.0% of 24 h in non-

rapid eye movement (NREM) sleep. REM sleep occupied 1.7 ± 0.3% of 24 h or 3.2 ± 0.5% of total sleep time. The average 

duration of REM sleep episodes was 2.0 ± 0.2 min, the average maximum was 5.1 ± 1.1 min, and the longest episodes lasted 

8 min. NREM sleep occurred in sternal recumbency with the head held above the ground while 64.7 ± 6.4% of REM sleep 

occurred with the head resting on the ground. The eyes were open throughout most of the NREM sleep period. The mouse-

deer displayed polyphasic sleep and crepuscular peaks in activity (04:00–06:00 and 18:00–19:00). The largest amounts of 

NREM occurred in the morning (06:00–09:00) and the smallest before dusk (at 04:00–06:00). REM sleep occurred throughout 

most of the daylight hours (08:00–16:00) and in the first half of the night (19:00–02:00). We suggest that the pattern and 

timing of sleep in the lesser mouse-deer is adapted to the survival of a small herbivorous animal, subject to predation, 

living in high environmental temperatures in the tropical forest undergrowth.

Key words:  sleep; NREM sleep; slow wave sleep; REM sleep; activity cycle; environmental temperature; predation; 

evolution; the lesser-mouse deer; Tragulus kanchil; Tragulidae; Artiodactyla; ungulate

Statement of Significance

Comparative sleep studies are an approach for understanding the environmental and evolutionary determinants of sleep. 

The lesser mouse-deer is the smallest of ungulates. This species retains morphophysiological features which are ances-

tral for even-toed ungulates. We have found that total sleep time in the mouse-deer is the largest among all studied un-

gulates, whereas the amount of rapid eye movement sleep is low as in the majority of ungulates. Distinct features of the 

mouse-deer are polyphasic sleep and crepuscular peaks of activity. The prevalence of non-rapid eye movement (NREM) 

sleep with both eyes open in the mouse-deer suggests that visual processing may be possible during NREM sleep. The pat-

tern of sleep in the mouse-deer appears to be adapted to the environmental conditions of the tropical forest.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/s
le

e
p
/a

rtic
le

/4
5
/7

/z
s
a
b
1
9
9
/6

3
4
6
6
1
4
 b

y
  s

u
p
p

o
rt o

n
 1

7
 J

u
ly

 2
0
2
2

mailto:olyamin@ucla.edu?subject=


2 | SLEEP, 2022, Vol. 45, No. 7

Introduction

The first electroencephalogram (EEG) studies of sleep in ungu-

lates were conducted on farm animals using direct cable con-

nections. It was found that they sleep in either a recumbent or 

standing posture. The total amount of slow wave sleep (SWS 

or non-rapid eye movement, NREM sleep) and especially para-

doxical sleep (PS or rapid eye movement sleep, REM sleep) is 

relatively small when compared with most other mammalian 

species. REM sleep is characterized by muscle atonia or well-

demarcated hypotonia, EEG activation, as well as REMs, [1–3]. 

Drowsiness state (Dr) was scored in the majority of species, al-

though the criteria for this stage were not consistent. Differences 

between species were seen largely in the duration of the sleep 

stages. For example, horses, cows, and sheeps displayed small 

amounts of SWS within 9%–14% of 24 h while pigs [1, 2] and po-

nies [3] almost twofold greater (>25% of 24 h). In farm artiodac-

tyls rumination (Rm) occurred both in quiet waking (QW) and 

SWS and never in REM sleep [1, 2].

The first electrophysiological study of sleep in a wild ungulate 

was performed in the Siberian musk deer (Moschus moschiferus) 

in laboratory conditions [4]. Sleep occurred in recumbency with 

the head held above the ground (also called sternal recumbency) 

or with the head resting on the ground. Dr was characterized 

by bursts of rhythmic activity in the range of 3–5 Hz. The fre-

quency of sleep spindles was 12–15 Hz. In total, wakefulness ac-

counted for, on average, 47.0% of 24 h, Dr—10.2%, SWS—39.6%, 

and REM sleep—3.1% of 24 h. During SWS the eyes could be open 

or closed. Episodes of SWS and REM sleep were recorded at dif-

ferent times of the day. As in farm animals, Rm occurred during 

Dr and SWS but never in REM sleep.

Two recent studies examined the pattern of sleep in two spe-

cies of wild African ungulates, including the Arabian oryx and 

the wildebeest [5, 6]. The animals were instrumented with port-

able data loggers and were recorded in spacious open ranges in 

their natural habitats. It has been reported that in the oryx total 

sleep time (TST) was 6.7 h in winter and 3.8 h in summer. REM 

sleep accounted for a very small percentage of 24 h, which is 

only 0.4% of 24 h in summer and 1.2% of 24 h in winter. TST in 

wildebeest was 4.3 h and the amount of REM sleep was same as 

in the winter oryx. It was suggested that a dramatic reduction of 

TST and REM sleep in the summer oryx might be adaptive, due 

to the animals needing to allocate more time for active foraging 

and grazing in the summer. A reduction of REM in the summer 

was suggested to be adaptive by preventing brain overheating.

Tragulids, chevrotains, or mouse-deer, are even-toed un-

gulates (the order Artiodactyla) which belong to the family 

Tragulidae. They are the smallest ungulates and ruminants 

in the world. They inhabit the tropical forest in South Asia 

and Africa [7, 8]. Tragulids are less advanced than other living 

ungulates in terms of possession of several morphological, 

physiological, and behavioral characteristics which are con-

sidered plesiomorphic (archaic) for artiodactyls (e.g. the lack of 

a true omasum and scent glans, retention of upper canines, a 

gall-bladder and appendix, and rudimentary social behavior). 

Tragulids emerged 40–50 m.y.a. and have not changed much 

in their skeletal attributes since then, leading them to being 

referred to as “living fossils” [9, 10]. Six extant species of the 

family Tragulidae are recognized. The common name lesser 

mouse-deer is often applied to two species: Tragulus kanchil (in-

habits South-East Asia including Vietnam) and Tragulus javanicus 

(also called the Javan mouse-deer which is found in Java only). 

Morphometric differences between the species are small. The 

weight of adult animals of both species rarely exceeds 2 kg and 

their body length is less than 50 cm [7, 8, 11]. All mouse-deer 

species are solitary animals [7, 8, 12, 13]. The lesser and Javan 

mouse-deer are characterized as more active during the day [14], 

diurnal to cathemeral, [8] or crepuscular [15].

To summarize, our knowledge of sleep in ungulates 

is limited and incomplete. The mouse-deer differ in their 

morphophysiological features and evolutionary history and 

ecology from the other animals of the order Artiodactyla. 

Because of their small size and because sleep duration in un-

gulates has been shown to correlate with body mass, the sleep 

parameters of mouse deer can test our existing understanding 

of the determinants of sleep parameters. The aim of this study 

was to examine sleep in the lesser mouse-deer in a naturalistic 

environment.

Methods

Experimental animals

The experiments were conducted on four lesser mouse-deer 

(T.  kanchil, Figure 1A) in Bu Gia Map National Park in Vietnam 

(12.088947525525246°N, 107.15679645354659°E). The animals 

were adult females (Md 1–Md 4). Their weight ranged from 1.7 

to 2.2 kg and length from 42 to 48 cm (from the tip of the nose 

to the base of the tail). All procedures were reviewed and ap-

proved by the Committee for Bioethics of the Severtsov Institute 

of Ecology and Evolution (Moscow, Russia) and the Joint Russian-

Vietnamese Tropical Research and Technological Center (Hanoi, 

Vietnam).

Housing conditions

The mouse-deer (20 adult females and 2 adult males) were 

caught and then housed in a spacious park enclosure (approxi-

mately 25 × 20 m) for at least 2 years before this study. Some 

females gave birth to young during this time. There were a total 

of 12 shelters (“houses”) in the enclosure. The inner dimensions 

of each house were 1.1 m long, 0.75 m wide, and 0.5 m high at 

the center. There was also a hole in the ground with the inner 

dimensions greater than in the house. When disturbed, the ani-

mals rushed to hide inside the houses or in the hole. Six months 

before the experiments started, a group of nine females was sep-

arated from the main group and placed to a smaller 12 × 3.5 m 

portion of the main enclosure (Supplementary Material, Figure 

S1). All animals used in this study were then selected from this 

group of females.

Electrode implantation

The mouse-deer were premedicated with Zoletil (Virbac, 

France; 15–18  mg/kg, i.m.), which caused immobility within 

1–2 min. Then they were injected with antibiotics (Baytril, Bayer, 

Germany, 2 mg/kg i.p.) and analgesics (Rimadyl, Pfizer Animal 

Health, USA; 2 mg/kg i.p.). During the next 10 min, the animals 

were taken to the laboratory where they were injected with 

Domitor (Orion Pharma, Finland; 0.1  mg/kg i.m.) which pro-

duced anesthesia within 15 min. All animals were also injected 

with lidocaine at least 10 min before the incision (0.5 mL, 0.1%, 

subcutaneously above the dorsal part of the skull). During the 
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surgery, which lasted 2  h on average, the depth of anesthesia 

and state of the animal were monitored based on the animal’s 

reflexes, heart and breathing rates, and rectal temperature. The 

surgical level of anesthesia lasted 1–2 h and could be prolonged 

by additional administrations of Domitor for 10–15  min (one-

third of the initial dose).

Two pairs of stainless-steel screws (1 mm in diameter) were 

implanted symmetrically over the frontal and parietal part of 

the skull 3  mm lateral to the sagittal line, to record EEG. The 

frontal and parietal electrodes were located 10 mm apart from 

each other. They were positioned rostral and caudal to the ansate 

sulcus, respectively (Supplementary Figure S2). Another pair of 

screws was implanted into the supraorbital bone above one or 

two eyes to record electrooculogram (EOG). Four Teflon-coated 

multi-stranded stainless-steel wires (0.3 mm in diameter) were 

inserted into the nuchal muscles to record electromyogram 

(EMG). An additional screw was implanted into the frontal part of 

the skull (above the nasal passages), serving as a reference elec-

trode. The electrode leads were soldered to a micro-connector 

and attached to the skull with acrylic cement. All animals dis-

played normal behavior and activity levels within several hours 

after the end of surgery. The implanted animals were allowed at 

least 4 days to fully recover in the experimental enclosure (3.5 × 

3.5 m) or a separate enclosure (3.0 × 3.5 m; Supplementary Figure 

S1) before the experiments started. During the first 3 days, they 

were given antibiotics and analgesics daily.

Polygraphic recording

Three to five days after the surgery a micro-plug on the mouse-

deer head was connected to a radio-transmitter attached to a 

collar on the deer’s neck. After that, the recording continued for 

4 days in one animal (Md 1) and for 3 days in the three other 

animals (Md 2–Md 4). The recordings were performed using a 

telemetry system (http://biorecorder.com/en/br8v1.html) which 

allowed for the recording of up to eight parameters and total 

acceleration within 10–12 m of the receiver. All recordings were 

bipolar. The initial configuration was set to record EEG from the 

two symmetrical pairs of cortical frontal and parietal electrodes, 

EOG from two electrodes in each orbit and EMG from two pairs 

of wires. The reference electrode was used only as the ground 

point. The raw data were digitized and stored. The bandwidth 

was 0.1–100 Hz at an acquisition rate of 250 Hz. To maximize 

the duration of continuous recording from the battery, in each 

animal we registered one EEG signal (left frontal-parietal) at an 

acquisition rate of 100 Hz, one EOG (left eye) at 100 Hz, one EMG 

at 250 Hz, and acceleration at 25 Hz. This configuration allowed 

continuous recording of the four to five listed parameters be-

tween 3 and 4 days while minimizing the weight of the collar 

with a transmitter and a battery to <90 g (approximately 5% of 

the body mass). In three animals the EEG from two symmetrical 

cortical derivations and EOG from two eyes were also recorded 

for 2–3 h. All acquired parameters were continuously monitored 

using EDF browser software (Moem 0.8, a universal viewer of 

edf/bdf files; https://www.teuniz.net/edfbrowser/index.html).

During experiments, the mouse-deer were housed indi-

vidually in a 3.5 × 3.5 m enclosure (Supplementary Figure S1). 

Tall cashew nut trees grew along the enclosure fence. The tree-

tops shaded most of the enclosure. About one-fifth of the en-

closure along one side was covered with shrubs characteristic 

of the area and the rest of the space had no vegetation. A small 

house similar to the shelters in the main area (0.9 × 0.7 × 0.7 

m) was positioned in the experimental enclosure. The behavior 

of animals was continuously video recorded with two high-

resolution remote-control 4 MP IP-cameras with optical zoom 

and fitted with infrared lights. The first camera was installed 

above the enclosure and the second camera on the roof of the 

house. The cameras allowed us to monitor the animals while in 

the enclosure and in the house, including close-up footage of 

the head and often the eyes to determine the characteristics of 

sleep-waking states. The animals were given fresh leaves twice 

a day between 06:00 and 07:00 and 15:00 and 16:00 by the park 

staff. Ripe fruit also fell into the enclosure from the cashew nut 

trees. Water was available at all times. Over the entire period of 

Figure 1. The lesser mouse-deer. (A). An adult female of the mouse-deer with a 

1-wk old calf. (B). A mouse-deer is resting in a shelter in the most typical posture 

with the head held above the ground (sternal recumbency). (C). A mouse-deer is 

resting while lying with the head placed on the ground. Note that the left eye 

facing the camera is open on B and C.
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recording (March 8–26) the sunrise time in the area shifted from 

06:03 to 05:54 and sunset between 18:03 and 18:04. The length 

of the day increased from 12:00 to 12:09. During the recording 

period, daytime (06:00–18:00) ambient temperature ranged be-

tween 29.0 and 35.0°C. The mean daytime temperature was 

31.3  ± 0.2°C, mean maximum temperature was 34.8  ± 0.3°C, 

and mean minimum temperature was 30.0 ± 0.4°C. Nighttime 

(18:00–06:00) ambient temperature ranged between 26.5 and 

29.5°C. The mean nighttime temperature was 27.8 ± 0.3°C, mean 

maximum temperature was 28.6 ± 0.3°C, and mean minimum 

temperature was 26.9  ± 0.2°C (https://www.timeanddate.com/

weather/@12.09079,107.14775/historic?month=3&year=2020). 

Data analysis

REM sleep was scored in 1-min epochs in all mouse-deer during 

all days. In each animal, the amount of REM sleep in a series was 

the smallest on the first day (Supplementary Table S1). In three 

animals (Md 2–Md 4), the daily amounts of REM sleep increased 

over the three recording days. In the fourth animal (Md 1), the 

amount of REM sleep was the greatest on the second recording 

day. However, the difference between the second and fourth 

days was not remarkable. Thus, we chose to score the third day 

in each mouse-deer which was also the last in a series in three 

out of four animals. Then, all polygrams of the third recording 

day were scored visually in 20-sec epochs based on the EEG of 

the left hemisphere, EOG of the left eye, EMG, and acceleration 

using EDF browser.

A total of four main stages were scored, including active 

waking (AW), quiet waking (QW), NREM sleep (or SWS), and 

REM sleep, and two transitional stages, including Dr and transi-

tional from NREM to REM sleep (tREM) in 20-sec epochs. A 50-% 

criterion was used to assign the dominant state to each epoch 

except for Dr. AW included walking around the enclosure and 

eating or drinking. QW was scored when the mouse-deer were 

standing (including grooming and leaking) or resting on the 

ground in a recumbent position and while EEG was generally low 

voltage with occasional high voltage deflections synchronous 

with movements. Dr was scored when there were bursts of 

rhythmic activity in the EEG with the frequency of 5–14 Hz and 

the amplitude at least twofold higher than low voltage waking 

EEG. The epoch was scored as Dr if one burst 5 sec or longer or 2 

bursts 3 sec or longer occurred per 20-sec epoch during typical 

QW low voltage EEG. The scoring criteria for Dr were similar to 

that used in the previous musk deer study [4].

NREM sleep was scored when intermediate to high voltage 

EEG in the range of 1–6 Hz was recorded in a cortical hemisphere 

in the absence of gross movements in recumbency or a standing 

position. If bursting activity was intermixed with EEG slow waves 

and was present during at least 50% of the epoch time, the epoch 

was scored as NREM sleep. REM sleep was scored when REMs 

were recorded in recumbent positions (Figure 1, B and C). REMs 

were accompanied by cortical arousal, muscle tone reduction, 

and occasional head and ear jerks. A small portion (on average 

0.5 ± 0.3% of 24 h) of epochs were marked as unidentified. They 

included mostly epochs with Rm when high voltage artifacts in 

the EEG and EOG masked physiological activity. Those epochs 

represented either QW or NREM sleep. Rm was recognized based 

on the acceleration signal and characteristic artifacts in the EEG 

and EOG. Epochs with Rm were scored based on a 50-% criterion. 

Additional details are provided in the Results section.

In each animal, the EEG power between 0.8 and 25 Hz in the left 

hemisphere was computed in artifact-free epochs by fast Fourier 

transformation using EDF browser software. The width of the first 

bin was 1.2 Hz (0.8–2.0 Hz) and the width of each remaining bin 

was 1 Hz. Slow wave activity (SWA, power in the range of 0.8–4.0 

Hz) was first calculated during NREM sleep artifact-free epochs 

and then averaged at 1-h intervals across the 24-h period.

Eye state was scored in all mouse-deer during QW and NREM 

sleep when at least one eye was visible. The most reliable as-

sessment of eye opening was at night by detection of the white 

spot (IR-light reflected from the tapetum) in the area of the orbit. 

The glow was present when the eye was partly or fully open. In 

the daytime, the state of the eye was determined by an estimate 

of the gap between the eyelids. The eye was considered open if 

2–3 mm gap (and the eyeball) was clearly visible. Thus, whenever 

the state of the eye was scored as open the eye could be fully or 

partly open. Both the epochs in which the state of the eye (or 

eyes) was scored as open and a lesser degree as closed could in-

clude episodes with minimal eye opening.

The duration of episodes of NREM sleep, REM sleep, and Rm 

was calculated by adding the number of consecutive epochs 

scored as a given state. A single epoch of another state termin-

ated each episode. Reported values are means ± S.E.M.  for all 

four mouse-deer, for the entire period (1 h, 12 h, or 24 h). All stat-

istical analyses were performed using Sigma Plot 11.0 Software. 

Data were assessed for statistical significance using the paired 

t-test or one-way repeated measures ANOVA followed by Tukey’s 

post hoc multiple-comparison tests after they had passed the 

test for normality. In only one case the data failed to pass the 

test and the Kruskal-Wallis H test was applied to estimate  

the significance (detailed in the Results section).

Results

Wakefulness

Polygraphic features of AW and QW states in the mouse-deer 

(Figure 2) were within the ranges of those of the majority of studied 

mammals (e.g. Refs. [16, 17]]), including farm animals [1–3] and 

three studied wild species of the order Artiodactyla [4–6]. During 

AW, EEG, EOG, and EMG were contaminated with high voltage arti-

facts. Some of the mouse-deer behaviors (such as walking, feeding, 

and grooming) could be identified based on the pattern of accel-

erometer signal. The behavior of animals (video footage) was the 

main criteria for scoring AW. During QW tonic and phasic compo-

nents of EMG were variable, reflecting the level of animal’s activity 

and postures. The EOG activity was high voltage during move-

ments. When the animals were inactive, the amplitude and power 

of the EEG were low. The mouse-deer were awake on average 46.2 ± 

3.0% of 24 h or 11 h per day. AW and QW constituted 40% and 60% 

of total wakefulness, respectively (Table 1). On average 26.1 ± 3.2% 

of AW (4.5 ± 0.2% of 24 h) accounted for eating or drinking while 

the rest was walking (73.9 ± 3.2% of AW or 13.6 ± 2.4% of 24 h). On 

average 14.4 ± 1.9% of QW (9.5%–18.1% in different animals) was 

accompanied by Rm, which represented episodes of regular jaw 

movements with a frequency of 1–2 per second.

Bursting activity in EEG and drowsiness

Bursts of rhythmic activity in EEG were most often recorded 

during transitions from QW to NREM sleep and during awakening 
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(Supplementary Figures S3 and S4). In different animals, the fre-

quency ranged between 5 and 14 Hz (Figure 3). The amplitude of 

the EEG during bursting could exceed the amplitude of desyn-

chronized activity by fourfold. The duration of bursts varied sub-

stantially. During QW, bursts were often recorded between head 

movements but no association was noticed between bursting and 

eye state. Bursts were also recorded during NREM sleep while their 

duration was shorter (3–4 sec) than during QW. Dr was scored when 

bursting activity in the EEG occupied most of a 20-sec epoch. This 

state was pronounced in two animals (Md 1 and Md 3) accounting 

for 2.7% and 3.0% of 24 h, respectively. In two other animals (Md 2 

and Md 4), Dr accounted for less than 1% of 24 h (Table 1).

NREM sleep

While in the enclosure, the mouse-deer exhibited sleep pre-

dominantly in the open space and rarely in the bushes. NREM 

sleep occurred while lying on the sternum with front and hind 

legs tucked under the body and holding the head above the 

ground facing forward (sternal recumbency; Figure 1B). NREM 

sleep in the main posture accounted for on average 96.0 ± 2.2% 

of all NREM sleep (90.2%–99.4% in different animals). Less often, 

NREM sleep occurred while standing (0.5%–9.8% of all NREM 

sleep; on average 3.7 ± 2.2%). In two animals on a few occasions, 

NREM sleep was recorded when they briefly rested the head on 

the ground (0.1% and 0.9% of all NREM sleep).

NREM sleep was characterized by intermediate and high 

voltage EEG slow waves and occasional bursts of rhythmic ac-

tivity (Figures 2–3 and S3–S4). The EEG power during NREM sleep 

was maximal at low frequencies. In two animals, there were 

peaks of EEG power in the range of 5–7 and 7–10 Hz (Md 3 and 

Md 2). The maxima of these peaks coincided with the maxima 

during Dr and at a lesser degree in QW. To maximize the dur-

ation of uninterrupted recording, we limited the number of the 

transmitted parameters and recorded EEG mostly from one cor-

tical hemisphere. However, whenever we recorded from two 

symmetrical cortical derivations, slow waves in the left and 

right EEG developed synchronously (Figure 2).

Figure 2. Representative polygrams of waking, NREM and REM sleep and the state of eyes in a mouse-deer. EEG, electroencephalogram of the right (R) and left (L) cor-

tical hemispheres; EMG, electromyogram of the neck muscles; EOG, electrooculogram of the left eye; ACC total acceleration. The color panel marks behavioral states 

(AW and QW, NREM sleep, REM sleep, and tREM).

(A) A representative 90-min polygram and sleep wake-states in mouse-deer 1. The top panel shows the state of right (R) and left (L) eyes scored in 20-sec epochs. O and 

C denote the open or closed state of the eye, respectively. Arrows and letters (a–h) mark the time when the photographs (the right panel, C) were taken. The right eye 

was visible during most of this time. The left eye was visible only during the first episode of REM sleep when the animal rested the head on the ground and tuned it to 

the right side. During NREM sleep the eye directed to the camera was predominantly open. A 5-min episode marked with a dotted line (denoted with B) is enlarged on 

panel B. During REM sleep the visible eye was either closed or open. Episodes of rumination (Rm) are marked by dotted lines. Calibration—100 uV and 10 min.

(B) A 5-min episode (marked on A with B) illustrates transition from NREM to REM sleep and then to awakening. The first of six epochs of the REM sleep episode was 

scored as REM1 and the 2–6th epochs were scored as REM2. Calibration—100 uV and 20 sec.

(C) Photographs show postures and the state of eyes (a–h) in the same mouse-deer. The time of each photograph and the behavioral state are on the photos. The eyes 

glowed in the night reflecting light from IR-source. The white arrows point to the open eye as indicated by a white spot in the area of the orbit. The black arrows point 

to the orbit where no glowing is seen suggesting the eye was closed. During QW and NREM sleep the visible eye was predominantly open (photos a, b, f, g). The right 

eye was closed during the last 2 min of NREM sleep before REM sleep started (c). The left eye was closed during the first 40 sec of the REM sleep episode (d) and then it 

was open during the last 2 min of the REM sleep episode (e). The right eye was closed during the second REM sleep episode (h).
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The neck muscle tone during NREM sleep was similar to or 

less than that in QW without head movements, which briefly 

interrupted SWA, leading to cortical arousal, bursts of rhythmic 

activity, or a decrease in SWA activity. During NREM sleep, the 

ears of the mouse-deer moved from time to time. Such move-

ments were not accompanied by a decrease in the amplitude 

of SWA.

During NREM sleep, the EOG was virtually flat indicating no 

eye movement except for when the mouse-deer moved their 

heads (Figure 2). The majority of the time only one eye was vis-

ible. Whenever both eyes were visible they were in a symmet-

rical state. The state of eyes (one or both) was determined on 

average in 48.3  ± 9.5% epochs of NREM sleep and 28.2  ± 8.3% 

epochs of QW (Supplementary Table S2). During NREM sleep, the 

eyes (one or both) were fully or partially open on average 99.2 ± 

0.6% and during QW—99.7 ± 0.2% of the time when the state of 

eyes was identified. Therefore, both during QW and NREM sleep 

the mouse-deer virtually did not close their eyes.

Rm accompanied on average 24.3  ± 7.4% of NREM sleep 

(11.6%–45.2% in different animals). In two animals (Md 1 and Md 

4), Rm affected the spectral composition and amplitude of EEG. 

In both cases, during Rm, the EEG power profile had prominent 

peaks in the range of 2–3 Hz, which were absent during NREM 

sleep without Rm (Supplementary Figure S5). The frequency of 

jaw movements during Rm was also 2–3 Hz. Rm did not cause a 

clear change in the composition of the EEG power in the other 

two animals (Md 2 and Md 3).

Panting was recorded during NREM sleep in all mouse-deer. 

It consisted of episodes of shallow repeated breathing with an 

instantaneous rate of at least 3 per second as indicated by the 

nostrils and body movements, and characteristic activity on an 

accelerometer channel. Episodes of panting lasted between sev-

eral seconds to several minutes. Panting was recorded mostly 

during daytime and excluded Rm.

REM sleep

REM sleep in the mouse-deer occurred in two positions: in 

sternal recumbency (as during most of NREM sleep) or lying 

with the head resting on the ground (Figure 1, B and C). The 

main features of REM sleep were REMs, a decreased muscle 

tone, and cortical arousal (Figure 2). In all animals, a peak with a 

maximum frequency of 6–7 Hz was also present in the spectro-

gram (Figure 3). REMs could be accompanied by movements of 

the ears. The eyes always closed before the onset of REM sleep. 

While REM sleep progressed, the eyes could remain closed or 

wide open for the entire 20-sec epoch, or blinks could occur in 

parallel with REMs. Opening of the eyes during REM sleep oc-

curred during instances of atonia with the animal head resting 

on the ground. In agreement with previous studies in farm ru-

minants and in the musk deer [1–4], Rm in the mouse-deer was 

not recorded during REM sleep.

REM sleep was subdivided into two substages (Figure 2B). 

During REM1, the muscle tone was either sustained and com-

parable with that during with NREM sleep, or it progressively 

Figure 3. Spectral power of EEG during sleep and waking in the lesser mouse-deer. The data are presented for 4 mouse-deer (Md 1–Md 4). QW, quiet wakefulness; Dr, 

drowsiness; NREM, NREM sleep without rumination; REM, REM sleep. In all animals the power was calculated in the frontal-parietal derivations of the left hemisphere. 

The width of the first bin is 1.2 Hz (0.8–2.0) and the width of each remaining bin is 1 Hz. The values below X-axes mark the left margin of each bin interval. Epochs of 

QW, Dr, and NREM sleep with rumination were not used to plot these graphs (see Supplementary Figures S3–S5).

Table 1. Total amount of sleep and wakefulness states in the lesser-

mouse deer

Mouse-deer

Parameter 1 2 3 4 Mean ± SEM (n = 4)

Amount of sleep and wake states 

(% of 24 h)

   

 Wakefulness 42.6 39.7 51.8 50.5 46.2 ± 3.0

 Total sleep time 54.5 59.0 45.2 47.9 51.7 ± 3.1

  Active wakefulness 23.8 12.0 20.4 16.1 18.1 ± 2.6

  Quiet wakefulness 18.8 27.7 31.4 34.4 28.1 ± 3.4

  Drowsiness 2.7 0.7 3.0 0.3 1.7 ± 0.7

  NREM sleep 53.2 56.2 43.6 45.9 49.7 ± 3.0

  REM1 0.5 0.9 0.3 0.5 0.6 ± 0.1

  REM2 0.7 1.5 1.0 1.3 1.1 ± 0.2

  REM sleep 1.2 2.4 1.3 1.8 1.7 ± 0.3

  tREM 0.1 0.4 0.3 0.2 0.3 ± 0.1

  Un 0.2 0.6 0.0 1.3 0.5 ± 0.3

REM sleep (% of TST) 2.0 4.1 2.8 3.8 3.2 ± 0.5

Rumination (% of 24 h) 27.9 12.4 15.3 12.3 17.0 ± 3.7

REM1 and REM2 are two substages of REM sleep.

tREM, transitional to REM sleep; Un, unidentified; SEM, standard error. Total 

sleep time includes NREM sleep, REM sleep (both REM1 and REM2), and tREM.
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decreased while the head swayed forward toward the ground. 

REMs usually occupied less than 50% of the epoch. REM2 was 

characterized by muscle atonia and REMs for at least 50% of the 

epoch time. Most REM2 epochs featured almost continuous eye 

movements. REM2 epochs can be also characterized as a phasic 

and REM1 as a tonic stage.

Sometimes single deflections in the EOG appeared during 

EEG slow waves or brief arousal. The amplitude of such peaks 

was lower than in REM1 or REM2. No evidence of eye movements 

was seen on video at that time and the muscle tone was usu-

ally similar to that during NREM sleep. Such epochs with partial 

features of REM sleep were scored as transitional to REM (tREM; 

Figure 2B).

Episodes of REM sleep usually started after an extended 

period of high voltage NREM sleep. In the majority of cases, 

REM1 preceded REM2. In a few cases REM2 occurred quickly 

featuring a head drop and muscle atonia, REMs, and cortical 

activation. tREM episodes did not precede every REM sleep 

episode.

Total amount, duration of episodes of NREM sleep, 
REM sleep, and rumination

The mouse-deer spent on average 49.7 ± 3.0% of 24 h or almost 

12 h per day in NREM sleep (Table 1). The longest uninterrupted 

episode of NREM sleep episodes lasted almost 28 min and the 

average maximum was 18.8 ± 3.2 min. On average, 11.0 ± 3.0% 

of all episodes were longer than 5 min while 50.9 ± 4.3% were 

shorter than 1 min. Almost 25% of all episodes lasted one 20-sec 

epoch (Supplementary Table S3).

The amount of REM sleep (both REM1 and REM2) in different 

mouse-deer accounted for between 1.2% and 2.4% of 24 h, on 

average 1.7  ± 0.3% of 24  h or 24  min per day. REM sleep rep-

resented only 3.2  ± 0.5% of TST, one of the smallest ratios in 

mammals reported thus far (Table 1). Overall 35.3 ± 6.4% of REM 

sleep (REM1 and REM2 sleep) occurred in sternal recumbency 

(with the head held above the ground) and 64.7  ± 6.4% while 

lying with the head on the ground. The majority of REM1 sleep 

(82.0 ± 2.2%) was associated with sternal recumbency while the 

majority of REM2 sleep (87.9  ± 4.9%) occurred when the head 

rested on the ground.

A total of 12.3 ± 1.5 episodes of REM sleep per day were re-

corded (Supplementary Table S3). The average duration of REM 

sleep episodes was 2.0 ± 0.2 min. The longest uninterrupted epi-

sode of REM lasted 8.0 min and the average maximum was 5.1 ± 

1.1 min. Three out of four animals had episodes of REM sleep 

longer than 3 min. Those episodes represented one-third of all 

REM sleep episodes. At the same time, among all animals, 45.3 ± 

3.3% of REM sleep episodes were shorter than 1 min and 8.5 ± 

1.0% lasted one 20-sec epoch.

The mouse-deer spent between 12.3% and 27.9% of the 24-h 

ruminating, on average 17.0 ± 3.7% (Table 1). Periods of Rm (a 

series of episodes of Rm without interruptions longer than 

10 sec) were 4.9 ± 1.5 min on average and ranged between 20 sec 

and 25 min. On average 68.3 ± 9.1% of all Rm was recorded during 

NREM sleep and 26.8 ± 7.1% in QW. The remaining amount of Rm 

(about 8%) was associated with either NREM sleep or QW (the 

sleep state of those epochs was not identified due to artifacts). 

The ratio of the amounts NREM sleep with Rm to QW with Rm 

(2.5) was greater than the ratio of the amounts of NREM sleep 

to QW (1.8).

Distribution of sleep and wake states across the 
24-h period

Three out of four mouse-deer spent most of the daytime in the 

house (77%–90% of the time) and most of the nighttime outside 

the house (84%–97% of the time). The fourth animal briefly en-

tered the house only four times during daytime, when it was 

disturbed by a noise (Supplementary Table S4).

Under the conditions of this study, the amount of AW in the 

mouse-deer was significantly greater during nighttime than 

during daytime (p = 0.012, the paired t-test; Supplementary Table 

S4 and Figure 4). All animals displayed more NREM sleep during 

daytime than during nighttime. However, the difference be-

tween the means did not rich the level of significance (p = 0.086). 

The amounts of time spent in REM sleep, the number and dur-

ation of REM sleep episodes, and the amounts QW did not differ 

between the daytime and nighttime periods (p > 0.05).

When evaluated in 1-h intervals, the average amount of AW 

had two peaks: between 04:00 and 06:00 (60% of 1  h which is 

threefold greater than the average daily value) and between 

18:00 and 19:00 (36% of 1 h which is almost twofold greater than 

the daily average value; Figure 5B). Average hourly activity was 

low in the afternoon (12:00–17:00), in the morning (07:00–09:00), 

and after sunset (18:00–19:00). The repeated measures ANOVA 

revealed a statistically significant effect of time on the amount 

of AW (F3,69 = 3.303, p < 0.001). The difference was significant 

between the amounts of AW at 05:00–06:00 (the daily maximum) 

and almost a half of the remaining hours (10 out of 23 h except 

for hours of 0, 2–4, 6, 12,17, 18, and 20–21; p < 0.05, Tukey’s post 

hoc test). In contrast to AW, the time spent in QW did not change 

across the 24-h period (F3,69 = 0.990; p = 0.489; Figure 5C).

The mouse-deer exhibited NREM sleep during most of the 

24-h period. The largest individual amounts of NREM sleep 

were recorded in the morning between 06:00 and 09:00 after the 

period of the smallest amounts between 04:00 and 06:00 (Figure 

5D). The average daily 1-h sleep value was maximal at 08:00 (on 

average 71% of 1 h). After that, it progressively declined reaching 

the daily minimum at 05:00 (15% of 1  h). However, only 2 out 

of 4 animals exhibited a declining trend (Supplementary Figure 

S6). Overall, there was a significant effect of time of day on the 

amount of NREM sleep across the 24-h period (F3,69  =  2.144, 

p  =  0.008). The difference was significant between hour 5 (the 

daily minimum; on average 15% of 1 h) and hours 8 (the daily 

maximum; 71%, p  =  0.008), 16 (67%, p  =  0.025) and 15 (65%, 

p  =  0.039). During NREM sleep, the timing of individual SWA 

varied over the 24-h period (Supplementary Figure S6). Overall, 

hourly SWA values were not affected by the time (F3,63 = 1.003, 

p = 0.473; Figure 5E).

REM sleep was recorded during most of the light hours 

(08:00–16:00) and in the first half of the night (19:00–02:00) when 

the animals had the majority of their NREM sleep (Figure 5F). 

None of the five longest episodes of REM sleep, which lasted be-

tween 4 and 8 min, were recorded between 09:00 and 16:00. The 

amount of time spent in REM sleep was generally not affected 

by the time of day (F3,69 = 1.248; p = 0.238, The Kruskal-Wallis 

H test).

Discussion

During our experiments, the mouse-deer were in a 

naturalistic-like condition, ambient temperature, noise, and 

light/dark cycle. The polygraphic recording was conducted 
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using a telemetry system. The electropolygraphic data has 

been supplemented by a high-quality video of the animal’s 

behavior which revealed a number of interesting features of 

the animals’ behavior. Even though our recording conditions 

were lacking all the complexities of the wild and all studied 

mouse-deer were females, we believe that the data collected 

in this study extends our knowledge on sleep in ungulates 

and allows us to test several hypotheses suggested by prior 

studies and publications.

Sleep postures

In ungulates, NREM sleep has most frequently been recorded 

in recumbency and REM sleep was seen in lateral recumbency 

with the head resting on the ground [1–4]. A characteristic pos-

ture and phasic events facilitate identification of this state in 

ungulates in behavioral studies, for example, in the elephant 

and giraffe [18, 19]. This led to a suggestion that elephants in 

the wild can go without REM sleep for several days since they 

displayed only standing rest/sleep for periods of several days 

[20]. However, horses appear to be able to have REM sleep while 

standing while the episodes were shorter when compared to 

those in lateral recumbency. This was accompanied by a re-

duced neck muscle tone and head drops [21]. If not awakened 

after that, the horse could then collapse and fall on its knees, 

which led to an awakening. The majority of NREM sleep in the 

lesser mouse-deer was recorded in sternal recumbency with the 

head held above the ground. Although most of the REM sleep 

was recorded with the head resting on the ground, about one-

third of the total REM sleep also occurred in sternal recumbency. 

Thus, lateral recumbency is not an absolute condition for REM 

sleep for all ungulate species.

Drowsiness state

Dr was scored as a separate state in most prior studies of sleep 

in ungulates [1–4]. Bursts of rhythmic activity in the EEG with 

frequency between 3–5 Hz and 14 Hz were often emphasized 

as one of the features of this stage. However, in several studies, 

Dr was described as a mixture of both low voltage and high 

voltage slow waves. Therefore, the criteria for scoring episodes 

of Dr were not always consistent in these studies. In the lesser 

mouse-deer, Dr accounted for a very small amount of time, 

less than in other studied species (e.g. 10% of 24 h in the musk 

deer [4]; between 8% and 31% of 24 h in farm animals [1]). In 

two mouse-deer, based on the animals’ behavior at the time of 

bursting and the frequency of EEG, this activity had features of 

the alpha-like or somato-sensory rhythms recorded in other 

Figure 4. Parameters of wake and sleep states during the dark (18:00–06:00) and light (06:00–18:00) periods in the lesser mouse-deer. The graphs show the parameter 

values for four lesser-mouse deer (color lines, Md 1–Md 4) and the means (gray and white bars). (A–D). Amounts of AW, QW, NREM sleep, and REM sleep. (E). Number of 

REM sleep episodes. (F). Duration of REM sleep episodes. The difference between the night and day time values was significant only for AW (p < 0.05, the paired t-test, 

Supplementary Table S4).
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mammalian species. Those rhythms were recorded from either 

visual or motor cortex when the animals (cat, dog, monkey) 

were immobile but behaviorally awake. Both activities were 

suppressed by movements [22–24]. In two other mouse-deer, 

shorter bursts were recorded in the EEG both during transition 

between QW and NREM sleep, and in high voltage NREM sleep. 

They met the criteria for sleep spindles. The exact localization 

of the motor, somato-sensory, and visual cortex in the lesser-

mouse deer is not known. However, based on the data for other 

ungulates [25], the frontal EEG electrodes in the mouse-deer 

were located anterior to the ansate sulcus (where somatosen-

sory and motor cortical areas are usually located) and the par-

ietal electrodes in the anterior part of the lateral gyrus (where 

the anterior part of the visual cortex is located). Thus, the vari-

ation in the expression of bursting activity in the EEG of the 

mouse-deer in our study was probably due to variation in the 

location of EEG electrodes in relation to the sensory and motor 

cortical areas.

Sleeping with the eyes open

Monitoring the surroundings during sleep may allow the ani-

mals to detect predators. Some marine mammals and birds can 

sleep with one eye open at a time. Presumably with the aid of 

unihemispheric sleep/wakefulness, they maintain positions 

with the open eye facing the direction where danger or socially 

meaningful information is expected to occur [26–28]. It has been 

reported that some farm animals (e.g. the goat, sheep, and horse) 

and the musk deer may have SWS with their eyes open while in 

other (pigs and ponies) the eyes were usually closed in SWS [1–

4]. The eyes were closed in behaviorally sleeping elephants and 

giraffes [18, 19]. SWS with two open eyes has been also reported 

in several avian species [29] and rabbits [30].

Most wild ungulates are colonial animals with complex so-

cial behaviors. During the day, African ungulates select an open 

habitat, which allows good visibility of approaching predators. 

They rely on coordinated action and increased vigilant behavior 

[31, 32]. Thus, a recent study has reported that wild giraffes se-

lect areas with minimal trees or bushes for rest at night [33]. 

While several individuals were vigilant (standing and feeding), 

the others were observed resting in a sitting position, including 

in the posture which is characteristic of REM sleep [19].

Mouse-deer are solitary prey animals. They often use bur-

rows or hollow trees for resting or hiding [8]. It has been sug-

gested that mouse-deer primarily use acoustic and olfactory 

cues for information regarding predators. This sensory reliance 

is considered one of the archaic features of this group [8, 13, 

14, 34]. Interestingly, we recorded only rare instances when the 

mouse-deer rested or slept in the bushes including during the 

light hours. Both during daytime and nighttime, they usually 

chose a position for sleep on the open forest floor. Similar be-

haviors were recorded in the mouse-deer in more naturalistic 

conditions [14]. We have also found that the mouse-deer had 

a substantial portion of NREM sleep with their eyes open both 

while sleeping in the house and in the open forest floor.

In our prior work in marine mammals (cetaceans, fur seals, 

and sea lions), we showed that unilateral eye opening was linked 

to unilateral EEG activation or unihemispheric sleep/wakefulness. 

Moreover, in fur seals, both eyes were usually closed during bilat-

eral (both low and high voltage) SWS and during REM sleep [26, 27]. 

These data support the hypotheses that USWS serves a sentinel 

function [26, 28]. As we have found during this study, whenever 

both eyes in the mouse-deer were visible during NREM sleep, the 

state of the eyes was symmetrical. Also based on visual observa-

tions, EEG slow waves appear to developed synchronously in both 

cortical hemispheres in the mouse-deer. There is no indication 

at this time that during NREM sleep the mouse-deer may exhibit 

interhemispheric EEG asymmetry to the extent comparable to that 

in marine mammals [26, 27] or birds [28]. Therefore, in contrast to 

the situation in marine mammals, the mouse-deer have most of 

their NREM sleep with both eyes fully or partially open, suggesting 

that visual processing may occur in these animals during bilateral 

EEG slow waves.

Comparative aspects of the pattern and timing of 
sleep in ungulates

The family Tragulidae (mouse-deer) is among the three known 

basal groups of the Artiodactyla. All three groups originated 40–50 

m.y.a. but only the tragulids are extant. Paleontological data sug-

gest that modern Tragulidae have common features with the 

Figure 5. The time-course of sleep and wake states, and slow wave activity over 

the 24-h period in the lesser-mouse deer. (A) Ambient temperature. (B–D, F). 

Amounts of AW, QW, NREM sleep, and REM sleep as percent of 1 h. (E) SWA (EEG 

power in the range of 0.8–4.0 Hz) in 1-h intervals in artifact free epochs of NREM 

sleep without rumination as percent of the mean SWA for all NREM sleep epochs 

without rumination. The data are for individual animals (color lines, Md 1–Md 

4) and means for all animals (gray columns). The data is double plotted.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/s
le

e
p
/a

rtic
le

/4
5
/7

/z
s
a
b
1
9
9
/6

3
4
6
6
1
4
 b

y
  s

u
p
p

o
rt o

n
 1

7
 J

u
ly

 2
0
2
2



10 | SLEEP, 2022, Vol. 45, No. 7

ancestral forms. Five other families of the Artiodactyla origin-

ated approximately 20–30 m.y.e. after the tragulids [9, 10]. Prior 

studies attempted to link some features of sleep in mammals 

with their evolutionary history, specifically the degree of differ-

entiation of REM sleep. For instance, REM sleep in the armadillo 

and the ferret is less differentiated than in other placental mam-

mals. It has some similarity with “H-sleep” (REM sleep with high 

voltage EEG) as described in the platypus, in which sleep has fea-

tures of both REM and NREM sleep [35–37]. Both the armadillo and 

ferret have morphophysiological features which are considered 

archaic for placental mammals, similar to some characteristics 

of the mouse-deer. Another example is less differentiated REM 

sleep in ostriches [29, 38] which are also a basal group of birds. 

However, despite the phylogenetic status of the mouse-deer, fea-

tures of their REM sleep do not differ substantially from that of 

other placental mammals or other ungulates such as the Arabian 

oryx and wildebeest [5, 6] which originated after the tragulids. 

REM sleep is well-differentiated in the mouse-deer as indicated 

by cortical activation, EEG theta-activity, muscle atonia, and al-

most continuous REMs. This discussion should not be considered 

as a definitive attempt to address the issue of whether phylogen-

etic relatedness between species explains some of the variations 

in sleep amounts or sleep patterns as it was examined in other 

publications [39].

TST and amounts of NREM sleep. Diet type was found to correlate 

with TST. Carnivores generally sleep more than herbivores and 

body mass significantly and inversely correlates with TST in 

herbivores [17, 39–41]. Malungo et al. [6] have reported that TST 

in two wild African artiodactyls (the Arabian oryx and wilde-

beest) is close to what would be predicted based on their body 

mass in comparison to other herbivores. We can further extend 

the comparison and include our new data for the lesser-mouse 

deer and the data for the Siberian musk-deer [4]. These two spe-

cies are the smallest of the studied ungulates with the body 

mass less than 10 kg while in the prior studies the correlation 

was tested for the ungulates larger than 30 kg. For all studied 

species, the TST fall reinforces the hypothesis that sleep time 

in herbivores is inversely correlated with body mass (Figure 6). 

Following the prior discussion of this correlation, we note that 

the analysis and comparison did not account for phylogenetic 

relationships between species [6, 17, 20, 39–41]. The strength of 

this correlation also differs among the studies, with the highest 

correlations between sleep time and body mass seen when a 

logarithmic scale was used for body mass calculations, reflecting 

the several orders of magnitude in the variation in weight across 

animals and the much more limited range of possible sleep dur-

ations. Several factors may be responsible for the negative cor-

relation between TST and body mass in herbivores and likely 

in ungulates. This topic has been extensively reviewed in other 

publications [17, 40, 41].

In our recording conditions, the lesser mouse-deer exhibited 

the largest amounts of TST and NREM sleep which have been re-

corded among ungulates and ruminants. There are several con-

siderations that would favor a high level of TST and NREM sleep 

in the mouse-deer. First, it was suggested that foraging time in 

herbivores tends to increase with body mass [42]. For instance, 

virtually all studies on wild elephants have reported that feeding 

(eating, grazing) was the dominant daytime behavior accounting 

for between 40% and 90% of the daytime hours (e.g. Refs. [43, 

44]). The difference between the amounts was usually related 

to the differences between the areas, between the wet and the 

dry season and between the animals’ sex and age. Regarding 

smaller ungulates, there is information that zebras may spend 

53%–58% of their daytime hours; grazing [45], wildebeest—40% 

[46], and impala—31% [47]. Captive musk-deer, which are among 

the smallest of ungulates (8–12 kg), spent between 18% and 20% 

of the 24-h period feeding [48]. In our experimental conditions, 

the mouse-deer were active between 12% and 24% of 24 h. The 

majority of this time they spent eating or looking for food, 

which is comparable to the values in the musk-deer. In contrast 

to many other ungulates, the tragulids are not obligate herbi-

vores. In the wild along with shoots and leaves they eat fallen 

fruit, mushrooms, and even insects [7, 8]. The limited amount 

of vegetation in the undergrowth of tropical forests is compen-

sated by a smaller amount of food needed which is also easier 

to digest. Therefore, a smaller amount of time needed for the 

mouse-deer for foraging may reduce daily activity and increase 

TST. These data do not contradict a hypothesis of trade-offs be-

tween foraging and sleeping time [40, 41].

A second consideration is that the lesser mouse-deer inhabits 

the tropical rain forest. It is not well adapted to cold or heat, 

with an optimal temperature range of 26.6–29.0°C [49]. When 

the ambient temperature is above 30°C, the animals become 

hyperthermic and the oxygen uptake and evaporative heat loss 

increases. During our recordings mean daylight ambient tem-

perature was 31.3 ± 0.2°C and the mean maximum was 34.8 ± 

0.3°C. Every day between 09:00 and 16:00 the temperature was 

greater than 30°C which is the upper limit of the thermoneutral 

zone in the mouse-deer. Tragulids do not appear to possess the 

carotid rete blood vessel system that has been found in all other 

studied artiodactyls [50, 51]. The rete is considered to allow se-

lective brain cooling facilitating adjustment potential to hot and 

dry conditions [52]. We also observed that within 5–10 min after 

being caught, the rectal temperature of the mouse-deer was often 

above 40°C. A substantial amount of daytime QW and NREM was 

accompanied by panting. Even considering that the mouse-deer 

probably inhabits one of the most comfortable climates in the 

Figure 6. The correlation between TST and body mass in herbivores based on 

the plot presented in Malungo et al. [6] including the regression and R2. The data 

(both EEG and behavioral studies) used in this plot is derived mainly from Siegel 

[17], with data for African ungulates from Gravett et al. [20], Davimes et al. [5], 

and Malungo et al. [6]. The data for the Siberian musk deer is from Sokolov et al. 

[4]. The data for ungulates are marked in black and for other herbivores in blue. 

The open rectangles mark polysomnographic studies in wild ungulates.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/s
le

e
p
/a

rtic
le

/4
5
/7

/z
s
a
b
1
9
9
/6

3
4
6
6
1
4
 b

y
  s

u
p
p

o
rt o

n
 1

7
 J

u
ly

 2
0
2
2



Lyamin et al. | 11

world living on the forest floor in the shade of the sun, high ac-

tivity in the daytime will be followed by hyperthermia and the 

need to spend energy on cooling via panting. A great number of 

behavioral studies on wild African ungulates reported that the 

animals usually substantially reduced their activity during the 

daytime hours when environmental temperature is high (e.g. 

Refs. [45, 46]). The Arabian oryx also exhibits most of its sleep 

during the hottest hours [5].

Third, the risk of predation is considered to be a major factor 

affecting the sleep behavior of prey species [53]. The mouse-deer 

are prey species and wild cats are their main predators [7, 8]. 

The mouse-deer has a limited ability (if any) to fight and relies 

primarily on hiding and fleeing. Low activity, sleep, and hiding 

in such conditions could contribute to survival. Thus, in all of 

these cases sleep may serve as a state of adaptive inactivity 

filling spare time, conserving energy, and avoiding unnecessary 

activity during unfavorable hours [54].

REM sleep. The amounts of REM sleep in ungulates is smaller than 

in other mammalian groups. If we compare the amounts among 

all ungulates, then in 3 out of 4 wild species it will be smaller 

(on average 1.2% both in the winter oryx and in the wildebeest, 

1.7% in the mouse-deer, and 3.1% in the musk deer) than in all 

five domesticated ungulates (2.4% in the sheep, 3.1% in the horse, 

3.2% in the cow, 7.0% in the pony, and 7.3% in the pig). Ponies of 

differing ages and pigs (piglets) are the record holders in ungu-

lates, although the amount of REM sleep in the horse is only a 

half of that in the pony [1–6]. Based on behavioral criteria, the 

amounts of REM sleep in the largest of living ungulates is also low 

(on average, less than 1% of 24 h in the giraffe and undetermined 

in elephants [18–20]). While it is not yet clear what factors deter-

mine variation in the amount of REM sleep in different species 

of ungulates, domestication may be one of the issues leading to 

an increased amount of daily time spent in REM sleep [6, 53]. It 

is possible that domestication may cause a decrease of vigilance 

during sleep when compared to wild ungulates and an increase 

of the total amount and the ratio of REM sleep in TST.

REM sleep is characterized by impaired thermoregulation [55, 

56]. In addition, the onset of REM sleep may be accompanied 

by an increase in brain temperature [57–60], which prompted 

the suggestion that danger of overheating of the brain in the 

Arabian oryx may be a reason for the low amount of REM sleep 

and the shorter duration of REM sleep episodes in the summer 

in comparison to the winter [5]. While our data indicate that 

the duration of REM sleep episodes in the mouse-deer did not 

differ between the daytime and nighttime periods, longer epi-

sodes of REM sleep (4–8  min) were not recorded in the after-

noon. Therefore, the relatively small amount of REM sleep that 

we have recorded in the mouse-deer seems to be in good agree-

ment with the conclusion that the thermoregulatory abilities of 

the mouse-deer are limited [49].

The arousal threshold during REM sleep was shown to be 

higher or comparable with that during high voltage SWS or NREM 

sleep [61–63]. Reduced responsiveness to external stimuli along 

with muscle atonia may increase the vulnerability to predation. 

There is evidence that mammals and birds suppress REM sleep 

in riskier situations, such as fur seals sleeping in water (which 

may face killer whale or shark attacks) compared to when they 

sleep on land [27, 60] or pigeons sleeping on low-perches (may 

be vulnerable to predation from ground mammals) compared to 

when they slept on elevated perches [64]. This idea is supported 

by a significant negative correlation between amounts of REM 

sleep and the risk of predation both in mammals and birds [17, 

39–41, 53]. It seems that shorter duration of REM sleep could not 

only reduce the possible adverse effects of brain overheating but 

also could shorten a period of reduced responsiveness to danger.

Circadian activity/timing of sleep. Among the three electrophysio-

logically studied species of wild ungulates, the wildebeest and 

Arabian oryx (in the winter) displayed predominantly nocturnal 

sleep patterns. In the summer, the oryx exhibited predominantly 

diurnal sleep [5, 6]. The musk deer did not show a preference for 

sleeping at any particular time of day [4]. However, the animals 

were recorded under laboratory conditions. In prior behavioral 

studies the lesser mouse-deer were reported to be diurnal [14], 

diurnal to cathemeral [8, 65], or crepuscular [15]. In our experi-

mental settings, 3 out of 4 studied mouse-deer preferred to stay 

in their shelters during the day and moved to the open forest floor 

during the night as in naturalistic conditions [8, 14]. Based on the 

formal criteria, the mouse-deer in our study were nocturnal (since 

they were more active at night than during the day) and had a 

crepuscular activity pattern (since they displayed the main ac-

tivity peak in the morning and at a smaller degree at dusk). The 

lesser mouse-deer also exhibited polyphasic sleep similar to that 

of others studied ungulates. They go to sleep at different times 

of the day but displayed more NREM sleep during daytime than 

during nighttime. The same behavioral pattern appears to be char-

acteristic for the lesser mouse-deer in the forest of Cambodia [15].

Two factors may determine the timing of sleep in the 

mouse-deer. They are optimal foraging time and the risk of pre-

dation. Large artiodactyls experiencing hot environmental tem-

peratures decrease their activity during daytime [5, 45, 46, 66, 

67]. The ambient temperature in the habitat of the mouse-deer 

is not extremely hot but it exceeds the upper limit of the spe-

cies optimal temperature zone for most of the light phase [49]. 

We have found that the mouse-deer reduced activity during 

the hottest time (09:00–16:00), and spent most of the time in 

NREM sleep avoiding longer episodes of REM sleep. They also 

increased their activity during the hours with lower tempera-

ture conditions, that is the end of the night and close to twilight 

hours. Thus, the mouse-deer appeared to respond to adverse 

temperature conditions by optimizing both the pattern of sleep 

and the timing of daily activity as other ungulates do.

In tropical forests, many carnivores can hunt on their prey at 

different times of the day [7, 8, 34, 68]. Wild cats are among the 

main predators of mouse-deer. Some cats are mostly nocturnal 

(such as the clouded leopard) while others are mostly diurnal (such 

as the Asiatic golden cat) or completely diurnal (the marbled cat) 

[7, 8, 69, 70]. However, wild cats also display crepuscular activity 

peaks [71] and often adjust their activity to the pattern of their prey 

species [72]. A strictly nocturnal or strictly diurnal activity pattern 

would also be maladaptive for the mouse-deer under the condi-

tions when predators may be active at different times of the day. 

Therefore, the crepuscular activity peaks, polyphasic sleep, and 

the flexibility to adjust (cathemerality) if environmental conditions 

change may serve to reduce predation of the mouse-deer.

The timing of SWA

In humans and other mammals, the amounts of SWS/NREM 

sleep and SWA are highest in the beginning of the main sleep 
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period and then progressively decline to the end of the sleep 

period [73, 74]. The amounts of NREM in the mouse-deer were 

greatest in the morning following the period of highest ac-

tivity which is some indication of homeostatic regulation. 

During the rest of the 24-h period, the average hourly SWA de-

creased in parallel with the amount of NREM sleep. However, 

the decrement of average SWA was rather small and the 

timing of SWA in different animals was not consistent. Thus, 

it is not clear if the timing of SWA during the 24-h period in 

the lesser mouse-deer is similar to that in other mammalian 

species.

Concluding remarks

Our data suggest that the pattern of sleep in the lesser mouse-

deer, including polyphasic sleep, the largest TST among all 

studied ungulates, and a low amount of REM sleep, predom-

inantly sternal recumbency, open eyes while asleep and 

crepuscular peaks of activity appear to be associated with en-

vironmental factors in the tropical forest including hot but not 

extreme daytime ambient temperatures, a number of poten-

tial predators which can be active at different times of the day, 

and the mouse-deer diet with different types of vegetation and 

fruit.
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