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Abstract

Sleep in the primate order remains understudied, with quantitative estimates of sleep duration available for less than 10%
of primate species. Even fewer species have had their sleep synchronously quantified with meteorological data, which have
been shown to influence sleep—wake regulatory behaviors. We report the first sleep duration estimates in two captive gib-
bon species, the Javan gibbon (Hylobates moloch) and the pileated gibbon (Hylobates pileatus) (N=52 nights). We also
investigated how wind speed, humidity, temperature, lunar phase, and illumination from moonlight influence sleep—wake
regulation, including sleep duration, sleep fragmentation, and sleep efficiency. Gibbons exhibited strict diurnal behavior with
little nighttime activity and mean total average sleep duration of 11 h and 53 min for Hylobates moloch and 12 h and 29 min
for Hylobates pileatus. Gibbons had notably high sleep efficiency (i.e., time score asleep divided by the time they spent in
their sleeping site, mean of 98.3%). We found illumination from moonlight in relation to lunar phase and amount of wind
speed to be the strongest predictors of sleep duration and high-quality sleep, with increased moonlight and increased wind
causing more fragmentation and less sleep efficiency. We conclude that arousal threshold is sensitive to nighttime illumina-
tion and wind speed. Sensitivity to wind speed may reflect adaptations to counter the risk of falling during arboreal sleep.
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Introduction

Sleep architecture captures fundamental aspects of animal
behavior and physiology, with great consequence for fitness
involving predation risk, mating opportunities, and foraging.
Given its importance, it is remarkable that sleep architecture
has only been recorded for 7% of primate species, with most
of these studies taking place in captive settings (Nunn and
Samson 2018). Two factors are leading to increased inves-
tigations of sleep: technological innovations that involve

P4 Kaleigh R. Reyes
kaleigh.reyes @mail.utoronto.ca

Department of Anthropology, University of Toronto
Mississauga, 19 Russell Street, Mississauga, ON M5S 2S2,
Canada

Department of Evolutionary Anthropology, Duke University,
Durham, NC, USA

3 Duke Global Health Institute, Duke University,
Durham North Carolina, USA

infrared videography and actigraphy, and greater apprecia-
tion of the importance of sleep in primate and human evolu-
tion (Samson et al. 2014,2018,2019; Samson and Shumaker
2015; Samson and Nunn 2015; Nunn 2011; Nunn et al. 2010;
Melvin et al. 2019; Kavanau 2005). To advance research in
human evolution, sleep studies on the apes are especially
important, given that sleep has been quantified only for oran-
gutans (Pongo pygmaeus and Pongo abelii) (Samson 2013)
and chimpanzees (Pan troglodytes) (Freemon et al. 1969;
1971; Videan 2006; Videan 2005; Havercamp et al. 2021;
Adey et al. 1963). Detailed studies of sleep architecture in
small apes (gibbons) have yet to be conducted, although one
study looked at correlates of sleep and activity in wild gib-
bons (Fei et al. 2019).

Sleep is an ancient and a seemingly evolutionarily con-
served behavior performed by most animal life. Natural
selection has shaped sleep characteristics in relation to
benefits, but also in terms of costs. For example, several
hypotheses have addressed the function of sleep in relation
to the benefits of immunocompetence, cognitive processing,
neural development, memory formation, and brain metabolic
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homeostasis (Rasch and Born 2013; Nunn 2011; McNamara
and Auerbach 2010; Preston et al. 2009; Walker 2009; Xie
et al. 2013; Marks et al. 1995). Comparative research sup-
ports a number of these proposed functions, with many stud-
ies highlighting a balance between sleep intensity and sleep
duration, with animals optimizing one of these strategies,
but not both (Franken et al. 1991; Tobler 2011; Samson et al.
2018). In other words, given an animal’s environment and
ecological niche, it may be more advantageous to exhibit
lower sleep intensity [measured by looking at the proportion
of EEG slow-wave activity within non-rapid eye movement
(NREM)] over a period of longer sleep duration, while in
other circumstances, it may be favorable to exhibit higher
sleep intensity over a period of shorter sleep duration. Costs
are also important. Thus, ecological factors such as preda-
tion risk and foraging needs help shape this balance between
sleep and activity, along with environmental factors such as
weather patterns (Lesku et al. 2006; Capellini et al. 2008;
Hartse 2011; Lesku et al. 2006; Rattenborg and Amlaner
2002).).

Here, we investigated sleep in gibbons (genus Hylobates).
Gibbons are universally classified as diurnal (Ahsan 2001;
Gittins 1982; Whitten 1982; Raemaekers 1978; Chivers,
1974,1975; Fan et al. 2009). It has been hypothesized that
gibbon activity patterns evolved as a foraging strategy to
synchronize with the timing of fruiting trees, where gibbons
wake early in the morning to consume a large abundance of
fruit to offset low levels of blood sugar from fasting through-
out the night (Raemaekers 1978; Gittins, 1982). Gibbons
then continue to feed throughout the day, but unlike other
primates, tend to retire to their sleeping sites several hours
before dusk, forgoing potential foraging as a trade-off for
decreased nocturnal predation risk (Fei et al. 2017). Gibbons
have been reported to have excellent anti-predation strate-
gies, and along with the foraging constraints of a frugivorous
diet, these two ecological pressures in combination likely
shaped the evolution of diurnal behavior seen in gibbons
(Clarke et al. 2012; Dooley and Judge 2015; Geissmann
et al. 2006).

Meteorological variables such as wind, temperature, and
lunar phase have been reported to influence sleep in animals,
including humans and non-human primates (Moffitt 1977,
Samson et al. 2018; Lammers and Zurcher 2011; Preuschoft
2002). Lunar phase has been shown to influence sleep across
the animal kingdom, including invertebrates such as insects
(Povilla adusta) and crabs (Sesarma haematocheir), amphib-
ians such as tungara frogs (Physalaemus pustulosus) and
reptiles such as prairie rattlesnakes (Crotalus viridis), birds
such as the fiery necked nightjar (Caprimulgus pectoralis)
and eagle owls (Bubo bubo), mammals such as the Eura-
sian badger (Meles meles) and coyotes (Canis latrans), and
marine taxa such as white sharks (Carcharodon carcha-
rias) and cape fur seals (Arctocephalus pusillus pusillus)
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(Kronfeld-Schor et al. 2013; Fallows et al. 2016). In pri-
mates, the lunar cycle has been reported as an important
regulator of nighttime activity (Pruetz, 2018; Curtis and
Rasmussen, 2006; Eppley et al. 2015; Erkert and Kappeler
2004; Kappeler and Erkert 2003; Fernandez-Duque et al.
2010; Muifioz-Delgado and Corsi-Cabrera 2010; Maples
et al. 1976; Ayers et al. 2020). This is an effect of some
lunar phases, such as full moons, producing more illumina-
tion than other lunar phases, such as new moons (Pruetz
2018; Ayers et al. 2020). For non-human primates, previous
studies report lunar phase as having a strong influence on
lemur scotoperiod activity and their documented cathemer-
ality (Curtis and Rasmussen 2006; Eppley et al. 2015; Erk-
ert and Kappeler 2004; Kappeler and Erkert 2003), where
scotoperiod refers to the period of darkness, or absence of
daylight, experienced by an organism. Chimpanzees (Pan
troglodytes verus) (Pruetz 2018) and chacma baboons (Papio
ursinus) (Ayers et al. 2020) have been reported to display
more activity on nights with increased illumination, which
may be interpreted as poorer sleep efficiency on those nights.

Quantitative data on gibbon sleep quotas, including total
sleep, NREM, and REM durations, have yet to be recorded.
Sleep duration is defined as the total time an individual is
asleep, while NREM is defined as a stage of “deep sleep”,
and REM is defined as a stage of “light sleep” signified
by rapid eye movement (REM) and movement of the dia-
phragm, and is the period in which dreaming is known to
occur in humans (Siegel 2005, 2011). However, previous
research on correlates of sleep has been conducted on wild
skywalker hoolock gibbons (Hoolock tianxing). This study
found that gibbons spent longer periods of time at their sleep
sites after dawn on nights where temperatures were colder
(Fei et al. 2019). In addition to temperature, windy condi-
tions may influence sleep in arboreal, open-branch-sleeping
primates, such as gibbons (Fruth et al. 2018; Stewart et al.
2018). This builds on previous findings showing that wind
speed impacts stability for arboreal primates (Lammers and
Zurcher 2011; Preuschoft 2002), especially for those who
are open-branch sleepers compared to nest sleepers (Reich-
ard 1998; Fruth et al. 2018; Samson and Hunt 2014; Samson
and Shumaker 2013; Anderson et al. 2019).

To investigate gibbon sleep and nighttime inactivity, we
measured behavioral sleep via actigraphy, concurrently with
wind, humidity, temperature, lunar phase, and illumination
from moonlight. These data are used to test the hypothe-
sis that lunar and meteorological variables are drivers of
sleep—wake regulation in two captive gibbon species, the
Javan gibbon (Hylobates moloch) and the pileated gibbon
(Hylobates pileatus). Specifically, we predicted that gib-
bons would display lower sleep efficiency on nights with
increased lunar illumination due to increased opportunities
for safe arboreal movement when more light is available.
We also predicted that gibbon sleep would be sensitive to
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wind, given that windier nights may make sleeping riskier
for this arboreal primate, resulting in lower sleep duration,
increased sleep fragmentation, and lower sleep efficiency.
Finally, based on observational data in wild gibbons (Fei
et al. 2019), we predicted that lower temperatures would
influence sleep—wake regulation by reducing sleep dura-
tion, increasing sleep fragmentation, and decreasing sleep
efficiency.

Methods
Study subjects

We generated actigraphy data from two captive gibbons of
different species, one male and one female. We surveyed
Reg, a 22-year-old male Javan gibbon, also referred to
as the silvery gibbon (Hylobates moloch), and Violet, an
11-year-old female pileated gibbon (Hylobates pileatus).
Subjects were housed at the Santa Clarita Gibbon Conser-
vation Center, in California, USA, with complete biographic
information available online (https://www.gibboncenter.org/
species-at-the-gcc.html). The center’s mission is to promote
the conservation of gibbons and to preserve their habitat by
partnering with global gibbon rescue organizations, and to
care for captive gibbons through public education and scien-
tific research. Gibbons at the center have routine veterinary
health examinations in which they are placed under general
anesthesia. Given the risks of anesthesia, it is preferable to
place collars on an animal that is already scheduled for anes-
thesia rather than to place an animal under anesthesia solely
for the purpose of putting on the collar. Therefore, Violet
and Reg were chosen for this study because the timing of
their examinations aligned with the starting time of our data
collection. Gibbons are housed outside under natural con-
ditions in California, allowing them to experience natural
meteorological variables such as wind, daily temperatures,
moonlight exposure, and lunar phase exposure. All animal
use and methods were approved by the Duke University
Institutional Animal Care and Use Committee, protocol
number A035-14-02.

Data collection

Data collection occurred for 2 months from 8 May 2015 to
17 June 2015. Reg and Violet’s daily activity was recorded
continuously using MotionWatch 8 (CamNtech) tri-axial
accelerometers, generating continuous data at 1-min
epochs over the course of a total of 52 days. These acti-
graphic sensors are lightweight (7 g) and attached to stand-
ard nylon pet collars worn around the neck. Veterinary
staff placed collars on Reg and Violet during their routine
veterinary examinations under general anesthesia, and they

were worn for the duration of this study (52 days). Reg
and Violet were monitored by staff to ensure no adverse
reactions to the collars and smooth acclimation to the
collars. The physiological definition of sleep is defined
by polysomnography, which involves placing electrode
monitors on the scalp and body to record brain waves,
breathing, and body movements that correspond to sleep.
However, these methods involve physical restriction and/
or invasive approaches, and thus are no longer ethically
possible with primates. Therefore, we use the convention
behavioral sleep as an estimate for physiological sleep
used in non-human animal sleep research (Zanghi et al.
2013). Certain behaviors, such as patterned diaphragm
breathing, rapid eye movements, and prolonged immobil-
ity of the body, have been shown to be strongly correlated
with brain phases of sleep (such as REM or NREM). This
allows actigraphy, which measures these behavioral activ-
ity patterns of sleep, to get at the wake-sleep states with-
out the animal undergoing polysomnography (Zanghi et al.
2013). Housing environment was recorded for each night
of sampling, with gibbons selecting sleeping site loca-
tions within their outdoor enclosures. Daily recording was
indexed by several independent variables: day length (the
difference between sunrise and sunset times), moon phase
(continuously between 1 =full moon and 0 =new moon),
average nighttime temperature (°C) measured hourly from
sunset (20:00) to sunrise (05:40), and average nighttime
wind speed measured in miles per hour hourly from sun-
set (20:00) to sunrise (05:40). Independent variables were
sourced from the following website https://www.timea
nddate.com/moon/phases/usa/santa-clarita that records
local meteorological variables. Sun and moon informa-
tion can be located under the website tabs “Sun & Moon”,
“Moonrise & Moonset” and “Sunrise & Sunset”. Weather
variables such as humidity, temperature, and wind speed
can be located under the “weather” tab, then navigating to
“past weather” for the dates of interest.

CamNtech’s MotionWare software was used to produce
actograms of Reg and Violet’s daily activity levels (Fig. 1),
which allows for a comparison of how active each gibbon
was during the nighttime period and the daytime period.
Dependent variables were generated from MotionWare soft-
ware (CamNtech) processed activity logs recorded at 1-min
epochs. The sensor sampled movement once a second at
50 Hz and accumulated data that assigns an activity value
per 1 min epoch. The MotionWatch 8 sensor logs motion
data over a user-defined interval, or epoch, using a built-in
tri-axial accelerometer. The sensor samples data at 50 Hz
and accumulates data over the epoch, ultimately assigning it
a numeric value. We collected data on the minute, as contin-
uous 1-min sampling is the most commonly used actigraphic
method for measuring sleep—wake activity patterns in both
humans (Ancoli-Israel et al. 2003; Johnson et al. 2007) and
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Fig.1 24-h average activity plot. Reg’s actogram is in black; Vio-
let’s actogram is in dark grey. Light grey periods indicate nighttime
periods. Average sunset time was 20.00 (8:00 pm) and average sun-

non-human primates (Sri Kantha and Suzuki 2006). To
determine behavioral sleep (i.e., significant periods of sco-
toperiod inactivity) of gibbons, we used methods similar
to those developed for determining human sleep behavior.

Using actigraphy data, we generated an estimate of total
average sleep time. Following terminology in previous
studies (Andersen et al. 2013; Barrett et al. 2009; Kantha
and Suzuki 2006; Zhdanova et al. 2002), we defined sleep
in actigraphy as the absence of any force in any direction
during the measurement period (1-min epoch) (Campbell
and Tobler 1984). The following variables were obtained:
sleep duration, central phase measure (CPM) (the midpoint
of sleep start and end time), sleep fragmentation, and sleep
efficiency. Actigraphy data was paired with nighttime aver-
ages of the following meteorological variables: wind (mph),
humidity (%), temperature (°C), lunar phase, and illumina-
tion from moonlight. Variables were gathered from the web-
site https://www.timeanddate.com/moon/phases/usa/santa-
clarita. Gibbon sleep was not artificially manipulated in any
way, as the animals slept in their normal enclosures.

Data analysis

Sleep data from the collars were first analyzed using the
MotionWare software by CamNtech to produce actograms
and summaries of sleep quotas (Table 1). These night-
by-night data were analyzed in R version 3.1.3 (R Core
Team 2016) using a linear mixed effects model using
the MuMin package (Bartonn 2014). We averaged models

rise time was 5:40 (5:40 am). Black lines show periods of activity;
absence of black lines indicates periods of inactivity

with AAIC < 10 using the MuMIn package, where AIC
refers to the Akaike information criterion (Barton 2015)
and is used to determine the best fit based on predictive
accuracy (McElreath 2019). Sleep quotas were set as the
response variable (sleep duration, central phase measure,
sleep fragmentation, and sleep efficiency), with the fol-
lowing factors: wind speed (mph), humidity (%), tempera-
ture (°C), lunar phase, and illumination from moonlight
(lux). Individuals were included in the model as random
effects, which correspond to species differences in this
case. Statistical inferences were made using standardized
coefficient estimates with shrinkage, a technique whereby
more certain estimates are pooled to inform less certain
estimates, and 95% confidence intervals. Pooling, in this
instance based on a normal distribution, means that a vari-
able provides information that can be used to improve the
estimates for all other variables (McElreath 2019).

Thus, the model testing the aforementioned predictions
was the following:

Sleep quota ~ wind + humanity + temperature + lunar phase

+ night time illumination + |ID (species)|

In summary data reported below, sleep duration refers
to the total time an individual is asleep, sleep efficiency
is the time spent asleep/total time in the sleep site, sleep
fragmentation index measures how often sleep was frag-
mented (periods of being awake throughout the sleeping
period) given in a percentage, and central phase meas-
ure (CPM) is the midpoint of the sleeping period given
in minutes (a negative value is assigned if the midpoint

Table 1 Averaged sleep quotas Sleep quotas

Reg (male Hylobates) Violet (female Hylobates spp. mean

Hylobates) (standard error)
Sleep duration 11 h, 53 min 12 h, 29 min 11 h, 41 min (0.38)
Sleep efficiency 97.3% 99.3% 98.3% (1.00)
Sleep fragmentation index 18.9 9.8 14.3 (1.31)
Central phase measure (CPM) 179.5 min 182.1 min 180.8 min (4.53)
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occurs before midnight; a positive value is assigned if the
midpoint occurs after midnight).

Results

Descriptive statistical analyses provided averaged total
sleep times for Reg and Violet based on the 52 total days of
actigraphy. Gibbons showed distinct sleeping patterns which
aligned with expected patterns for diurnal primates. Averag-
ing the data for the two gibbon species gives a genus-level
sleep duration of 11 h and 41 min (SE 0.38), with a high
sleep efficiency of 98.3% (SE 1.00). The sleep fragmenta-
tion index on average was relatively low (14.3, SE 1.31),
and gibbons had a reported mean CPM of 180.8 min (SE
4.53, Table 1).

Figure 1 contains the actogram for Reg and Violet as
generated by Motionware (CamNtech). With black lines

Table 2 The effect of predictor variables on gibbon sleep duration.

Predictor Estimate and S.E. Confidence interval Importance
INlumination  0.33 (0.13) (0.072, 0.593) Ist=0.88
Lunar phase 0.21 (0.14) (—=0.072, 0.497) 3rd=0.47
Wind —0.31 (0.13) (=0.563, —0.048)  2nd=0.81
Humidity 0.10 (0.19) (—0.284, 0.480) 4th=0.26
Temperature —0.01 (0.19) (-=0.397, 0.377) 5th=0.23

Positive coefficients indicate greater sleep duration (TST), while neg-
ative coefficients indicate lesser sleep duration

Fig.2 Bolder line indicates an
89% interval. Sleep Duration:
Greater wind (mph) is associ-
ated with shorter sleep duration,
whereas increased illumination
(lux from moonlight) drives
longer sleep duration. Humid-
ity and temperature were not of
importance, for the coefficient
estimates did not exclude zero.
Lunar phase was bordering on
zero and may be of importance
for longer sleep duration

illumination

lunar phase

humidity

wind (mph)

temperature (C°)

displaying activity, it is observed that the vast majority of
activity took place during daylight hours, with little to no
activity taking place during the scotoperiod. There were
slight differences observed between the two subjects’ acto-
grams, with Reg sleeping slightly less than Violet, with a
duration of 11 h and 53 min in comparison to her 12 h and
29 min. We assumed group composition would not have a
significant effect on sleeping patterns because the gibbons
are housed in intragroup pairs (N=2), but given that inter-
group gibbons are within vocalization range of other gib-
bons, it is possible that enclosure membership could influ-
ence nighttime activity.

Reg and Violet could be described to be late risers, with
activity not taking place until around 8:00 am, while sunlight
is available starting at 5:40 am (on average over the study
period). This may be explained by the captive husbandry
scheduling of the Gibbon Conservation Center, where break-
fast is distributed by keepers to the gibbon population closer
to 7:00-8:00 am, instead of at dawn. During the evening,
when light becomes absent due to the sun setting at 21:00
(9:00 pm) on average, gibbons may continue to be lightly
active for an hour or so, then all activity ceases throughout
the entire nighttime sleeping period (Fig. 1).

In our statistical model of sleep duration (Table 2), illu-
mination was shown to be the greatest positive driver of
sleep duration, with a positive estimate, a confidence interval
not crossing zero (Fig. 2) and the highest importance rank.
Lunar phase was found to increase sleep duration, but with
low importance. Lunar phase was observed to be of impor-
tance as a related variable to the amount of illumination

a
.
.

-0.5 0.0 0.5 1

Estimate
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produced. Wind speed was reported to be the strongest
negative driver of gibbon sleep duration, and the second
most important factor overall (after illumination). Figure 2
displays a coefficient plot showing the influence of predic-
tor variables (illumination, lunar phase, wind, humidity, and
temperature) on sleep duration.

We also investigated other sleep quota variables. Figure 3
shows that sleep fragmentation increased when nighttime
average temperatures were warmer and humidity rates were
higher. When more illumination was produced by moonlight,
sleep fragmentation also increased. Therefore, we conclude
that hot, humid nights with increased moonlight reduce
the quality of gibbon sleep. In Fig. 4, it is observed that on
nights with less illumination from moonlight, gibbons had
higher sleep efficiency. Therefore, we conclude that nights
with less illumination are conducive to higher-quality gib-
bon sleep. For sleep efficiency, all other predictor variables
had confidence intervals that crossed zero (Fig. 3; Table 2),
and therefore were deemed of low importance for predicting
sleep efficiency.

Discussion

We found that gibbon sleep is influenced by lunar and
meteorological variables. Specifically, we found that
increased illumination from moonlight is a driver of
sleep—wake regulation, with a greater moonlight result-
ing in lower sleep efficiency, more fragmented sleep, and
longer sleep duration. Wind was the strongest driver of

Fig.3 Bolder line indicates an

89% interval. Sleep Fragmenta-

tion: More illumination (lux

from moonlight), increased

humidity, and warmer tem- llumination
perature predicts greater sleep

fragmentation. Wind and lunar

phase were not of importance,

for the coefficient estimates did lunar phase
not exclude zero

humidity

wind (mph)

temperature (C*)

-0.5
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sleep—wake regulation in gibbons, with less wind resulting
in higher sleep efficiency and longer sleep duration. We
predicted an increase in illumination from moonlight to be
a driver of lower sleep efficiency, similar to what has been
reported in humans (Turanyi et al. 2014). We found sup-
port for this prediction. However, we also found increased
illumination to be a significant driver of sleep duration
and fragmentation. Literature on sleep fragmentation has
demonstrated that nights with increased fragmentation are
often correlated with longer sleep duration as a compensa-
tory mechanism, including research on humans (Stepanski
et al. 1984; Stepanski 2002; Mezick et al. 2009; Bonnet
and Arand 2003; Van den Berg et al. 2008), rats (Landis
et al. 1988), and three species of macaques (Zhdanova
et al. 2002). This may explain why more illumination from
moonlight resulted in fragmented sleep, and as a byproduct
of this, resulted in longer sleep duration.

We predicted that lunar phase would be a driver of
sleep—wake regulation given that previous primate studies
have reported differences in nighttime activity on nights
with increased illumination (Pruetz 2018). Illumination
from moonlight and lunar phase are presumed to be con-
nected, given that the amount of illumination displayed
is a product of the lunar phase (with full moons provid-
ing more light than new moons). As a result, if one is a
driver, it can be assumed the other will be as well. How-
ever, this prediction was not supported. This may be due
to limitations in the sample size and the number of nights
of analysis per individual: a longer study duration that
encompasses a full moon cycle may find lunar phase to be

0.0 1 1.5 2.0
Estimate
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Fig.4 Bolder line indicates an -
89% interval. Sleep Efficiency:
Less illumination (lux from :
moonlight) predicts greater e 1
sleep efficiency. Humidity, iluminstion .
wind, lunar phase, and tempera-
ture were not of importance, for .
the coefficient estimates did not s
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a significant driver instead of only trending towards sig-
nificance. Unlike previous primate studies (Pruetz 2018),
the gibbons showed little to no nighttime activity, remain-
ing strictly diurnal even on nights with large amounts of
nighttime illumination (Fig. 1).

Nighttime behaviors (including sleep) of many different
animal species have been reported to be influenced by lunar
phase and the amount of illumination from moonlight pro-
duced as a product of that lunar phase and by other mete-
orological conditions. Examples include song production
at dawn by diurnal songbirds (Takeuchi, at el. 2018) and
predator—prey interactions of white sharks (Carcharodon
carcharias) and cape fur seals (Arctocephalus pusillus pusil-
lus) (Fallows et al. 2016). West African chimpanzees (Pan
troglodytes verus) at Fongoli, Senegal, have been reported
to forgo longer sleep duration and perform intermitted noc-
turnal behavior when illumination from moonlight is abun-
dant (Pruetz 2018), although the authors proposed that this
behavior may have evolved to cope with heat stress, with
temperature being a driver. For wild gibbons, Fei, Thomp-
son, and Fan (2019) argued that colder temperatures influ-
enced wild skywalker hoolock gibbon (Hoolock tianxing)
sleep, resulting in longer sleep duration. Building from this,
we predicted that lower temperatures would be a driver of
sleep—wake regulation and sleep duration in captive gibbons.
However, we failed to find support for this prediction, which
may reflect differences in captive and wild environments.

We found wind speed to be the strongest driver of
sleep—wake regulation and sleep duration. Our results

Estimate

indicated that when wind speed was lower, Reg and Violet
had higher-quality sleep (longer duration, less fragmenta-
tion, higher sleep efficiency). Gibbons are strictly arboreal
primates. Unlike other apes, who construct sleeping plat-
forms (i.e. nests) at night, gibbons sleep on open branches
(Reichard 1998). Gibbons appear to be particular when
selecting a sleeping tree. Trees that are chosen for sleep
sites are typically emergent full-grown trees that are dura-
ble, sturdy, and have plentiful foliage. Several researchers
interpret sleeping site location to be an anti-predation tac-
tic (Reichard 1998; Fei et al. 2012; Cheyne et al. 2013).
However, it may be that sleeping high up in trees causes
gibbons to be more exposed to meteorological elements,
with strongly blowing wind representing a significant threat
to arboreal sleeping primates. Wind has been reported to
impact stability during arboreal location in many different
animal species including primates (Lammers and Zurcher
2011; Preuschoft 2002; Casteren et al. 2013; Fei et al.
2012). Primates have been reported to fall from tree cano-
pies during the nighttime sleeping period due to increased
wind (Fruth et al. 2018), with open-branch sleepers such as
gibbons being more susceptible to lethal falls compared to
platform sleepers such as the great apes (Fruth et al. 2018),
who create a platform nest structure of tree branches woven
together to create a stable base (Samson and Hunt 2014;
Samson and Shumaker 2013; Anderson et al. 2019). How-
ever, even with platform sleepers, wind still has an impact
on sleep. For example, West African chimpanzees at Fongoli
used larger support branches and increased the depth of their
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nests on nights with windier conditions (Stewart et al. 2018).
In addition, increased wind speed in the exposed canopy
may explain why female chimpanzees build more complex
sleeping platforms higher in trees (Samson 2012; Samson
and Hunt 2012). Given that open-branch sleepers are more at
risk for falling than platform sleepers, this selective pressure
may drive gibbons to adapt heightened sensitivity to wind,
explaining why wind was found to be our strongest driver
of gibbon sleep.

Limitations

The use of actigraphy and algorithmic determination of
sleep—wake states in non-human primates has some limi-
tations worth considering. While polysomnography is the
hallmark method of sleep research, this invasive technology
cannot be used in gibbons in either wild or captive contexts.
Thus, we used behavioral sleep as an estimate for physi-
ological sleep (Zanghi et al. 2013). In primate species that
display more restless behaviors throughout the night, infra-
red videography may be used to confirm the individual is
within their sleeping site location and appears at rest (sus-
tained inactive species-specific posture). However, given
the close phylogenetic relatedness to humans and the strict
behavioral quiescence uniquely characteristic of diurnal gib-
bons, this was not necessary within the current preliminary
study. We note that actigraphy data should be viewed with
caution because it can overestimate sleep given the lack
of sensitivity for identifying sleep—wake differentiation
(Kawada 2013). Additionally, sleep—wake algorithms have
been developed in humans, but none exist for non-human
primates. However, relative to other primates previously
studied using this methodology (Bray et al. 2017; Melvin
et al. 2019; Samson et al. a, b, c; Samson et al. 2018), gib-
bons uniquely exhibited strict diurnal behavior (with a near
absence of nighttime activity), resulting in clearly differenti-
ated sleep—wake periods of activity.

Another limitation to this study is the small sample
of individuals from which sleep quotas were generated.
Although the sample recorded in this study may not be sta-
tistically representative of Hylobates, it does reveal a capa-
bility of the species (Healey 2009). Specifically, due to the
sample size and the fact that individual ID was collinear with
species and sex, we did not analyze either factor as a predic-
tor in the statistical model. Thus, our interpretation of the
results remains at the genus level. Future work, with greater
statistical representation for each species balanced by sex,
can expand upon these preliminary findings.

@ Springer

Conclusions

With only a handful of primates having their sleep ana-
lyzed, additional reports of primate sleep quotas are urgently
needed to test evolutionary hypotheses. A greater under-
standing of ape sleep will yield critical insights into how
modern human sleep evolved. Given that humans are diur-
nal, studying sleep in diurnal apes is of particular interest.
Gibbon sleep aligned with predicted patterns of diurnal
arboreal primates, exhibiting little to no nighttime activity.
Gibbons were reported to have overall higher-quality sleep
on nights when the wind speed was low and less illumina-
tion was present. A future direction is to replicate our study
with wild gibbons to see whether temperature is a driver of
sleep under natural ecological conditions, and to increase
sample size to capture possible sleep variation within gibbon
species. The current study contributes sleep variables to a
growing primate sleep database aimed at testing evolution-
ary hypotheses targeting the function of sleep in primates.
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