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Abstract

The significance of sleep and factors that affect it have been well documented, however, in
light of global climate change the effect of temperature on sleep patterns has only recently
gained attention. Unlike many mammals, bats (order: Chiroptera) are nocturnal and little is
known about their sleep and the effects of ambient temperature (T,) on their sleep. Conse-
quently we investigated seasonal temperature effects on sleep behaviour and surface body
temperature of free-ranging Wahlberg’s epauletted fruit bat, Epomophorus wahlbergi, at a
tree roost. Sleep behaviours of E. wahlbergi were recorded, including: sleep duration and
sleep incidences (i.e. one eye open and both eyes closed). Sleep differed significantly
across all the individuals in terms of sleep duration and sleep incidences. Individuals gener-
ally spent more time awake than sleeping. The percentage of each day bats spent asleep
was significantly higher during winter (27.6%), compared with summer (15.6%). In summer,
20.7% of the sleeping bats used one eye open sleep, and this is possibly the first evidence
of one-eye-sleep in non-marine mammals. Sleep duration decreased with extreme heat as
bats spent significantly more time trying to cool by licking their fur, spreading their wings and
panting. Skin temperatures of E. wahlbergi were significantly higher when T, was >35°C
and no bats slept at these high temperatures. Consequently extremely hot days negatively
impact roosting fruit bats, as they were forced to be awake to cool themselves. This has im-
plications for these bats given predicted climate change scenarios.

Introduction

Sleep is a state that can be defined in terms of behavioural responses of sustained immobility
with greatly reduced responsiveness to external stimulation, and in terms of physiological re-
sponses such as a reduction in metabolism, body temperature etc. [1,2]. It plays an important
role in mammals, which can spend a quarter or more of their lives sleeping [3,4]. Sleep has var-
ious profitable effects including memory restoration and retention, functionality of the im-
mune system, and conservation of energy [5,6,7,8,9]. Consequently, sleep deprivation is known
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to negatively impact the cognitive responses of the brain [10,11], various aspects of physiology
[12] and vigilance [10].

The amount of sleep needed and the ability to fall asleep in mammals differs between indi-
viduals and species [11,13]. Many other factors also influence sleep patterns, duration and in-
tensity e.g. light cycle, food availability, noise conditions, predation risk and temperature
[2,6,14]. Sleep patterns and duration are highly susceptible to ambient heat [15] and duration
generally decreases particularly with heat stress [16,17,18].

Over the past century, global average temperature has increased by almost one degree and is
still increasing at a rapid rate [19]. The 1990’s were the warmest decade, and 1998 the warmest
year on record [20]. In eastern South Africa mean annual maximum and minimum tempera-
ture increased by 1 and 3°C respectively between 1951 and 1990 [20]. It is predicted that the
current trends of climate change will lead to further increases of 2-3°C within the next fifty
years [21,22]. In addition to increased ambient temperatures (T,), climate change has resulted
in changed rainfall patterns, with some areas of the world experiencing extreme weather condi-
tions, including extended periods of drought or extreme heat [23]. Accelerated climate change
is likely to affect abundance, natural distribution and behaviour of many species [19,24,25].
Consequently climate change may affect sleep behaviour, and have consequences on behaviour,
physiology, distribution, and ultimately fitness.

There are considerable data on sleep patterns under heat stress in humans and rats
[15,18,26,27,28]. However, to our knowledge, the effect of temperature on sleep behaviour of
Chiroptera has not been studied. Fruit bats have no sweat glands so it is difficult to lose heat
[29] and thus they are more vulnerable to high temperatures where they cannot dissipate suffi-
cient heat to prevent increased and lethal body temperatures [30]. As fruit bats usually roost
outside, they cannot benefit from buffered microclimates in insulated roosts and extreme high
T,s have been recorded to cause mortality in some species [19,30,31].

Wahlberg’s epauletted fruit bat (Epomophorus wahlbergi) occurs widely in Africa, including
southern Africa’s east coast [32,33]. These bats are found in savannah, woodland and forest
margins where fleshy fruits are available and also occur in treed peri-urban areas [31,32]. They
forage for fleshy fruits and nectar during the night. Individuals generally roost in trees or under
the eaves of buildings [32,33]. Roost sites are therefore exposed to unbuffered ambient temper-
atures that vary throughout the day [31].

We investigated the effects of seasonal variation in T, on sleep patterns and surface body tem-
peratures (Tyy,) of free-ranging E. wahlbergi. We expected that this nocturnal species would
spend most of the daytime inactive period sleeping. In summer and winter they become hetero-
thermic (body temperature that varies) during the day where body temperatures fluctuate in re-
sponse to environmental temperature, but do not employ true torpor [30] which is the dormant,
inactive state of a hibernating or aestivating animal. At high temperatures they generally exhibit
thermoregulatory behaviours to dissipate heat including licking their fur, spreading their wings
and panting [30]. Consequently we expected higher T,, particularly >35°C, would affect the
bats’ sleep duration negatively. We predicted that the bats would sleep more in winter than in
summer, and that their Ty, would be lower in winter than summer. We expected bats to in-
crease thermoregulatory behaviours that dissipate heat at higher T,s, especially in summer.

Methods

As little is documented on sleep of fruit bats, we first examined how E. wahlbergi sleep under
captive conditions in terms of sleep posture (position of the body and body parts), type and du-
ration. We had previously captured six E. wahlbergi in mist nests near the University of Kwa-
Zulu-Natal (UKZN, 29° 62’ 1547, 30° 39’ 641”E), Pietermaritzburg campus (under permit
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from Ezemvelo KZN-Wildlife and animal ethics permission from UKZN 024/13/Animal) and
kept them in outside aviaries (see [34] for details). Bats were moved to a controlled environ-
ment in the Animal House at UKZN, Pietermaritzburg campus (25°C, 12L:12D) during Au-
gust. Bats were kept individually in cages (75 x 51 x 80 cm). Each evening before dark, they
were provided with 20% sugar water and fresh fruit. We used a VIVOTEK IP7330 Network
Bullet Camera fastened to the side of the cage and linked to a computer to record behaviour
continuously during the day when bats were inactive. Each bat was recorded for two days be-
fore being released to the outside aviary. From the recordings we measured the type of sleep
posture, length of time each bat slept, or was awake each day. When resting, bats had either
both eyes open, or both eyes covered by their wings or one eye covered by a wing. When bats
had their wings over both eyes we assumed they were sleeping with both eyes closed. We as-
sumed that bats with one eye closed or hidden behind the wing were sleeping with one eye
open (Fig. 1, see discussion). The particular sleep type exhibited by each individual was re-
corded for each sleep episode during each day. We used a nonparametric Wilcoxon matched
pairs test to compare the percentage of time the fruit bats slept or were awake, as well as the
percentage time they spent sleeping with both eyes closed compared with one eye open.

We also observed free-ranging E. wahlbergi during the day at a natural roost in a single
palm tree (Borassus sp.) between two buildings on the UKZN, Pietermaritzburg campus (29°
62 1547S, 30° 39’ 641”E) during summer (January 2013, n = 15 days) and winter (June and
July 2013, n = 20 days). The roost tree is located between two multi-story buildings (6 m apart)
with walkways between the different floors and buildings. The bats were therefore habituated
to humans walking past and stopping to look at them. We took measurements during universi-
ty holidays, when the traffic along the walkways was minimal to reduce any potential impact
on bats’ behaviour.

During both seasons we observed free-ranging E. wahlbergi hourly, initially from a distance
(+ 5 m) and then close up (+ 2 m) using binoculars (Asahi PENTEX, Prism binoculars, 8 x 30
mag., Japan) to measure sleep parameters (posture, type and duration). Every hour, between
08h00 and 16h00, the number of bats roosting, their sleep type (i.e. awake or sleeping with one
or both eyes closed) and evidence of thermoregulatory behaviour (i.e. extension of wings, pant-
ing and fur licking) by any of the bats (presence/absence) were noted. We assumed that bats
with one eye closed or hidden behind the wing were sleeping with one eye open (Fig. 1). As the
number of bats observed sleeping from a distance did not differ significantly with observation
distance, we only present data for close up observations. Additional comments on disturbances
at the roost were also noted such as strong wind or the presence of other animals in / near
the roost.

We took hourly images of E. wahlbergi using a calibrated thermal camera (Fig. 2, FLIR E60,
FLIR Systems Inc., Estonia; temperature range —20 to 650°C, thermal sensitivity <0.05°C at
30°C) to measure Tg,. The point taken for Ty, was on the ventral abdominal surface of an in-
dividual. We recorded maximum T, each hour using a hand held weather tracker (Kestrel
4000, Nielsen-Kellerman, USA) mounted in the shade within 2 m of the roost.

As the number of E. wahlbergi at the roost varied from day to day, we used the percentage of
bats sleeping rather than the actual number of bats sleeping. We assumed that the state of a bat
(i.e. sleeping / awake / licking / open mouth / spreading of wings) was independent for each
hourly observation.

Descriptive statistics, General Linear Models Repeated Measures Analysis of Variance
(RMANOVA) and Kruskal-Wallis tests were conducted using Statistica (Statsoft, version 7,
Tulsa, USA). All analyses were made using 95% confidence intervals and all data are presented
as mean + SE.
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Fig 1. Photographic examples of E. wahlbergi roosting and showing different non- and sleep behaviours (see methods) where a. bat roost; b.
awake bat with both eyes open; c. bats sleeping with both eyes closed, (bats sleep usually with wings wrapped around and covering both eyes),
and d. bats sleeping with one eye closed. (Captured using a Nikon D5000 digital camera, copyright CT Downs).

doi:10.1371/journal.pone.0119419.9001

Results
Laboratory

In the controlled conditions at 25°C during rest phase, E. wahlbergi (n = 6) showed a typical
roosting posture of hanging by their feet from the cage roof, and with their wings folded. They
spent significantly more time awake then asleep (71.1% of day time awake vs. 28.8% sleeping;
P > 0.05). Most sleeping (79.2%) occurred with both wings over the eyes while some (10.8%)
sleeping occurred with one eye open (one eye closed or hidden behind the wing). No thermo-
regulatory behaviours to dissipate heat were observed.

Ambient temperature and roosting bats

There were no significant seasonal differences in T, at the outside roost when combined with
time of day (RMANOVA Fg, 156, = 1.689, P = 0.101, Fig. 3A). However, when only season and
T, were compared, season did have a significant effect on T, (RMANOVA, F(;, 35 = 32.292,

P > 0.05). Similarly T, varied significantly with time (RMANOVA, Fg, 156, = 14.678, P > 0.05,

o

2013-01-24

10:59

Fig 2. Thermal image of E. wahlbergi roosting in the fronds of a Borassus sp.

doi:10.1371/journal.pone.0119419.g002
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Fig 3. Mean hourly variations in a. ambient temperature, and b. surface body temperature of free-ranging E. wahlbergi at the roost during summer

(January) and winter (June—duly). (Vertical bars denote + SE).
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PLOS ONE | DOI:10.1371/journal.pone.0119419  March 16, 2015

6/14



@’PLOS | ONE

Too Hot to Sleep

Fig. 3A). During summer, min—max T, ranged from 18.6-41.0°C, while during winter T, ran-
ged between 12.6-29.6°C.

There was no significant difference in number of E. wahlbergi at the roost between seasons
and with time of day (RMANOVA, Fg, »56) = 1.08, P = 0.38). Mean number of roosting bats
per hour per day in winter ranged from 15.5 + 1.35 to 16.1 + 1.37, and number of bats ranged
from 8-24 (n = 20 days). In summer mean number of roosting bats per hour per day ranged
from 18.9 + 1.52 t0 20.3 + 1.52 and number of bats at the roost ranged from 11-27 (n = 15
days). On most days the number of bats at the roost remained the same and in the same posi-
tion throughout the day. On a few occasions 2-3 bats left the roost during the day, mostly due
to a disturbance.

Surface body temperature

There were no significant seasonal differences in Ty, when combined with time (RMANOVA
Fs, 232) = 1.267, P = 0.0.262, Fig. 3B). However, when only Ty, and season were compared,
Tqkin' s were significantly lower in winter compared with summer (RMANOVA, F; »9) =
65.843, P > 0.05, Fig. 3B). Ty, also varied significantly with time through the day (RMA-
NOVA, Eg, 232 = 7.46, P > 0.05, Fig. 3B). In summer when T,s were > 34°C, the mean Ty,s
of bats were high (>37°C) and all bats tried to dissipate heat behaviourally (Fig. 4). The maxi-
mum T, recorded in summer was 46.1°C.

Sleeping behaviour in the wild

As in captivity, all E. wahlbergi showed a typical roosting posture of hanging by their feet from
a leaf frond, with their wings folded. The proportion of E. wahlbergi sleeping at the roost was
generally low in both seasons and at any given hourly sample (Fig. 5A). There was no signifi-
cant difference in number of sleeping bats in summer compared with winter and time during
the day (RMANOVA, Fg »56) = 1.13, P = 0.342, Fig. 5A,). The percentage of bats sleeping in
summer ranged from 9.7 + 3.59% to 18.8 + 4.33% compared with winter 18.2 + 2.44% to

26.1 +3.24% (Fig. 5A). In winter bats generally slept for longer periods of time, and more often
than in summer. In summer, fewer bats slept during midday (Fig. 5A) as individuals spent
much of the day performing behaviours to cool themselves. No bats were observed sleeping
when T, exceeded 35°C. In contrast, during winter, the percentage of E. wahlbergi sleeping in-
creased from 09h00 to 12h00 as T, increased (Figs. 2A, 5A).

In both seasons, more E. wahlbergi were observed sleeping with both eyes closed than with
one eye open. The latter was low in both seasons (Fig. 5B) and did not differ significantly with
season or time (RMANOVA, F g 56) = 1.29, P = 0.247). In summer, percentage of sleep with
one eye open ranged from 1.2 + 0.60% to 6.5 + 1.48% while in winter it ranged from
0.0 + 1.48% to 2.3 £ 1.32% (Fig. 5B). Use of one eye open sleep varied throughout the day. The
first hours after nightly activity, sleep with both eyes closed was more often observed. Thereat-
ter, there was a peak in one eye open sleep around 10h00, which diminished gradually as the
day progressed.

Behavioural thermoregulation

The bats did not huddle in either season. In summer, as Ty, exceeded 34°C, most E. wahlbergi
in the roost began to lick their wings and heads. In summer a few bats in the roost began licking
themselves at T, between 31 and 33°C. Some bats changed positions and moved from
branches that were in direct sunlight to branches that offered more shade in addition to the
shade provided by the buildings. At T, exceeding 40°C, most (>80%) bats continued to lick
themselves occasionally and some opened their mouths, possibly panting. The incidence of
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Fig 4. Mean hourly variations in surface body temperature of E. wahlbergi when roost ambient temperatures > 35°C in summer. (Vertical bars
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doi:10.1371/journal.pone.0119419.g004

bats showing licking behaviour, panting or spreading their wings was greater when T, was
higher. Generally these thermoregulatory behaviours were observed was above 31°C. No cool-
ing behaviours were observed in winter, instead all bats kept their wings wrapped around
their bodies.

Discussion

We found that both captive and free-ranging E. wahlbergi slept relatively little during their in-
active phase. The free-ranging E. wahlbergi slept less in summer compared with winter. On hot
days in summer the bats cooling strategies affected sleep behaviour.

The amount of sleeping by roosting E. wahlbergi differed from two Asian fruit bat species,
the greater short-nosed fruit bat (Cynopterus sphinx) and the lesser dawn fruit bat (Eonycteris
spelaea), which spend on average 62.5% of the day sleeping [35]. Small animals typically have
shorter sleep cycles than larger animals [4] and animals with high metabolic rates for their
body size generally have short sleep durations [36]. Epomophorus wahlbergi weigh 80-120 g
[31] and their mass-specific basal metabolic rate is 137% (winter) and 106% (summer)
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predicted from allometric scaling for Chiroptera [30]. The Ty, we measured supports the con-
tention that these bats do not use torpor and are heterothemic [30]. Consequently, torpor does
not explain the differences in amount of sleep in winter compared with summer.

Although E. wahlbergi slept relatively little, displaying short intermittent sleep bouts, they
were generally immobile in their typical hanging posture throughout the day. They exhibited
both two eyes closed and one eye closed sleep types. No sleeping with one eye closed has been
reported in other fruit bat species [35]. The discovery that these bats spend some time sleeping
with only one eye closed is potentially interesting given that this phenomenon has been de-
scribed only for birds and marine mammals [2,37,38,39,40,41,42]. In these groups, unilateral
eye closure is associated with unihemispheric sleep based on data from electroencephalogram
and occurs when one hemisphere of the brain shows waking electroencephalographic activity,
while the other shows slow-wave sleep activity [41]. However, until the definitive link between
behaviour and brain state has been confirmed, our observations only provide indirect evidence
for the possibility that these bats might be the first non-marine mammal to exhibit unihemi-
spheric sleep. Unihemispheric-short-wave-sleep allows recovery from sleep deprivation, to
breathe underwater and to avoid predation while sleeping [39,40,41]. In birds it may have
evolved to enable anti- predator vigilance while sleeping [39,41]. Bats in exposed roosts may be
exposed to similar predation risks and thus it is plausible that they have evolved an analogous
strategy. Vervet monkeys Chlorocebus pygerythrus and African crowned eagle (Stephanoaetus
coronatus) have been observed hunting roosting E. wahlbergi during the day (CTD unpub-
lished data). In Costa Rica a number of different monkey species also hunt bats during the day
(C. Schoeman pers. obs.). Epomophorus wahlbergi in urban environments roost in trees or
under the eaves of buildings and change daytime roosts regularly [31]. As these bats are hunted
by predators during the day, unihemispheric sleep in bats may be likely and may have evolved
to reduce predation risk just as it has in marine mammals and birds.

The use of one eye closure sleep by E. wahlbergi supports the anti-predation hypothesis for
this type of sleep during the day. However, given that this form of sleep was used more in sum-
mer and relatively little, it suggests there could be alternative functions. When E. wahlbergi
slept, they used less one eye closure than two eyes closed, which is comparable to that observed
in birds (17%), based on eye closure only [39].

Most bats are nocturnal with little diurnal activity. Various reasons for this have been pro-
posed including: competition for food and habitat with diurnal birds, predation, and the risk of
hyperthermia [43]. It has been shown in several species that an increase in the size of the group
results in decreased individual vigilance [44,45] and an increase in sleep duration [46]. We
found that summer T,, particularly >34°C, had the greatest impact on the percentage of E.
wahlbergi sleeping. High temperatures promote sleep and drowsiness in several species of
mammals [15,27,47], while it has been associated with an augmentation of wakefulness in
other studies [17,18]. We demonstrate that heat negatively affected E. wahlbergi sleep. This is
most likely due to the fact that bats, despite a large capacity of acclimatization, have poor
thermoregulatory strategies to dissipate heat at high temperatures [30,48,49]. It has been sug-
gested that flying fruit bats risk overheating in extreme summer conditions promoting diurnal
inactivity [42,50]. Furthermore E. wahlbergi have no sweat glands and so it is difficult for them
to offload heat via evaporative water loss compared with most other mammals [29,49]. Conse-
quently in summer when Ta’s reached 35°C or more because of the bats’ limited ability to dissi-
pate heat they employed cooling behaviours and slept little. Also given that they roost in
foliage they are more exposed to solar radiation and are therefore more likely to experience
heat stress [50,51]. Mortality has been reported in this species on extremely hot days and expo-
sure to T,’s greater than 40°C [30]. Similarly cases of mortality of fruit bats have been observed
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in India, Australia and South Africa on extremely hot days [19,30,51,52,53,54]. For example, in
2014 more than 2000 flying foxes died from a heat wave in Ipswich, Queensland Australia [54].

In summer, Ty, of E. wahlbergi increased with an increase in T, and they were hyperther-
mic when T, reached 35°C or more. Presumably to lower their Ty, E. wahlbergi used cooling
behaviours on hot days, including licking their heads, spreading their wings and panting. Lick-
ing the fur generates cutaneous evaporative heat loss and plays an important role in thermoreg-
ulation in many mammal species, including bats [49,55,56]. Panting in the greater spear-nosed
bat (Phyllostomus hastatus) of South America, leads to the loss of 14% of heat load through re-
spiratory evaporation [57]. Bats also rely largely on their wings for heat exchange [57,58].
Their thin wing surface membrane possesses numerous blood vessels which can be used to oft-
load heat when the wings are stretched [29,57,58]. Some Australian flying fox species lick their
wings to increase evaporative cooling [19]. Bats can dehydrate rapidly at high T,’s due to exces-
sive salivation, rostrum’s glands secretions, eye fluid extrusion and evaporative water loss from
skin which is not perfectly permeable to water, especially the patagial membrane [30,59,60].
Furthermore E. wahlbergi reproduce during the summer and mothers generally roost hanging
with their young attached [32,33] and so can be further affected by extremely hot days so sleep-
ing less if having to cool off. It would also be more difficult to dissipate heat using thermoregu-
latory behaviours i.e. extension of wings and fur licking.

With global warming and the increasing frequency of hot days, it is expected that bats like
E. wahlbergi will spend less time sleeping on these extremely hot days and more time employ-
ing cooling behaviours to dissipate heat. This will result in increases in their energy expenditure
and water loss. As E. wahlbergi also slept relatively little in the laboratory, it is unclear how the
loss of sleep due to hot days affects them and if they suffer from sleep deprivation. Lack of data
on sleep behaviour by bats in general suggests that more work is required for comparison with
results of those in other regions and species to improve our understanding of the ecophysiolo-
gy, particularly given predicted climate change scenarios.

Acknowledgments

We are grateful to the reviewers’ for constructive comments.

Author Contributions

Conceived and designed the experiments: CTD. Performed the experiments: CTD AA MJ LM
TM CP ERB LH. Analyzed the data: CTD AA MJ LM TM CP ERB LH. Contributed reagents/
materials/analysis tools: CTD. Wrote the paper: CTD ERB LH.

References

1. Flanigan WF. Behavioral states and electroencephalograms of reptiles. In: Chase MH, editor. The
sleeping brain. Perspectives in the brain sciences, Los Angeles: Brain Information Service/Brain Re-
search Institute, UCLA; 1972. pp. 14-18.

2. Siegel JM. Clues to the functions of mammalian sleep. Nature. 2005; 437: 1264-1271. PMID:
16251951

3. Van Twyver H, Allison T. Sleep in opossum Didelphis marsupialis. Electroencephalo. Clin Neurophy-
siol. 1970; 29: 181-189. PMID: 4194600

4. Zepelin H, Siegel JM, Tobler I. Mammalian sleep. In: Kryger MH, Roth T, Dement WC, editors. Princi-
ples and Practice of Sleep Medicine, 4th Ed. Philadelphia, PA: Elsevier Saunders; 1994. pp. 91-100.

5. Berger RJ, Phillips NH. Energy conservation and sleep. Behav Brain Res. 1995; 69: 65-73. PMID:
7546319

6. LeskuJA, Roth TC, Amlaner CJ, Lima SL. A phylogenetic analysis of sleep architecture in mammals:
the integration of anatomy, physiology, and ecology. Am Nat. 2006; 168: 1—13. doi: 10.1086/504852
PMID: 16685634

PLOS ONE | DOI:10.1371/journal.pone.0119419 March 16, 2015 11/14


http://www.ncbi.nlm.nih.gov/pubmed/16251951
http://www.ncbi.nlm.nih.gov/pubmed/4194600
http://www.ncbi.nlm.nih.gov/pubmed/7546319
http://dx.doi.org/10.1086/504852
http://www.ncbi.nlm.nih.gov/pubmed/16685634

@’PLOS | ONE

Too Hot to Sleep

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

Capellini I, Barton RA, McNamara P, Preston BT, Nunn CL. Phylogenetic analysis of the ecology and
evolution of mammalian sleep. Evolution. 2008; 62: 1764—1776. doi: 10.1111/j.1558-5646.2008.
00392.x PMID: 18384657

Preston BT, Capellini |, McNamara P, Barton RA, Nunn CL. Parasite resistance and the adaptive signif-
icance of sleep. BMC Evol Biol. 2009; 9: 7—15. doi: 10.1186/1471-2148-9-7 PMID: 19134175

Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et al. Sleep drives metabolite clearance from
the adult brain. Science. 2013; 342: 373-377. doi: 10.1126/science.1241224 PMID: 24136970

Bonnet MH, Arand DL. Clinical effects of sleep fragmentation versus sleep deprivation. Sleep Med
Rev. 2003; 7:297-310. PMID: 14505597

Steinmeyer C, Schielzeth H, Mueller JC, Kempenaers B. Variation in sleep behaviour in free-living blue
tits, Cyanistes caeruleus: effects of sex, age and environment. Anim Behav. 2010; 80: 853—-864.

Rogers NL, Szuba MP, Staab JP, Evans DL, Dinges DF. Neuroimmunologic aspects of sleep and
sleep loss. Semin Clin Neuropsych. 2001; 6: 295-307. PMID: 11607924

Ferrara M, De Gennaro L. How much sleep do we need? Sleep Med Rev. 2001; 4: 155-179.

Acerbi A, Nunn CL. Predation and the phasing of sleep: an evolutionary individual-based model. Anim
Behav.2011; 81:801-811.

Sinha RK, Ray AK. Sleep—wake study in an animal model of acute and chronic heat stress. Physiol
Behav. 2006; 89: 364-372. PMID: 16899261

Heller HC. Temperature, thermoregulation, and sleep. In: Kryger MH, Roth T, Dement WC. editors.
Principles and Practice of Sleep Medicine Vol. 4. Philadelphia: Elsevier Saunders; 2005. pp. 292—
304.

Thomas TC, Kumar VM. Effect of ambient temperature on sleep-wakefulness in normal and medial pre-
optic area lesioned rats. Sleep Res Online. 2000; 3: 141-145. PMID: 11382912

Mizuno KO, Tsuzuki K, Mizuno K, lwaki T. Effects of partial humid heat exposure during different seg-
ments of sleep on human sleep stages and body temperature. Physiol Behav. 2005; 83: 759-765.
PMID: 15639161

Welbergen JA, Klose SM, Markus N, Eby P. Climate change and the effects of temperature extremes
on Australian flying-foxes. Proc R Soc B. 2008; 275: 419-425. PMID: 18048286

Mann ME, Bradley RS, Hughes MK. Northern hemisphere during the past millennium: inferences, un-
certainties and limitations. Geophys Res Lett. 1999; 26: 759-762.

Karl TR, Knight RW, Gallo KP, Peterson TC, Jones PD, Kukla G, et al. Asymmetric trends of daily maxi-
mum and minimum temperature. Am Meteorol Soc. 1993; 74: 1007—1023.

Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, et al. Intergovernmental Panel on Cli-
mate Change (IPCC) Climate Change 2007: The Physical Science Basis. Contribution of Working
Group | to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cam-
bridge: Cambridge Press; 2007.

LaVal RK. Impact of global warming and locally changing climate on tropical cloud forest bats. J Mam-
mal. 2004; 85: 237-244.

Cameron GN, Scheel D. Getting warmer: effect of global climate change on distribution of rodents in
Texas. J Mammal. 2001; 82:652-680.

du Plessis KL, Martin RO, Hockey PAR, Cunningham SJ, Ridley AR. The costs of keeping cool in a
warming world: implications of high temperatures for foraging, thermoregulation and body condition of
an arid-zone bird. Global Change Biol. 2012; 18: 3063-3070.

Sinha RK. Electro-encephalogram disturbances in different sleep-wake states following exposure to
high environmental heat. Med Biol Eng Comput. 2004; 42: 282—287. PMID: 15191071

Jhaveri KA, Trammell RA, Toth LA. Effect of environmental temperature on sleep, locomotor activity,
core body temperature and immune responses of C57BL/6J mice. Brain Behav Immun. 2007; 21:
975-987. PMID: 17467232

Sinha RK. EEG Power spectrum and neural network based sleep-hypnogram analysis for model of
heat stress. J Clin Monit Comput. 2008; 22: 261-268. doi: 10.1007/s10877-008-9128-x PMID:
18521711

Burbank RC, Young JZ. Temperature changes and winter sleep of bats. J Physiol. 1934; 216: 459—
468.

Downs CT, Zungu MM, Brown M. Seasonal effects on thermoregulatory abilities of the Wahlberg’s
epauletted fruit bat (Epomophorus wahlbergi) in KwaZulu-Natal, South Africa. J Therm Biol. 2012; 37:
144-150.

Rollinson D, Coleman J, Downs CT. Roost temperature and fidelity of Wahlberg’s epauletted fruit bat,
Epomophorus wahlbergi, in an urban environment. Afr Zool. 2014; 49: 173-180.

PLOS ONE | DOI:10.1371/journal.pone.0119419 March 16, 2015 12/14


http://dx.doi.org/10.1111/j.1558-5646.2008.00392.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00392.x
http://www.ncbi.nlm.nih.gov/pubmed/18384657
http://dx.doi.org/10.1186/1471-2148-9-7
http://www.ncbi.nlm.nih.gov/pubmed/19134175
http://dx.doi.org/10.1126/science.1241224
http://www.ncbi.nlm.nih.gov/pubmed/24136970
http://www.ncbi.nlm.nih.gov/pubmed/14505597
http://www.ncbi.nlm.nih.gov/pubmed/11607924
http://www.ncbi.nlm.nih.gov/pubmed/16899261
http://www.ncbi.nlm.nih.gov/pubmed/11382912
http://www.ncbi.nlm.nih.gov/pubmed/15639161
http://www.ncbi.nlm.nih.gov/pubmed/18048286
http://www.ncbi.nlm.nih.gov/pubmed/15191071
http://www.ncbi.nlm.nih.gov/pubmed/17467232
http://dx.doi.org/10.1007/s10877-008-9128-x
http://www.ncbi.nlm.nih.gov/pubmed/18521711

@’PLOS | ONE

Too Hot to Sleep

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

Skinner J, Chimimba CT. The Mammals of the Southern African Sub-region. Singapore: Cambridge
University Press; 2005.

Monadjem A, Taylor RJ, Cotterill FRD, Schoeman MC. Bats of southern Africa: a biogeographic and
taxonomic synthesis. Johannesburg: University of Witwatersrand Press; 2010.

Jordaan LA, Johnson SD, Downs CT. Wahlberg's epauletted fruit bat (Epomophorus wahlbergi) as a
potential dispersal agent for fleshy-fruited invasive alien plants: effects of handling behaviour on seed
germination. Biol Invasions. 2012; 14: 959-968.

Zhao X, Sun H, Tang Z, Flanders J, Zhang S, Ma Y. Characterization of the sleep architecture in two
species of fruit bat. Behav Brain Res. 2010; 208: 497-501. doi: 10.1016/j.bbr.2009.12.027 PMID:
20043956

Dunnett GE, Hinde RA. The winter roosting and awakening behavior of captive great tits. Br J Anim
Behav. 1953; 1:91-95.

Rattenborg NC, Voirin B, Vyssotski AL, Kays RW, Spoelstra K, Kuemmeth F, Heidrich W, Wikelski M.
Sleeping outside the box: electroencephalographic measures of sleep in sloths inhabiting a rainforest.
Biol Lett. 2008; 4: 402—405. doi: 10.1098/rsbl.2008.0203 PMID: 18482903

Capellini I, McNamara P, Preston BT, Nunn CL, Burton RA. Does sleep play a role in memory consoli-
dation? A comparative test. PLoS ONE. 2009; 4: e4609. doi: 10.1371/journal.pone.0004609 PMID:
19240803

Rattenborg NC, Amlaner CJ, Lima SL. Behavioural, neurophysiological and evolutionary perspectives
on unihemispheric sleep. Neurosci Biobehav Rev. 2000; 24: 817-842. PMID: 11118608

Fuchs T, Haney A, Jechura TJ, Moore FR, Bingman VP. Daytime naps in night-migrating birds: beha-
vioural adaptation to seasonal sleep deprivation in the Swainson’s thrush, Catharus ustulatus. Anim
Behav. 2006; 72: 951-958.

Rattenborg NC, Amlaner CJ, Lima SL. Facultative control of avian unihemispheric sleep under the risk
of predation. Behav Brain Res. 1999; 105: 163—172. PMID: 10563490

Lyamin Ol, Mukhametov LM, Siegel JM. Relationship between sleep and eye state in cetaceans and
pinnipeds. Arch Ital Biol. 2004; 142: 557-568. PMID: 15493557

Thomson SC, Brooke AP, Speakman JR. Diurnal activity in the Samoan flying fox, Pteropus samoen-
sis. Phil Trans Royal Soc B. 1998; 353: 1595—1606.

Kenward RE. Hawks and Doves: factors affecting success and selection in goshawk attacks on wood-
pigeons. J Anim Ecol. 1978; 47: 449-460.

Bertram BCR. Vigilance and group size in ostriches. Anim Behav. 1980; 28: 278-286.

Lima SL, Rattenborg NC, Lesku JA, Amlaner CJ. Sleeping under the risk of predation. Anim Behav.
2005; 70: 723-36.

Beshir MY, Ramsey JD. Comparison between male and female subjective estimates of thermal effects
and sensations. Appl Ergon. 1981; 12:29-33. PMID: 15676395

Hock RJ. The metabolic rate and body temperature of bats. Biol Bull. 1951; 101: 289-299.

McNab BK. Evolutionary alternatives in the physiological ecology of bats. In: Kunz TH, editor. Ecology
of Bats. New York: Plenum; 1982. pp. 151-163.

Thomson SC, Speakman JR. Absorption of visible spectrum radiation by the wing membranes of living
pteropodid bats. J Comp Physiol. 1999; 169: 187-194. PMID: 10335616

Pinjarkar V. Heat wave claims 150 bats, The Times of India, May 31 2010. The Times of India website.
Available: http:/articles.timesofindia.indiatimes.com/2010-05-31/nagpur/28278416_1_bats-heat-
wave-foxes. Accessed 2013 May 25.

Altringham JD. Bats: from evolution to conservation, second edition. Oxford: Oxford University Press;
2011.

Mukesh ASRP. Swelter claims 50 bats, kindles official interest, The Telegraph, Calcutta, India. 28 May.
2012. The Telegraph (Calcutta, India) website. Available: http://www.telegraphindia.com/1120528/jsp/
jharkhand/story_15539839.jsp. Accessed 2013 May 25.

Baxter C. Heat kills 2000 bats around Ipswich, The Brisbane Times, 6 January 2014. The Brisbane
Times website. Available: http://www.brisbanetimes.com.au/queensland/heat-kills-2000-bats-around-
ipswich-20140105-30chy.html. Accessed 2014 Feb 04.

Hainsworth FR, Stricker EM. Evaporative cooling in the rat: further consideration of functional differ-
ences between salivary glands. Can J Physiol Pharmacol. 1971; 50: 172-175.

Dawson TJ, Cyntina E, Munn A., Krockenberger A, Maloney SK. Thermoregulation by kangaroos from
mesic and arid habitats: influence of temperature on routes of heat loss in eastern grey kangaroos
(Macropus giganteus) and red kangaroos (Macropus rufus). Physiol Biochem Zool. 2000; 73: 374—
381. PMID: 10893177

PLOS ONE | DOI:10.1371/journal.pone.0119419 March 16, 2015 13/14


http://dx.doi.org/10.1016/j.bbr.2009.12.027
http://www.ncbi.nlm.nih.gov/pubmed/20043956
http://dx.doi.org/10.1098/rsbl.2008.0203
http://www.ncbi.nlm.nih.gov/pubmed/18482903
http://dx.doi.org/10.1371/journal.pone.0004609
http://www.ncbi.nlm.nih.gov/pubmed/19240803
http://www.ncbi.nlm.nih.gov/pubmed/11118608
http://www.ncbi.nlm.nih.gov/pubmed/10563490
http://www.ncbi.nlm.nih.gov/pubmed/15493557
http://www.ncbi.nlm.nih.gov/pubmed/15676395
http://www.ncbi.nlm.nih.gov/pubmed/10335616
http://articles.timesofindia.indiatimes.com/2010-05-31/nagpur/28278416_1_bats-heat-wave-foxes
http://articles.timesofindia.indiatimes.com/2010-05-31/nagpur/28278416_1_bats-heat-wave-foxes
http://www.telegraphindia.com/1120528/jsp/jharkhand/story_15539839.jsp
http://www.telegraphindia.com/1120528/jsp/jharkhand/story_15539839.jsp
http://www.brisbanetimes.com.au/queensland/heat-kills-2000-bats-around-ipswich-20140105-30chy.html
http://www.brisbanetimes.com.au/queensland/heat-kills-2000-bats-around-ipswich-20140105-30chy.html
http://www.ncbi.nlm.nih.gov/pubmed/10893177

'.@.' PLOS | ONE Too Hot to Sleep

57. Reeder WG, Cowles RB. Aspects of thermoregulation in bats. J Mammal. 1951; 32: 389-403.

58. Thomas SP, Follette DB, Farabaugh AT. Influence of air temperature on ventilation rates and thermo-
regulation of a flying bat. Am J Physiol. 1991; 260: 960-968.

59. Herreid CF. Temperature regulation, temperature preference and tolerance, and metabolism of young
and adult free-tailed bats. Physiol Zool. 1967; 40: 1-22.

60. Maloney SK, Bronner GN, Buffenstein R. Thermoregulation in the Angolan free-tailed bat Mops condy-
lurus: a small mammal that uses hot roosts. Physiol Zool. 1999; 72: 385-396. PMID: 10438676

PLOS ONE | DOI:10.1371/journal.pone.0119419 March 16, 2015 14/14


http://www.ncbi.nlm.nih.gov/pubmed/10438676


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


