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General Introduction 
 
“As far as I know, the only reason we need to sleep that is really, really solid is because we get 

sleepy” 

William Dement 

 

“But why do we get sleepy?” 

Niels Rattenborg 

 

Sleep is a behavioral state common to all animals, yet its actual function remains 

mysterious (Cirelli and Tononi 2008, Mignot 2008, Rechtschaffen 1998). Sleep is a 

behavioral state characterized by reduced responsiveness, behavioral quiescence, 

species-specific posture, radid reversibility to wakefulness, and homeostatic regulation 

(Campbell and Tobler 1984). Every animal studied has been found to sleep in some 

manner, from jellyfish and fruit flies to humans and whales (Piscopo 2009, Shaw et al. 

2000, Campbell and Tobler 1984, Lesku et al 2009). In birds and mammals, sleep is 

subdivided into two main types: rapid eye movement (REM) sleep and non-rapid eye 

movement (NREM) sleep (also known as slow-wave sleep, SWS). Despite exhaustive 

studies trying to answer the question of “Why do we sleep,” there is no scientific 

consensus among sleep researchers on an answer.  

 

Evidence suggests that sleep plays a role in learning and memory consolidation 

(Dickelmann and Bjorn 2010), immune system regulation (Imeri and Opp 2009, Preston 

et al. 2009), maintenance of the nervous system (Tononi 2009), energy conservation 

(Siegel 2005), brain development (Roffwarg et al. 1966), and emotional stability (Yoo et 

al. 2007). The time animals spend sleeping varies dramatically across the animal 

kingdom (Campbell and Tobler 1984, Capellini et al. 2008). One approach to examining 

the function of sleep is to compare how long animals with different ecological and 

physiological characteristics sleep. Identifying traits that correlate with sleep amounts 

may provide clues to sleep’s purpose. However, all interspecific comparisons of EEG-

defined sleep have relied solely on data recorded from captive animals housed in 
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ecologically artificial conditions (Lesku et al. 2009, Capellini et al. 2008, Campbell and 

Tobler 1984, Allison and Ccchetti 1976).  

 

A growing body of research has shown that physiological data obtained from 

laboratory animals often differs from that measured in the wild (Daan 2011, Calisi and 

Bentley 2009). Natural foraging, risk of predation, inter and intra species interactions, 

and various other ecologically relevant aspects of daily life in the wild are absent in 

captivity. This is particularly problematic when comparing multiple species, because 

some species may find the lab to be safer than the wild, and will sleep more, whereas 

others might find the lab to be a more dangerous and stressful habitat, and sleep less 

(e.g. species that normally sleep in large groups in the wild being forced to sleep in 

isolation in the lab). This is even more of an issue if the traits being examined for their 

relation with sleep duration (e.g. brain size, ecological niche) actually influence how a 

species responds to the lab environment. The overall impact of the absence of these 

ecological factors are unknown, but judging from emerging datasets from studies on 

animals in the wild, they can be profound. Consequently, the sleep patterns recorded in 

captivity may provide limited insight into how animals normally sleep in the wild (Daan 

2011), thereby confounds interpretations of the function of sleep based on comparative 

studies of animals sleeping in captivity.  

 

The electroencephalogram, or EEG, is the primary tool in sleep research, 

allowing recording and visualization of neuronal oscillations across the cortex. By 

analyzing these recordings, it is possible to determine when an animal is in wakefulness, 

NREM sleep, and REM sleep. NREM sleep is characterized by high amplitude, low 

frequency oscillations and intermittent bursts of sleep spindles (Steriade 2006), whereas 

REM sleep is characterized by low amplitude high frequency oscillations (Siegel 2011), 

which is very similar to those occurring in wakefulness. Because REM sleep and 

wakefulness appear very similar in the EEG, it is necessary to measure muscle tone to 

accurately tell the two states apart, since REM sleep is also characterized by complete 

muscle atonia. Given that the exact function of the two states is debated, and NREM 

and REM sleep may serve different purposes, it is important to be able to quantify the 
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time spent n each state. Although in some cases, it may be possible to measure overall 

sleep time via direct observation of behavior or indirectly by using accelerometers, it is 

usually not possible to differentiate NREM and REM sleep. Moreover, in some species 

behavior alone can be misleading (e.g. ostriches with eyes open (Cooper et al. 2010, 

Lesku et al. 2011), cows ruminating with open eyes while in NREM sleep (Bell and 

Itabishi 1973, Ruckebusch 1972).  

 

The need for EEG-based studies of animals sleeping in the wild has been 

recognized for decades. One of the leading pioneers of comparative sleep research, 

Truett Allsion, pointed out this need while addressing a Belgiam scientific congress in 

1971: 

 
“This symposium brought together for the first time many of the active [sleep 

researchers] in the field. […] Where are the zoologists, ethologists and other students 

of animal behavior? […] Animal behaviorists have been concerned almost entirely with 

waking behavior, partly because sleep may not appear a very interesting “behavior”. 

[…] It is not hard to predict that this state of affairs will end. A merging of the 

laboratory and field traditions into a comprehensive study of the physiology and 

behavior of animals sleeping in their natural habitat will occur in the next decade. As often 

occurs, this new approach results from a technological advance, in this case the progressive 

(and still incomplete) miniaturization of telemetric transmitters…” 

 

However, little progress has been made in the 40 years since this call to arms, and 

despite a few early attempts at studying sleep in the wild, only recently has this 

approach gained footing. 

 

Studying sleep in wild, unrestrained animals is certainly the most ecologically 

relevant manner in which to address the function of sleep. However, actually studying 

sleep in the wild is a difficult task with many obstacles. Technological constraints of 

EEG technology have until now limited their use to captive situations, as the animals are 

tethered to a computer, or historically, a polysomnograph. For obvious reasons it is not 

feasible to deploy such technology into the wild. With the advent of battery powered 

EEG transmitters in the mid 1970’s, it became possible to transmit and receive EEG 
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signals using telemetry systems. However, the power of these analog transmitters 

limited their range, and were used almost exclusively on caged animals. As such, these 

early systems did not allow researchers to study animals sleeping in the wild.  

 

A first attempt at recording sleep in “wild” animals was taken by Bert et al in 1975. 

Acknowledging the fact that captivity may impact an animal’s natural sleep pattern, the 

researchers compared sleep in previously captured (1-5 years prior) baboons (Papuio 

Papio) in a French laboratory with wild baboons in Senegal. However, in reality the 

study only compared captive animals living in two conditions: the laboratory group was 

restrained to a chair during recordings, and the “wild” group were captured, translocated 

8 km, and housed in wire cages in the bush, where they were exposed to the elements. 

Recordings in the “wild” baboons were conducted in secondary “recording” cages with 

generators continuously running to power the telemetry system. The study found some 

minor differences between the sleep patterns of wild and captive baboons, including 

overall time and architecture of sleep. They also found little impact of weather 

conditions on the wild animals, and a moderate response to predator call playbacks. 

Obviously, factors like isolation and restraint in a dangerous setting (wild lions near the 

caged baboons who were unable to flee) in the wild baboons may have masked 

potential real differences between wild and lab baboons in this study. Therefore, calling 

this study one based on “wild” animals is misleading.  

 

Some animal sleep research has utilized accelerometers to quantify sleep 

instead of EEG’s. By mounting accelerometer devices that record or transmit the 

magnitude of movement in multiple directions, it is possible to not only measure gross 

activity, but to also extrapolate behavioral motions from such data. Sleep in many 

captive species has now been approximated using accelerometers (Hokkanen et al. 

2011, Sadeh 2011). In the wild, two studies have been done on sleep in marine 

mammals using this technology. In 2008, Miller et al used suction cup accelerometers to 

track the three-dimensional movements of sperm whales (Physeter macrocephalus). 

Interestingly, all of the whales engaged in “drift-diving behavior”, where the whales 

floated vertically in the water, quietly bobbing up and down just below the surface. The 
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authors provide anecdotal evidence that this unusual behavior reflects sleep. At one 

point, a large pod of whales was seen and videotaped exhibiting this unusual behavior. 

In contrast to awake whales, which avoid coming close to boats, the whales were 

unresponsive to the close approach of a sailboat, suggesting they were asleep. In 

another accelerometer-based sleep study by Mitani et al in 2009, wild elephant seals 

(Mirounga angustirostris) where fitted with an accelerometer and released into the 

ocean 35-70 km from the beach where they were caught. During the 5 days it took the 

seals to swim back to the beach, at the onset of foraging dives the seals inverted 

themselves, and slowly descended through the water column in a corkscrew pattern, 

wobbling slightly like a falling leaf. By falling passively to foraging depths, the seals 

presumably conserved energy and may have slept. Because elephant seals, which live 

on the land part of the year, migrate great distances across the open ocean, they have 

likely adapted this slow “drift-diving” behavior to allow them to sleep at sea. However, 

like numerous lab studies measuring sleep or “rest” using acceleration, none of these 

studies have been verified by EEG data.  

 

 

Organization of the Dissertation 

 

Chapter 1 is the published results from the first ever EEG-based study on sleep 

in wild, unrestrained animals. Therein, we successfully demonstrate the feasibility of 

studying sleep in the wild using brown-throated three-toed sloths (Bradypus variegatus) 

on Barro Colorado Island, Panama. Using a newly developed miniaturized EEG 

datalogger, we find that wild sloths slept on average 9.6 hours per diel, substantially 

less than the 15.6 hours per day found in a pervious study on sleep in captive sloths. 

Although the exact cause of this large difference in sleep times between wild and 

captive sloths is unknown, it highlights the likelihood that captivity might affect sleep 

times in other animals. 

 

Chapter 2 examines the impact predation may have on sleep in the wild by 

comparing sleep in two closely related sloth species, one with no natural predators, and 
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another facing high predation risk. We found that sloths facing high risk of nocturnal 

predation are more likely to be asleep at night and awake during the day, whereas the 

predator-free sloth population showed no preference for sleeping more during the day 

or night. Contrary to our expectations that a higher predation risk would lead to reduced 

REM sleep, sloths facing a higher risk of predation had more REM sleep than those with 

no predation risk. Also unexpectedly, significant differences in NREM sleep-related EEG 

activity sleep were found between the populations, leading us to believe that some 

factor, perhaps diet, is influencing sleep in the predator-free sloth population.  

 

In Chapter 3, we measured sleep in Hoffmann’s two-toed sloths (Choloepus 

hoffmanni) using both EEG’s and accelerometers. Importantly, this study evaluates the 

accuracy of measuring sleep behaviorally in wild animals using accelerometers by 

simultaneously recording EEG and acceleration data. We found that in the case of two-

toed sloths, accelerometers were a poor predictor of physiological sleep, as a 

motionless sloth is often awake. The two-toed sloths slept on average 10.9 hours per 

diel, a similar amount to what we found in the other sloth species examined.  

 

Chapter 4 published a predation event on a three-toed sloth recorded with an 

automated radio telemetry system (ARTS) in Panama. Three-toed sloths have evolved 

a cryptic lifestyle, forgoing any formidable speed or defense from predators, relying only 

on their ability to remain unseen. The article examines the role predation pressure has 

played on the evolutionary strategy of three-toed sloths, such that avoidance is their 

only defense. Overall, this dissertation is the first shot into a new world of wild-based 

sleep research, which will hopefully broaden our understand sleep in the animal 

kingdom.  
 

“Despite fifty years of research all we can conclude about the function of sleep is that it overcomes 

sleepiness, and that the only reliable finding from sleep deprivation experiments is that the sleep loss 

makes us sleepy.” 

Jim Horne, Why We Sleep 
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Chapter 1 
 
Sleeping outside the box: electroencephalographic measures of sleep 
in sloths inhabiting a rainforest  
 
Bryson Voirin, Niels C. Rattenborg, Alexei L. Vyssotski, Roland W. Kays, Kamiel 

Spoelstra, Franz Kuemmeth , Wolfgang Heidrich, and Martin Wikelski  

 

 

 

 
A female three-toed sloth on Barro Colorado Island 

Rattenborg, N C, Voirin, B., Vyssotski, A.L., Kays, R.W., Spoelstra, K., Kuemmeth, F., Heidrich, W., and 
Wikelski.M. 2008. “Sleeping Outside the Box: Electroencephalographic Measures of Sleep in Sloths 
Inhabiting a Rainforest.” Biol. Lett. 4: 402–405. 
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Abstract 
 

The functions of sleep remain an unresolved question in biology. One approach 

to revealing sleep’s purpose is to identify traits that explain why some species sleep 

more than others. Recent comparative studies of sleep have identified relationships 

between various physiological, neuroanatomical and ecological traits, and the time 

mammals spend in rapid eye movement (REM) and non-REM sleep. However, owing to 

technological constraints, these studies were based exclusively on animals in captivity. 

Consequently, it is unclear to what extent the unnatural laboratory environment affected 

time spent sleeping, and thereby the identification and interpretation of informative clues 

to the functions of sleep. We performed the first electroencephalogram (EEG) 

recordings of sleep on unrestricted animals in the wild using a recently developed 

miniaturized EEG recorder, and found that brown-throated three-toed sloths (Bradypus 

variegatus) inhabiting the canopy of a tropical rainforest only sleep 9.63 hours, over 6 

hours less than previously reported in captivity. Although the influence of factors such 

as the age of the animals studied cannot be ruled out, our results suggest that sleep in 

the wild may be markedly different from that in captivity. Additional studies of various 

species are thus needed to determine whether the relationships between sleep duration 

and various traits identified in captivity are fundamentally different in the wild. Our initial 

study of sloths demonstrates the feasibility of this endeavor, and thereby opens the door 

to comparative studies of sleep occurring within the ecological context within which it 

evolved.  
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Introduction 

  

The functions of sleep remain a topic of active debate in neurobiology (Siegel 

2005, Stickgold 2005, Rattenborg et al. 2007). Recent comparative studies aimed at 

revealing clues to the functions of sleep through identifying traits that explain why some 

animals sleep more than others have revealed relationships between the time captive 

mammals spend in rapid eye movement (REM) and non-REM sleep and various 

physiological, neuroanatomical and ecological traits (Siegel 2005, Lesku et al. 2006, 

2008, Savage and West 2007). However, because all previous electroencephalogram 

(EEG) recordings of sleep were performed on captive animals, it is unclear to what 

extent the unnatural laboratory environment affected time spent sleeping (Bert et al. 

1975, Campbell and Tobler 1984), and thereby the identification and interpretation of 

informative clues to the functions of sleep (Horne 1988).  

 

The need for electrophysiological studies of animals sleeping in the wild has 

been emphasized from the onset of comparative sleep research (Allison 1972, Bert et al. 

1975). Unfortunately, several obstacles have prevented researchers from measuring 

non-REM and REM sleep in unrestricted animals in the wild. Notably, these sleep states 

can only be distinguished reliably from one another and wakefulness by measuring 

changes in the EEG and electromyogram (EMG) activity. However, traditional invasive 

procedures used to obtain stable long-term EEG recordings from the surface of the 

brain require general anesthesia and prolonged post-operative recovery, and are 

therefore unsuitable for field studies wherein the aim is to measure sleep under the 

most natural conditions possible. Moreover, until recently, lightweight 

neurophysiological recording systems that animals could carry easily in the field were 

not readily available.  

 

We resolved these problems by using a minimally invasive EEG and EMG 

recording technique developed for use in humans (see methods in the electronic 

supplementary material) in conjunction with a recently developed miniature 

neurophysiological data recorder (Vyssotski et al. 2006). We deployed this technology 
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on wild brown-throated three-toed sloths (Bradypus variegatus) inhabiting the rainforest 

at the Smithsonian Tropical Research Institute field station on Barro Colorado Island 

(BCI), Panama. Sloths are particularly interesting because it is commonly believed that 

they spend an inordinate amount of time sleeping. Indeed, in the only 

electrophysiological study of their sleep, sloths (B. variegatus) slept 15.85 h in captivity 

(Galvão de Moura Filho et al. 1983).  

 

Materials and Methods 
 

Three adult female three-toed sloths were caught in the forest canopy in the 

daytime using a snare pole and brought to the forest floor where they were immediately 

fitted with the EEG/EMG data recorder (Figure 1a), a radio-telemetry collar and an 

accelerometer (see methods in the electronic supplementary material). After completing 

the 1 hour procedure, the sloths were released at the base of the tree where they were 

captured. The Smithsonian Tropical Research Institute’s animal care and use 

committee approved this research.  

 

The EEG/EMG was recorded continuously from each sloth for 3.1–5.1 days, for a 

total of 12.8 days of recording. The state of each sloth was visually scored in 10-second 

epochs across all 12.8 days of recording, and categorized as wakefulness, non-REM or 

REM sleep. For figure 2a, time spent in each state was first averaged across the 

corresponding hours of successive days for each sloth. The hourly means for each sloth 

were then averaged across all three sloths. Because non-REM and REM sleep were 

reduced following release for 12 and 24 h, respectively (see results in the electronic 

supplementary material), data for the first 24 hours were excluded. Time spent feeding 

based on the occurrence of mastication artifacts in the EEG/EMG recording was 

analyzed in a similar manner. A REM sleep episode was defined as a period of REM 

sleep separated from prior and subsequent REM sleep by more than 5 min of any other 

state. A sleep cycle was calculated as the cumulative amount of sleep time from the 

start of one REM sleep episode to the start of the next.  
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Finally, the activity patterns of two additional adult female three-toed sloths were 

recorded continuously for approximately seven months (August 2006–February 2007) 

via radio collars and the automated radio-telemetry system (ARTS) in place on BCI (see 

methods in the electronic supplementary material).  

 
 

Figure 1. (a) Photograph of the first brown-throated three-toed sloth (B. variegatus) with an EEG/EMG 

recorder attached to its head. Three representative 90 s recordings of the EEG and EMG activity from a 

sloth showing (b) a transition (black arrowhead) from non-REM sleep to wakefulness, (c) a transition 

(black arrowhead) from non-REM to REM sleep and (d) a period of stable REM sleep. In contrast to 

wakefulness and REM sleep, the EEG during non-REM sleep exhibits high-amplitude, low frequency 

activity. REM sleep is distinguished from wakefulness by the low-amplitude EMG activity, intermittently 

interrupted by brief high-amplitude twitches. The respective amplitude scales for the EEG and EMG 

recordings are the same in (b)–(d).  
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Results 
 

The quality of the EEG/EMG recordings remained high throughout the 

experiment, and each brain state was readily identifiable (Figure 1b–d) and remarkably 

similar to that described in captive sloths of the same species (Galvão de Moura Filho et 

al. 1983). (Bradypus tridactylus reported in Galvão de Moura Filho et al. (1983) were 

captured in the State of Pernambuco, Brazil, where they are now considered to be B. 

variegatus (see Gilmore et al. 2000, Gardner 2005).) Wakefulness was characterized by 

low-amplitude, high frequency EEG activity occurring in conjunction with high levels of 

EMG activity superimposed on the posterior EEG recordings (Figure 1b). Sustained 

periods of wakefulness often included periods of stereotypical rhythmic (1.54 ± 0.03 Hz) 

high-amplitude bursts of EMG activity that obscured all recordings. In the previous study 

of captive sloths (Galvão de Moura Filho et al. 1983), this unique activity occurred in 

conjunction with rapid mastication during feeding. Consequently, this pattern was 

scored as wakefulness and used to estimate time spent feeding. During non-REM sleep 

(Figure 1b,c), EMG activity decreased and the EEG showed a progressive increase in 

amplitude and decrease in frequency. Sleep spindles (8–12 Hz) were also evident. Non-

REM sleep always developed simultaneously in the left and right hemispheres. REM 

sleep was characterized by low-amplitude, mixed-frequency EEG activity (Figure 1b,c). 

As in the previous study of sloths, a hippocampal theta rhythm was not observed during 

REM sleep or wakefulness. EMG activity during REM sleep either declined further from 

the preceding non-REM sleep level or remained unchanged if the preceding non-REM 

sleep level was already low. In addition, intermittent brief bursts of EMG activity 

occurred during REM sleep. This phasic activity often exhibited a distinct pattern similar 

to that characteristic of mastication, but occurring for much shorter durations and with 

markedly lower amplitude (Figure 1d). Non-REM sleep preceded episodes of REM 

sleep.  

 

The 24 h pattern of sleep and wakefulness is shown in Figure 2a. The sloths’ 

sleep patterns parallel the activity patterns recorded for a period of seven months with 

ARTS (Figure 2c, Figure 4 of the electronic supplementary material) and in an earlier 
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study of sloths (B. variegatus) on BCI (Sunquist and Montgomery 1973). Notably, 

although sleep could occur at any time of the day or night, the sloths were more likely to 

be awake and feeding (Figure 2a,b) during the first two-thirds of the night, and sleeping 

during the last, a pattern also reflected in the activity plots by the relative absence of 

activity towards the end of the night. The sloths spent 14.37 ± 0.51 h awake, 7.78 ± 0.68 

h in non-REM sleep and 1.85 ± 0.27 h in REM sleep, for a total sleep time of 9.63 ± 

0.51 h. REM sleep encompassed 19.45 ± 3.53 % of the total sleep time. Episodes of 

REM sleep lasted 7.82 ± 0.88 min and the sleep cycle was 46.24 ± 10.26 min.  
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Figure 2. (a) The percent time (mean + S.E.M.) spent in wakefulness (green), non-REM sleep (blue) and 

REM sleep (red) for each hour of the day. (b) The time spent feeding (black) based on the occurrence of 

mastication artifacts in the EEG/EMG recordings. The values are plotted at the beginning of each hour. 

Data for the first 24 h following release were omitted. The area shaded in grey shows the time from 

sunset (18:00) to sunrise (06:20). (c) Actogram showing seven months of activity recorded from a sloth 

with an automated radio-telemetry system. Each horizontal line is data from one 24-hour period plotted 

twice. The black lines indicate periods when activity was detected. Note that the two white vertical bands 

at 6 and 30 h correspond to the clear peak in sleep (a) and absence of feeding (b) occurring at this time. 

See methods in the electronic supplementary material. 
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Discussion 
 

Our results from wild sloths inhabiting the canopy of a tropical rainforest 

demonstrate for the first time that electrophysiologically defined wakefulness, non-REM 

and REM sleep can be effectively measured using minimally invasive techniques in 

unrestricted animals in the wild. Interestingly, in contrast to the 15.85 h of sleep shown 

by captive sloths (Galvão de Moura Filho et al. 1983), sloths in the wild only slept 9.63 

hours per day. This discrepancy of over 6 hours does not appear to be a response to 

our recording procedure, because the time spent in non-REM and REM sleep was 

stable starting 24 hours after release (see results in the electronic supplementary 

material). Differences in the age of the animals in the respective studies may have 

contributed to the difference in sleep duration. Based on size, the 10 sloths (five males 

and five females) studied in captivity included an unspecified mix of adults and juveniles 

(Galvão de Moura Filho et al. 1983). Because juvenile mammals typically sleep longer 

than adults (Zepelin et al. 2005), the inclusion of juveniles may have increased the 

mean sleep duration in the study of captive sloths. Although the influence of age and 

other factors cannot be ruled out, sloths in the wild may sleep less than sloths in 

captivity due to increased ecological demands such as the need to forage and monitor 

the environment for predators.  

 

A fundamental assumption in comparative studies of sleep is that the time spent 

sleeping in captivity reflects a largely inflexible species-specific need for sleep. However, 

in a critical assessment of comparative sleep studies, Horne (1988) noted that captive 

animals may sleep longer than required to fulfill their essential need for sleep because 

they do not have to forage or remain vigilant for predators. Although additional studies 

are needed to determine whether mammals in general sleep less in the wild, this 

potential capacity to extend sleep in captivity is a likely source of noise in comparative 

studies aimed at identifying traits that predict sleep requirements, especially if traits 

theorized to be linked to sleep function predict whether some species engage in 

proportionately more excess sleep than others (Allison 1972, Horne 1988). In contrast 

to animals in captivity, animals in the wild are faced with ecological pressures, 
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particularly predation risk (Lima et al. 2005), that may force them to engage in the 

minimum amount of sleep required to complete the functions performed by sleep. Given 

that such niche-adapted sleep may be more directly related to the need for sleep than 

sleep in captivity, comparative studies of sleep duration in the wild may be more likely to 

reveal informative clues to the functions of sleep. Consequently, we contend that the 

comparative approach to understanding the functions of sleep would benefit greatly 

from additional electrophysiological studies of animals sleeping in the wild. Such studies 

would at least alleviate persistent concerns over the functional implications of 

correlations derived from mammals sleeping in captivity if mammals in the wild spend 

the same amount of time sleeping. Alternatively, if mammals in the wild sleep less, and 

presumably closer to their essential need for sleep, such studies may provide novel 

insight into the  
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Supplemental Methods  
 

Animals 

None of the three females studied with the EEG/EMG recorders were carrying young or 

appeared to be obviously pregnant. Moreover, when visually checked 3 months later, 

they were still without young. Our subjective impression based on tooth wear was that 

one of the sloths was old. A different sloth had been caught in 2004 as an adult without 

young. She was observed carrying young in 2006, but not 2007. The remaining sloth did 

not seem unusually old. The 7-month activity records were obtained from two adult 

female sloths. Their reproductive status during this time is unknown. The sloths did not 

show obvious signs of ectoparasite infestation. Although sloth moths (Cryptoses 

choloepi) were present in their pelage, it is unclear whether these are parasites on 

sloths (Waage and Montgomery 1976). Sloths on BCI feed primarily on the leaves of 

Ficus sp, wild plums (Spondus lutea), Protium panamense, Piulsenia armata, Luhea, 

and Bombax, although leaves from at least 28 species of trees and 3 species of lianas 

are included in their diet (Montgomery and Sunquist 1978).  

 

Procedure 

The hair on the top of the head was clipped, and 7 fine silver/chloride wire electrodes 

(AG/40T, Medwire Corp., Mount Vernon, NY) were inserted through the scalp to the 

surface of the cranium with a 23-gage hypodermic needle. The electrodes were made 

and inserted following a method developed for use in humans and laboratory animals 

(Ives 2005).  We note that in the only previous EEG study of sleep in sloths, subdermal 

electrodes were also placed on the surface of the cranium (Galvão de Moura Filho et al. 

1983).  Consequently, trans-cranial attenuation of EEG amplitude was expected to be 

comparable between the two studies. Prior to working with live sloths, we examined the 

skull from an adult sloth and an online high-resolution X-ray computed tomographic 

scanner image of a skull (www.digimorph.org/specimens/Bradypus_variegatus) to 

determine the electrode placement that would maximize our coverage of neocortical 

EEG activity.  Based on this assessment, the electrodes were arranged in 2 rows of 3 

electrodes, each spaced 7 mm left and right of the sagittal midline and running in an 
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anterior to posterior direction (supplemental figure 1a). For each row, the anterior 

electrode was placed in line with bregma and the posterior electrode was placed in line 

with lambda. The approximate position of bregma and lambda could be readily 

discerned by palpating the skin overlying the contours of the skull, which form a distinct 

concavity at each landmark (supplemental Figure 1b).  Each medial electrode was 

placed over the apex of the cranium, midway between the anterior and posterior 

electrodes. The 7th electrode, which served as a ground, was placed midway between 

the medial electrodes.  For each hemisphere, the anterior and posterior electrodes were 

referenced to the medial electrode. Thus, two bipolar derivations (anterior-medial and 

posterior-medial) were recorded from each hemisphere. In practice, the posterior 

electrodes also detected EMG activity.  After gluing the small insertion point closed 

around each wire with Histoacryl® (Braun, Tuttlingen, Germany), we connected the 

electrode wires to the Neurologger 2 (www.vyssotski.ch/neurologger2) EEG/EMG data 

recorder (Vyssotski et al. 2006). The recorder and batteries were enclosed in a 

waterproof container (34 mm x 25 mm oval tube, 17 mm high) that was glued to the 

trimmed hair on the top of the sloth’s head with superglue (Figure 1a). The recorder, 

batteries (two CR2032) and container weighed 11 grams. Each EEG/EMG derivation 

was digitized with a sampling rate of 800 Hz after amplification (2000x) and filtering (1-

70 Hz, first order).  Means of sequential groups of eight samples were stored in the non-

volatile memory at a rate of 100 Hz.  At this rate, 4 channels can be recorded 

continuously for a maximum of 5 d.  



	   23	  

 
Supplemental Figure 1.  High-resolution X-ray computed tomographic (CT) scanner images of a sloth 

(Bradypus variegatus) skull showing the landmarks  

used to determine the placement of the electrodes. (a) Dorsal surface of the cranium with bregma and 

lambda marked by arrows, and the placement of the electrodes (red dots).  (b) Lateral image showing the 

distinct anterior and posterior concavities in the surface of the cranium used to approximate the location 

of bregma and lambda. See www.digimorph.org/specimens/Bradypus_variegatus for a 3-D movie of the 

CT scan. The CT images were provided with permission from DigiMorph.org.  
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Two additional instruments were also used to monitor the location and activity of 

sloths. A traditional radio-telemetry collar was attached to allow locating the sloths to 

observe their behavior remotely, and to eventually find the individuals to remove the 

recorders.  Finally, miniature (10g) 3-axis accelerometer recorders were affixed to the 

back of 2 sloths by gluing it to their fur.  Acceleration was recorded every 3 min for 8.9 s 

at a sampling rate of 18.74 Hz.  Once released, the sloths were not confined in any 

manner.  Moreover, as completely wild animals, the sloths were vulnerable to predation 

by ocelots (Leopardus pardalis) and puma (Puma concolor), confirmed predators of 

sloths on BCI (Moreno et al. 2006).  

 

The EEG/EMG was recorded from 2 sloths for approximately 5 d each between 

December 4 – 9, 2007.  For logistical reasons, the 3rd sloth was recaptured after 

recording for only 3 d (December 6 – 9, 2007), but in principle could have been 

recorded for an additional 2 d.  As a result, we obtained a total of 12.8 d of continuous 

EEG/EMG recordings. The sloths were released after removing the EEG/EMG 

recorders.  Each sloth was visually relocated again 3 months later and all appeared in 

good health and without young.  

 

Activity 

The automated radio-telemetry system (ARTS) in place on Barro Colorado Island 

was used to estimate the activity of sloths wearing radio-collars (see Crofoot et al. 2008).  

Specifically, automated receivers operated by built-in microcontrollers collected the 

activity data. These automated receivers (Sparrow Systems, Fisher, IL) are portable (15 

cm3, 600 g), precisely timed (Cochran 1980) and powered continually with a solar 

charger.  The receiver output is proportional to the logarithm of the peak value of a 

received signal.  These receivers are convenient but not unique, any other receiver that 

produces an output that is proportional to the log of the input signals (i.e., dBm) can be 

used. The receivers detected radio signals by switching through a circular array of 

horizontally polarized directional antennae.  Receivers repeatedly scanned through a list 

of frequencies of multiple transmitters at set time interval of 1 min. Data were saved in 

receiver memory before analysis.  
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Activity data can be obtained from radio signals because any change in position 

of a radio transmitter causes a change in received signal strength Cochran and Lord 

1963, Cochran 1980).  Transmitter movements occur both when the animal changes 

position on the landscape and when it changes posture, thereby rotating the orientation 

of the transmitting antenna.  By recording the receiver output as a proportion of the log 

of the input signal, we eliminated problems of observer bias caused by distant signals 

being weak (Cochran 1980). We compared signal strength level between time t+1 and t 

and used the change in signal strength to determine whether the animal was active or 

inactive during the particular time period. Because small movements can cause large 

changes in  signal strengths, the signal strength amplitudes cannot be used as a 

continuous measure of the magnitude of an animal’s activity.  Instead, we used changes 

in signal strength to judge an animal as active (large changes in signal strength, coded 

as "1") or inactive (small changes in signal strength, coded as "0") between two 

readings.  This analysis produced a high-resolution time series of activity values that 

was plotted as an actogram.  

 

To obtain an index of activity from the acceleration data recorder, we calculated 

the standard deviation (SD) of acceleration (m/s2) for each axis for each 3-min period. 

The SD was then averaged across all 3 axes for each 3-min period.  

 

Weather 

Ambient temperature during the EEG/EMG recording period was recorded 40 m above 

ground in the forest canopy, and rainfall was measured in a nearby clearing.  

 

Supplemental Results  
 

Post-release sleep  

Supplemental Figure 2 shows the percent time spent in each state for consecutive 12-h 

intervals following release. Time (mean + S.E.M.) spent in non-REM and REM sleep 

were reduced following release for 12 and 24 h, respectively.  Because time spent in 
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non-REM and REM sleep stabilized 24 h after release, only data after the first 24 h was 

used to calculate the time spent in each state, as shown in figure 2a.  

 
 
Supplemental Figure 2.  Percent time (mean + s.e.m.) spent in wakefulness (green), non-REM sleep 

(blue), and REM sleep (red) for each 12-h interval following release.  Because the sloths were recorded 

for different durations, the 7th – 9th intervals were based on data from 2 animals, and the 10th interval 

was based on data from 1 animal.  
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Supplemental Figure 3. (a) Activity calculated from the acceleration recorder for a sloth during the 35-d 

recording period. The activity level is plotted for each 3¬min period starting from the time of release. The 

first 5 d encompassed the period during which the EEG/EMG was recorded (blue bar). The sloth was 

recaptured on day 5 to remove the EEG/EMG recorder.  The sloth was then released and left undisturbed 

for the remaining 30 d.  A representative 24-h period is expanded in (b) and plotted with brain state (blue) 

and feeding (red).  The area shaded in gray shows the time between sunset (1800) and sunrise (0620).  
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Supplemental Figure 4.  Long-term activity plot recorded with ARTS from a 2nd three-toed sloth. Each 

line represents data form one 24-h period plotted twice, with black lines indicating periods of activity 

plotted every 4 min. 
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Activity 

Only one of the 2 accelerometers recorders provided useful data. Although one failed 

after 2 d, the other recorded data for 35 d.  Supplemental figure 3a shows activity levels 

during the 35-d period. The first 5 d encompassed the period during which the 

EEG/EMG data was recorded from the sloth. The sloth’s activity pattern during this 

period was similar to that occurring during the 30-d period following removal of the 

EEG/EMG recorder.  

 

As in Figure 2c, supplemental Figure 4 shows the long-term activity pattern of another 

three-toed sloth recorded via ARTS. As in the three-toed sloth presented in Figure 2c, a 

period of inactivity also occurs around 0600 in this three-toed sloth.  

 

Weather 

The minimum temperature occurred between 04:15 and 06:45 and varied between 

22.7ºC and 23.4ºC across days (mean ± S.E.M., 23.1 ± 0.1ºC). The maximum 

temperature occurred between 10:45 and 13:45 and varied between 26.0ºC and 29.4ºC 

across days (27.6 ± 0.7ºC).  Rain occurred every day (3.24 ± 1.44 mm/d).  
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Chapter 2 
 
Ecology and Neurophysiology of Sleep in Two Wild Sloth Species 
 
Bryson Voirin, Madeleine F. Scriba, Dolores Martinez-Gonzalez, Alexei L. Vyssotski, 

Martin Wikelski , and Niels C. Rattenborg 
 
 
 

 
A pygmy three-toed sloth sleeping in a mangrove tree 

 
Voirin, B, Scriba, M, Martinez-Gonzalez, D, Vyssotski, A, Wikelski, M, Rattenborg, N,. Ecology and 

Neurophysiology of sleep in two wild sloth species. In review, SLEEP.  



	   31	  

Abstract 
 

 Time spent asleep, and in its sub-states, non-rapid eye movement (NREM) sleep 

and rapid eye movement (REM) sleep, varies dramatically across mammals. 

Interspecific variation in sleep measured in captivity correlates with various 

physiological and environmental factors. However, significant differences in sleep have 

been reported recently between studies performed in captivity and the wild. The 

perceived risk of predation in the two environments may contribute to this difference. 

Using miniature electroencephalogram (EEG) loggers, we examined sleep in two 

closely related wild sloth species living in habitats with different risks of predation. While 

both species slept between 9 and 10 hours per diel, sloths subject to predation by 

nocturnal cats (mainland sloths) spent a higher percent of their total sleep time in REM 

sleep than those living on a predator-free island (island sloths). The mainland sloths 

showed a preference for sleeping at night, whereas island sloths did not show a 

preference for sleeping during the day or night. Based on earlier studies showing a 

negative relationship between REM sleep and predation risk, the higher REM sleep in 

sloths exposed to predators was unexpected. The preference for sleeping at night in 

mainland sloths may be a strategy to avoid detection by nocturnal cats. Unexpectedly, 

EEG activity during NREM sleep was markedly different between the species, with 

island sloths showing lower low-frequency power, increased spindle power, and 

increased higher frequency power. These differences could be related to genetic or 

environmental factors, including the level of psychoactive compounds in their diet. 
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Introduction 
 

Sleep is an important part of an animal’s life, yet the actual function of sleep 

remains actively debated (Siegel 2005, Lima and Rattenborg 2007, Diekelmann and 

Bjorn 2010, Rattenborg et al. 2007, Mignot 2008). Every organism studied has been 

found to sleep in some manner (Cirelli and Tononi 2008), even though the reduction in 

environmental awareness can be dangerous (Lima et al. 2005). Mammals engage in 

two types of sleep: rapid eye movement (REM) sleep and non-REM (NREM) sleep. 

REM sleep is characterized by low-amplitude, high-frequency activity in the 

electroencephalogram (EEG) similar to that occurring during wakefulness (Siegel 2011). 

REM sleep is distinguished from wakefulness by a marked reduction in skeletal muscle 

tone, as well as behavioral signs of sleep, including eye closure and an increased 

arousal threshold (Siegel 2011). NREM sleep is characterized by high-amplitude, low-

frequency EEG waves (typically 0.5 – 4.5 Hz) and thalamocortical spindles (Steriade 

2006), intermittent bursts of waxing and waning (i.e., spindle-shaped) activity. Although 

the general characteristics of spindles are similar, the frequency of the oscillations 

varies across species (e.g., echidna, 6 – 8 Hz (Nicol et al. 2000); opossum, 8 – 11 Hz 

(Van Twyver and Allison 1970); armadillo, 12 Hz (Affani et al. 2001); sloth, 6 – 7 Hz 

(Galvão de Moura Filho et al. 1983); guinea pig, 13 – 15 Hz (Pellet 1966); cat, 7 – 14 Hz 

(Paré et al. 1987); dog, 12 – 15 Hz (Jeserevics et al. 2007); human, 12 – 15 Hz (Dijk 

and Czeisler 1995)). 

 

The amount of time spent sleeping, as well as the relative time spent in NREM 

and REM sleep varies greatly between species (Capellini et al. 2008, Campbell and 

Tobler 1984, Lesku et al. 2006). It has been proposed that predation pressure can 

partially explain the diversity of sleep patterns observed in mammals (Lima et al. 2005, 

Allison and Cicchetti 1976, Lesku et al. 2009) and other animals (Lendrem 1983, 

Rattenborg et al. 1999, Roth et al. 2006). When compared to NREM sleep, REM sleep 

appears to be particularly sensitive to predation risk, perhaps because higher arousal 

thresholds during REM sleep might render an animal more vulnerable to predation 

(Campbell and Tobler 1984, Lesku et al. 2009, Bradley and Meddis 1974). In 
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interspecific comparisons of sleep in captive mammals, prey species that sleep exposed 

to predators in the wild spend a lower percentage of their total sleep time in REM sleep 

(percent REM sleep) than those that sleep in low-risk settings in the wild (Allison and 

Cicchetti 1976, Lesku et al. 2006). And, in laboratory experiments, rodents exposed to 

simulated predation attacks exhibit a pronounced reduction in percent REM sleep 

(Lesku et al. 2008, Sanford et al. 2003), particularly when the threat is inescapable 

(Sanford et al 2010). However, it remains unclear whether these relationships exist in 

the wild or simply reflect an artifact of the captive environment. 

 

 Until recently, EEG investigations of sleep in animals were confined to captivity. 

However, as technological advances allow more biological processes to be studied in 

the wild, it is becoming apparent that studies involving wild and captive individuals of the 

same species often yield largely contradictory results. For example, circadian rhythms, 

immune function, and reproductive physiology are influenced by captivity (Calisi and 

Bentley 2009, Daan 2011, Gattermann et al. 2008). Moreover, in the first EEG-based 

study of sleep in an animal in the wild, we found that brown-throated three-toed sloths 

(Bradypus variegatus) in the rainforest slept over 6 hours less than ones in captivity 

(Galvão de Moura Filho 1983, Rattenborg et al. 2008), high-lighting persistent concerns 

that the interpretation of comparative studies based on sleep durations in captive 

animals may have been confounded by the captive environment (Lesku et al. 2009, 

Horne 1988). Although the reasons for more sleep in captive sloths remain unclear, one 

possible explanation is that they do not face the risk of predation that their wild 

counterparts do, and therefore are free to sleep longer.  

 

Herein, we examined sleep in two closely related species of three-toed sloths 

living under different predation pressure. One population lives in the tropical rainforest 

with natural predators (mainly nocturnal cats), while the other lives on an isolated island 

with no apparent predators (Anderson and Handley 2001). Based on the hypothesis that 

the lower amount of sleep in wild sloths reflects a response to increased predation 

pressure, we predicted that sloths living in the high predation habitat would, 1) sleep 

less, 2) show reduced REM sleep as a percent of total sleep time, and 3) show a 
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preference for sleeping during the day, when nocturnal cats are sleeping (Acerbi et al. 

2008). 

 

 

Methods 
 
Ethics Statement 

 

This study and all methods used, including animal capture, handling, and logger 

attachment, were fully approved by the Smithsonian Tropical Research Institute’s 

Animal Care and Use Committee (IACUC). The fieldwork was conducted under 

research permit SA/E 21-09, granted by La Autoridad Nacional Ambiente (ANAM). 

 

Animals, Locations, and Environmental Conditions 

 

 Bradypus variegatus: The brown-throated three-toed sloth is an arboreal 

mammal common throughout tropical rainforests in Central and South America. They 

feed on a wide variety of tree and liana species (Montgomery and Sunquist 1975). B. 

variegatus is vulnerable to a number of natural predators, including diurnal harpy eagles 

(Harpia harpyija (Galetti and Carvalho 2000, Springer et al. 2011)), nocturnal cats 

(Morneo et al. 2006, Hayssen 2010), and possibly owls (Voirin et al. 2009). Average 

body weight is 4 kg, and their average home range in Panama is 1.5 hectares 

(Montgomery and Sunquist 1975). 

 

 Bradypus pygmaeus: The pygmy sloth is endemic to Isla Escudo de Veraguas, 

Panama. It is closely related to B. variegatus, and has been separated geographically 

for only 8,900 years (Anderson and Handley 2001). B. pygmaeus is found mainly in 

patches of red mangroves (Rhizophora mangle), and is thought to eat predominately, if 

not solely, mangrove leaves (Anderson 2002, Superina et al. 2010), although this has 

not been systematically studied. They face no natural predators on the island. Their 

average weight is 3 kg, and their population and home range are unknown.  
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B. variegatus (hereafter referred to as mainland sloths) were studied in the 

rainforests near Almirante, in Bocas del Toro, Panama (9°19'2.29"N, 82°26'29.91"W) 

between April 7 – 17, 2009. During this period sunrise ranged from 06:23 – 06:18 and 

sunset was at 18:39. Human settlements are scattered throughout the forest. Sloths are 

abundant, as are their main nocturnal feline predators, ocelots (Leopardus pardalis), 

pumas (Puma concolor), and margays (Leopardus wiedii) (Sunquist and Sunquist 2002, 

Reid 2009).. Harpy eagles are extinct in this area (Touchton et al. 2002), and there are 

no other known diurnal predators. 

 

B. pygmaeus (hereafter referred to as island sloths) were studied in the 

mangroves of Isla Escudo de Veraguas, Panama (9° 5'58.78"N, 81°33'33.60"W). The 

island is 4.3 km2 and is 17.6 km offshore from the Valiente Peninsula. Recordings were 

done between April 20 – 29, 2009. During this period sunrise ranged from 06:14 – 06:11 

and sunset ranged from 18:37 – 18:38. Consequently, day length differed between the 

recording periods for each sloth species by less than 10 min. 

 

Weather data was obtained from Bocas del Toro (9°20'45.69"N, 82°15'11.74"W), 

the closest weather station to the two study sites. The station is approximately 21 and 

80 km from the mainland and island sloth populations, respectively; the distance 

between the two populations is approximately 100 km. The minimum and maximum 

temperature during the recording periods for the two sloth species were similar (mean ± 

S.E.M.; mainland sloths, min 24.3 ± 0.2ºC, max 29.7 ± 0.3ºC; island sloths, min 24.6 ± 

0.3ºC, max 29.1 ± 0.4ºC; unpaired two-tailed t-tests; min, P = 0.40 and max, P = 0.17). 

Rain was reported (but not quantified) on 72.3 and 70% of the days during the recording 

period for the mainland and island sloths, respectively. Although this data suggests that 

the weather conditions were similar during the two recording periods, we cannot rule out 

the possibility that very local differences in weather occurred during the two recording 

periods. 

 

Animal Capture and Recapture 
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Fifteen adult sloths (Mainland: 5 males and 4 females; Island: 6 males; sex 

determined by pelage) were caught using single rope climbing technique and a snare 

pole (Montgomery and Sunquist 1975), or when possible, by hand. On the ground, the 

sloths were held while an EEG logger (Neurologger 2 (Vyssotski et al. 2009), 

www.vyssotski.ch/neurologger2) was attached to their head (see below). In addition, 

sloths were fitted with a radio-collar (www.ATS-Tracking.com) to relocate them. After 

attaching the equipment, the sloths were placed at the base of the tree where they were 

caught.  

 

EEG and EMG Recording 

 

The EEG logger attachment procedure followed that used previously on sloths 

(Rattenborg et al. 2008, Chapter 1). A patch of hair was trimmed directly over the 

cranium, disinfected with alcohol wipes, and sprayed with an analgesic (Gingicain ® 

aeroso, Sanofi-Aventis GmbH). The electrode placement along the anterior-posterior 

axis was standardized across sloths of different sizes using the distance between a 

palpable anterior cranial concavity over bregma and a posterior concavity over lambda 

(Figure 1). The distance between bregma and lambda was divided into 25 % segments. 

For each hemisphere, an anterior electrode (silver wire, 7/40 AG, Sigmund Cohn, Mt 

Vernon, NY) was inserted under the skin with a 22 gauge needle, at a point 25 % 

posterior of bregma. A second wire was inserted 25 % anterior of lambda. Each wire 

was equidistant from the midline and the most dorsal point of attachment of the 

temporalis muscle, also palpable through the skin. Because the EEG electrodes were 

close to major points of muscle attachment (Figure 1), they were also sensitive to 

changes in muscle tone. The ground was centered between the other electrodes. The 

wires were fixed in place using adhesive glue, and were then connected to the logger. 

The logger was housed in a modified film canister, which was then glued to the top of 

the head (Figure 2). The logger was powered by a 3.6 V battery (Saft, model LS-14250). 

The total weight of the logger, battery, and housing (18 g), plus the radio-collar (56 g) 

was less than 3 % of the animal’s weight. All research equipment was completely 

removed from the animal at the end of the study. The sloths showed no signs of 
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scratching at or otherwise being bothered by the equipment. Bipolar EEG signals from 

each hemisphere were sampled and recorded at 100 Hz. The recordings lasted 

between 212 and 241 h.	   
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Figure 1. Dorsal view (left) and cross section (right) of B. variegatus’ skull showing electrode 

placement. EEG electrodes (red dots) and bipolar EEG derivations (red lines) are shown relative to 

bregma (B), lambda (L), and the most dorsal point of attachment of the temporalis muscle (T). The green 

dot shows the ground electrode. The sagittal cross-section through the midline shows the concavities 

overlying the cranial sutures bregma and lambda, and their positions relative to the underlying brain case. 

These surface concavities were palpable through the skin and used as landmarks. Given that the skull 

structure of B. pygmaeus and B. variegatus are very similar [35], the same landmarks were used to 

position the electrodes in both species. The electrode placement was scaled to the size of the individual’s 

skull. Ob, olfactory bulb; Cb, cerebellum. CT images provided with permission from Digimorph.org. 
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Figure 2. Brown-throated three-toed sloth equipped with an EEG logger (black hat). 
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State Scoring 

 

The EEG data was downloaded and imported into Somnologica Science 

Software (MedCare Corporation) for scoring and analysis. During scoring, each signal 

was visualized with the filters set for EEG activity (0.5 – 30 Hz pass) and again with the 

filters set for electromyogram (EMG) activity (>30 Hz pass) (Figure 3). For each sloth, 

the state (wakefulness, NREM sleep, and REM sleep) was scored in 10 s epochs for 

the last three full recording days, sunrise to sunrise. NREM sleep was characterized by 

high-amplitude, low-frequency EEG activity (≈ 0.8 – 4.0 Hz). In addition, brief bursts of 

6.0 – 8.0 Hz activity occurred intermittently during NREM sleep, but not wakefulness or 

REM sleep (Figure 3A). Given this pattern of occurrence, and the fact that such activity 

usually had a spindle shape (Figure 3B), it apparently reflects thalamocortical spindling 

(see also Galvão de Moura Filho et al. 1983). Spindles typically occurred 

simultaneously in both hemispheres, and were particularly apparent in the pygmy sloths 

(see below). As in the previous studies of captive (Galvão de Moura Filho et al. 1983) 

and wild (Rattenborg at al. 2008, Chapter 1) sloths, REM sleep was characterized by 

low muscle artifact and the onset of low-amplitude, high-frequency activity arising from a 

bout of NREM sleep (Figure 3A). Additionally, in all periods of REM sleep, distinctive 

rhythmic waxing and waning bursts of twitching were observed (Figure 3A) that 

resembled artifacts associated with feeding (Galvão de Moura Filho et al. 1983), but 

with drastically lower amplitude. This activity may reflect rhythmic, chewing-like 

movements similar to those recently described in guinea pigs during REM sleep (Kato 

et al. 2013). As in captive sloths (Galvão de Moura Filho et al. 1983), EMG activity 

either declined from prior NREM sleep levels, or if already low (the typical condition), 

showed no further changes during tonic REM sleep. The exact point of REM sleep 

onset was defined as the end of the last spindle, or the point at which the EMG artifact 

reduced if this occurred after the last spindle. The end of a bout of REM sleep was 

marked by either the resumption of spindles, or in most cases, an awakening 

characterized by an abrupt and tonic increase in EMG activity (Figure 3B). Epochs with 

more than one state were scored according to the predominant state. During 

wakefulness, time spent feeding (i.e., chewing) was scored for each sloth based on 
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large, stereotypical rhythmic artifacts (≈1.0 Hz (Galvão de Moura Filho et al. 1983, 

Rattenborg et al. 2008, Chapter 1)).  

 

 The following variables were calculated and averaged across the three scoring 

days for each sloth; percent time spent in each state (wakefulness, NREM sleep, and 

REM sleep) per 24-h day, percent of total sleep time spent in REM sleep, percent time 

spent in each state for each hour of the 24-h day, and percent time spent in each state 

during the day (sunrise to sunset) and night (sunset to sunrise). In addition, we 

calculated the mean duration of bouts of each state. A bout was defined as a sequence 

of consecutive epochs of one state. For statistical tests, we used the mean value for 

each variable from each sloth. As a result, the sample sizes were 9 and 6 for mainland 

and island sloths, respectively. 

 

EEG Spectral Analysis 

 

We calculated power density for each state using Somnologica’s fast Fourier 

transform function (0.8 – 25 Hz, in 0.4 Hz frequency bins). Only artifact-free periods of 

each state were used for the analysis. The spectral data for each sloth is presented as a 

percentage of the 24-h NREM sleep mean across all frequency bins. Because EEG 

activity in the two hemispheres was similar, we randomly chose the left EEG for spectral 

analysis. In the few cases where the quality of the right EEG signal was markedly better 

than the left, we analyzed that signal instead.  
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Figure 3. EEG recordings from B. pygmaeus.  (A) EEG recording (90 s) showing a period of NREM 

sleep transitioning into REM sleep. NREM sleep was characterized by frequent high-amplitude spindles 

(blue diamonds) and slow-waves. During REM sleep, a stereotypical and rhythmic “twitching” artifact is 

visible. (B) Transition from REM sleep to wakefulness characterized by an abrupt increase in tonic EMG 

artifact in the EEG signal. The EMG signal was obtained by high-pass (>30 Hz) filtering the EEG signal. 
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Results 
 

 The total sleep time for both sloth species was similar, with mainland sloths 

sleeping 9.60 ± 0.25 h (mean ± S.E.M.) and island sloths sleeping 9.69 ± 0.4 h 

(unpaired, two-tailed t-test, P = 0.86; Figure 4). The amount of time spent in NREM 

sleep also did not differ significantly between the species (unpaired, two-tailed t-test, P 

= 0.25). The time spent in REM sleep showed a trend (unpaired, two-tailed t-test, P = 

0.095) for more REM sleep in mainland sloths that was significant (unpaired, two-tailed 

t-test, P = 0.037) when REM sleep was expressed as a percent of total sleep time. 

 

The mean bout durations for wakefulness, NREM sleep, and REM sleep were 

similar for both sloth species. Bouts of wakefulness lasted 264.62 ± 28.53 s and 279.43 

± 35.46 s for mainland and island sloths, respectively (unpaired, two-tailed t-test, P = 

0.76). Bouts of NREM sleep lasted 149.75 ± 15.34 s and 168.86 ± 21.75 s for mainland 

and island sloths, respectively (unpaired, two-tailed t-test,	  P = 0.49). Bouts of REM 

sleep lasted 407.95 ± 42.98 s and 449.81 ± 52.17 s for mainland and island sloths, 

respectively (unpaired, two-tailed t-test,	  P = 0.56). 

 

Mainland sloths showed a preference for being awake during the day and asleep 

at night (unpaired, two-tailed t-test, P < 0.002), whereas island sloths showed no 

preference for day or night (unpaired, two-tailed t-test, P > 0.3; Figures 5 and 6). In 

addition, mainland sloths showed peak sleep amounts around sunrise and sunset, 

whereas only a single peak in sleep was observed in island sloths during the last third of 

the night. These differences in the timing of sleep do not appear to be attributable to 

differences in the composition of males and females in the two samples (i.e., all male in 

the island sloths), as male and female mainland sloths showed similar patterns (Figure 

7); although the sample sizes (5 and 4, respectively) were deemed too small for a 

statistical comparison. In both species, time spent feeding paralleled hourly changes in 

time spent awake (Figure 5), and reached their lowest levels during the last third of the 

night. 
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Figure 4. Time spent in each state. (A) Number of hours spent in wakefulness, NREM sleep, and REM 

sleep in mainland (black) and island (grey) sloths. (B) REM sleep as a percentage of total sleep time for 

the two sloth species. Error bars show +S.E.M. 
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Figure 5. Hourly time spent in each state. The percentage of time spent in wakefulness (green), NREM 

sleep (blue), and REM sleep (red) for each hour for (A) mainland and (B) island sloths. The bars on the x-

axes mark day (sunrise to sunset, yellow) and night (sunset to sunrise, black). Data reflects averages of 

all three days for each sloth. Percentage of time spent feeding (grey) is plotted on the secondary y-axes. 

Values for a given hour are plotted at the start of the hour. Error bars show +S.E.M. 

 

 



	   46	  

 
Figure 6. Time spent in the three states during the day and night. Time spent in wakefulness, NREM 

sleep, and REM sleep during the day (sunrise to sunset, yellow) and night (sunset to sunrise, black) for 

(A) mainland and (B) island sloths. Error bars show +S.E.M. 
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Figure 7. Hourly time spent in each state for male and female mainland sloths. The percentage of 

time spent in wakefulness (green), NREM sleep (blue), and REM sleep (red) for each hour for (A) male 

and (B) female mainland sloths. The bars on the x-axes mark day (sunrise to sunset, yellow) and night 

(sunset to sunrise, black). Data reflects averages of all three days for each sloth. Values for a given hour 

are plotted at the start of the hour. Error bars show +S.E.M. 
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Figure 8. EEG power density for each state. (A) mainland sloths and (B) island sloths during 

wakefulness (green), NREM sleep (blue), and REM sleep (red). Lines at the top show significant (paired, 

two-tailed t-test, P < 0.05) differences between states. (C) NREM sleep power density from (A) and (B) 

plotted together to illustrate the differences between mainland (solid line) and island (dashed line) sloths. 

Lines at the top of the graph show significant differences (P < 0.05, P < 0.01, and P < 0.001). Power for 

each 0.4 Hz frequency bin is plotted at the start of the bin. 
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In both species, NREM sleep was characterized by increased low-frequency 

power (0.8 – 5.0 Hz) when compared to wakefulness and REM sleep (Figure 8AB; see 

figure for statistics). The most striking differences between the species were found 

during NREM sleep (presented together with statistics in Figure 8C). In island sloths, 

low-frequency (0.8 – 4.0 Hz) power was lower, and spindle (6.0 – 8.0 Hz) and higher 

frequency (13.0 – 18.0 Hz) power were greater than in mainland sloths. The difference 

in spindle power is at least partly attributable to greater spindle amplitude in island 

sloths, as the first spindles at sleep onset were noticeably larger than those in mainland 

sloths which were often difficult to detect visually. 

 

 

Discussion 
 

Both pygmy and brown-throated three-toed sloths slept just over 9.5 h per day. 

This is consistent with our initial study of sleep in 3 wild brown-throated three-toed 

sloths from a different part of mainland Panama (Rattenborg et al. 2008, Chapter 1), 

which slept 9.6 h. Thus, this appears to be the typical sleep amount for wild three-toed 

sloths, at least those living in Panama. These findings are consistent with the 

observation that closely related species exhibit similar sleep durations (Capellini et al. 

2008). 

 

Based on the hypothesis that wild sloths sleep less than captive sloths due to a 

difference in predation pressure, we expected mainland sloths living with nocturnal 

predators to sleep less, engage in less REM sleep as a percent of total sleep time, and 

show a preference for sleeping during the day when compared to island sloths living 

without predators. However, the absence of a difference in total sleep time, the higher 

percent REM sleep, and the preference for sleeping at night in mainland sloths were all 

contrary to our predictions. These results suggest that factors other than predation, 

such as increased foraging time in the wild, may account for the differences in sleep 

amounts between captive and wild sloths (Rattenborg et al. 2008, Chapter 1). 
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 The higher REM sleep as a percent of total sleep time (% REM sleep) in sloths 

exposed to predators contradicts prior studies that examined the relationship between 

predation risk and sleep in captive mammals. In such comparative studies, when 

compared to species that sleep relatively unexposed to predators in the wild, species 

that sleep exposed to predators show less % REM sleep when recorded in captivity 

(Lesku et al. 2006). The reasons for this apparent difference remain unclear and 

therefore warrant further investigation, especially given that the effect size in our study 

was small and only marginally statistically significant. 

 

Our interpretation of these findings is dependent upon an accurate assessment 

of the relative risk of predation during sleep and wakefulness in sloths.  For sloths, 

sleeping may actually be safer than being actively awake. Because sloths are slow and 

lack significant anti-predator defenses (Montgomery and Sunquist 1978), they may be 

particularly vulnerable to detection and capture by predators when moving. In contrast 

to the ineffective fight or flight responses that might render sloths vulnerable to 

predation while active, their preference for sleeping sites high in the vegetation and their 

cryptic pelage (including green algae growing in their hair (Weber-van Bosse 1887, 

Suutari et al. 2010)) may make sleeping safer than being actively awake. Collectively, 

these factors may explain why mainland sloths, exposed to nocturnal predators, were 

primarily active during the day. In addition to the preference for sleeping at night, the 

fact that sleep was maximal around dusk and dawn when the activity of nocturnal cats is 

maximal (Ludlow and Sunquist 1987) also supports the notion that the timing of sleep 

and wakefulness in mainland sloths reflects an anti-predator strategy. A similar shift 

toward being inactive when predators are active has been reported in Norway rats 

(Rattus norvegicus) which sleep safely in burrows (Fenn 1995). And, golden hamsters 

(Mesocricetus auratus), which also sleep in burrows are nocturnally active in captivity, 

but diurnally active in the wild, possibly to avoid predation by owls (Gattermann et al. 

2008). Moreover, a recent evolutionary strategic model predicts that species which are 

safer when sleeping should sleep when their predators are active, whereas species that 

are more vulnerable when sleeping should sleep when their predators sleep (Acerbi and 

Nunn 2011). 
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 While these examples suggest that sleep can be safer than being actively awake, 

they should not be interpreted as support for the idea that the function of sleep per se is 

to enforce immobility at times of the day when it is either dangerous or unproductive to 

be awake (i.e., the immobilization hypothesis, (Meddis 1975)). Indeed, three-toed sloths 

are very adept at remaining still and cryptic while awake, and usually resorted to this 

strategy when we approached them. Similarly, Montgomery and Sunquist (1975) found 

that three-toed sloths did not react to a human attempting to catch them unless they 

were physically touched. Given that sloths do not need sleep to “enforce” immobility, 

sleep must serve other functions (Rattenborg et al. 2007, Lima et al. 2005). 

 

Factors other than predation not assessed in this study might have also 

influenced sleep and its timing differently between the two species. For example, 

comparative studies based on captive mammals suggest that species feeding on low 

quality food spend less time sleeping (Elgar et al. 1988, Campbell and Tobler 1984). 

Consequently, dietary differences between the sloths species may have masked 

differences in sleep duration related to other ecological factors such as predation risk. 

However, it is unclear how food quality or its spatial distribution relative to sleeping sites 

(Acerbi et al. 2008) might have contributed to the differences in the timing of sleep given 

that both species fed during the day and night, and sleep in the same trees in which 

they forage (pers. observ.). 

 

The spectral differences in NREM sleep-related EEG activity observed between 

the mainland and island sloths were unexpected. The island sloths showed significantly 

lower low-frequency power (or slow-wave activity, SWA) and increased spindle and 

higher frequency power compared to mainland sloths. Based on the inverse relationship 

between SWA and spindles, and the positive relationship between SWA and sleep 

depth observed in humans (Dijk et al. 1993), this difference could reflect differences in 

average sleep intensity between the two species. However, we observed that even at 

sleep onset when the first spindles occurred, they were markedly larger in amplitude in 
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the island sloths. Consequently, differences in sleep intensity do not appear to fully 

explain the marked differences in NREM sleep EEG spectral power. 

 

Based on research in humans, it is conceivable that the differences in spindling 

reflect different cognitive abilities and/or demands in mainland and island sloths. For 

example, spindling is positively correlated with IQ (Fogel and Smith 2011, Geiger et al. 

2011). However, in the case of sloths, it is unclear what selective pressures would 

select for this trait only in island sloths. Given that spindles increase following learning, 

and the degree to which they increase predicts post-sleep cognitive performance 

(Schabus et al. 2006, Fogel and Smith 2007, Fogel and Smith 2006), it is possible that 

increased spindling in island sloths reflects a response to waking experiences. However, 

differences in the sloths’ waking activity and challenges that might account for this 

difference in spindling are not readily apparent. Moreover, given the slower frequency of 

spindles in sloths (6 – 8 Hz), it is unclear whether they perform the same function as 

faster (12 – 15 Hz) spindles in humans. 

 

 Alternatively, the differences in NREM sleep EEG activity could simply reflect a 

selectively neutral artifact linked to the small size of the island population. For example, 

if the island population became unusually small in the past, and by chance genes 

responsible for increased spindles were disproportionally represented in the remaining 

population, this genotype would be more prevalent in the subsequent island population 

than in the mainland population (Frankham 1997). Consistent with this scenario is the 

fact that EEG traits are highly heritable (Tafti 2002).  

 

 Although speculative, it is conceivable that the lower SWA, higher spindle power, 

and lower percent REM sleep seen in island sloths could be linked to diet. These 

characteristics of sleep mimic those observed following the consumption of 

benzodiazepines in humans and other mammals (Borbély  et al. 1985, Lancel 1999, 

Aeschbach et al. 1994, Kopp et al. 2004). Naturally occurring benzodiazepines or 

benzodiazepine-like compounds, with similar potentiating affects on ɣ-aminobutyric 

acidA (GABAA) receptors (Mubassara et al. 2009), have been isolated from a variety of 
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plants, or their endophytic fungi, including those growing in marine-mangrove habitats 

(Medina et al. 1993, Sand et al. 2000, Ren et al. 2010, Cuci et al. 2009, Seelan et al. 

2009, Bennett 2010). For example, benzalphthalides – a group of compounds with 

benzodiazepine-like anxiolytic effects (Zamilpa 2005) – have been isolated from the 

fungi Guignardia sp. growing on the mangrove tree Kandelia candel in China (Xia et al. 

2007, Nicoletti et al. 2009). In addition to naturally occurring compounds, human made 

benzodiazepines have been found as pollutants in water systems (Calisto and Esteves 

2009) at levels shown to alter vertebrate behavior, presumably via their affect on brain 

neurochemistry (Brodin et al. 2013). Interestingly, whereas mainland sloths are known 

to feed on at least 31 plant species (Montgomery and Sunquist 1975), island sloths are 

thought to feed mainly on the leaves of red mangroves or other plants growing in this 

habitat (Anderson and Handley 2001). Indeed, over the 10-d study period, no island 

sloths moved over 20 m from their initial mangrove tree of capture, strongly suggesting 

that they did not leave the mangroves, and therefore presumably ate the leaves of 

plants growing in this habitat. Consequently, if the level of naturally occurring or human 

made benzodiazepine-like compounds in the diet was higher in island sloths than in 

mainland sloths, this might explain many of the differences in sleep observed between 

the species. However, a full characterization of the sloths' diets and the level of 

benzodiazepine-like compounds found therein will have to be performed to test this 

hypothesis. 
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Abstract 
 

Throughout the animal kingdom, the amount of sleep varies greatly between species. 

The overwhelming majority of animal sleep research has been done in artificial captive 

conditions. Recent findings suggest that sleep times observed in captivity can be 

markedly different from those seen in individuals sleeping in the wild. Here we report the 

findings from the first electroencephalogram (EEG) based study of sleep in Hoffman’s 

two-toed sloth (Choloepus hoffmanni). We found that wild two-toed sloths are 

predominantly nocturnal, and slept 10.9 ± 0.6 hours per diel. Of the time spent sleeping, 

9.1h ± 0.5 h was spent in non rapid eye movement (NREM) sleep and 1.8h ± 0.11h in 

rapid eye movement (REM) sleep.  Head-mounted accelerometers showed that the 

sloths were inactive and motionless 15.4 ± 0.8 h per day. This likely explains why early 

behavioral studies reported high amounts of sleep in sloths. As many studies have 

focused on immobility as a basis for estimating sleep amounts, our findings highlight the 

need for the use of EEG’s in calculating animal sleep quotas in indolent animals such as 

sloths.  
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Introduction 
 

Although sleep is a necessary component of animal life, its purpose remains 

actively debated (Siegel 2005, Lima and Rattenborg 2007, Diekelmann and Bjorn 2010, 

Rattenborg et al. 2007, Mignot 2008). Numerous factors are thought to influence the 

way in which an animal sleeps, including food availability, seasonality, social 

interactions, breeding, and predation pressure (Lesku et al. 2009, Siegel 2005, Lima et 

al. 2005, Rattenborg et al. 2007). By studying sleep in a variety of wild animals sleeping 

under different natural situations, we may reveal ecological and physiological traits that 

predict the time spent sleeping, and thereby clues to its purpose. This comparative 

approach may also reveal related life history tradeoffs that yield insight into the 

function(s) of sleep (Donlea et al. 2012, Lesku et al. 2009).    

 

Until recently, all studies of animals sleeping undisturbed in the wild were based 

on behavioral measures of sleep. Direct observations of sleep behavior (e.g. immobility, 

specific posture, eye closure, and increased arousal threshold) (Steinmeyer et al. 2010, 

Dewasmes and Telliez 2000) may provide accurate estimates of time spent sleeping in 

many species. However, it is often not possible to observe animals continuously 

(Santymire et al. 2012). Although indirect measures of inactivity measured by radio 

telemetry and more recently with accelerometers (e.g. whales (Miller et al. 2008), 

elephant seals (Mitani et al. 2009)) can provide clues to when and how animals sleep, 

these need to be validated with direct observation of sleep behavior. However, even 

direct observations usually cannot be used to reliably measure the time spent in non 

rapid eye movement (NREM) and rapid eye movement (REM) sleep in birds and 

mammals, nor the intensity of NREM sleep as reflected in the EEG. Moreover, in a few 

cases where reliable behavioral differences may in fact exist between NREM and REM 

sleep (e.g. giraffes and elephants, Tobler and Schwierin 1996), these have not been 

confirmed with electrophysiological recordings.  

 

In some species, behavioral observations and activity recordings may even 

provide misleading estimates of total time spent sleeping. Ostriches (Struthio camelus), 
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originally thought to sleep very little in the wild, were recently found to engage in NREM 

sleep with their heads up and eyes open, a behavioral state generally associated with 

wakefulness (Cooper 2010, Lesku 2011). Behaviorally, the birds only appeared asleep 

when their eyes closed and heads dropped during REM sleep. Various ruminants have 

been found to engage in NREM sleep while standing and chewing, with their eyes 

partially open (Bell and Itabishi 1973, Ruckebusch 1972). Cetaceans (dolphins and 

whales) and otoriid seals (fur seals and sea lions) are capable of sleeping 

unihemispherically, allowing them to swim and to surface to breathe in the water while 

sleeping (Lyamin et al 2008, Lyamin and Chetyrbok 1992). Birds may sleep during flight, 

although this has not yet been confirmed (Rattenborg 2006). Mallard ducks (Anas 

platyrhynchos) and other birds are also known to sleep unihemispherically with one eye 

open, allowing them to remain vigilant for predators in their environment (Fuchs et al. 

2009, Rattenborg 1999, Ball 1988). In this case, because birds direct the open eye 

towards potential threats (Rattenborg 2001, Rattenborg 1999) and both eyes are rarely 

visible in the wild, this behavior may lead to the false impression that the birds are fully 

awake, especially if they perceive the observer to be a threat. Collectively, these studies 

demonstrate that even direct behavioral observations cannot always be used to 

measure sleep. Finally, although sleeping in an active animal may be a specialized or 

rare state, inactivity in awake animals poses a seemingly more common problem when 

trying to measure sleep duration using indirect methods.  

 

Herein we compare estimates of sleep duration using EEG recordings and 

accelerometer-based actograms in wild two-toed sloths. Historically, studies have 

reported that two-toed sloths sleep anywhere from 11- 22 hours per day (Britton et al 

1938, Goffart 1971). We demonstrate that inactivity measured via head-mounted 

accelerometers grossly overestimates time spent sleeping in two-toed sloths.  
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Methods 
 

Study Animal 

 

Hoffman’s two-toed sloth, Choloepus hoffmanni, is a medium-sized mammal 

common to the canopies of Central and South America. Adults in the wild weigh on 

average 5.71 kg ± 0.69 kg (Wetzel 1985, Gilmore 2001), with a typical range of 2.7 - 8 

kg (Meritt 1985). They are sexually monomorphic and have a pseudocloaca, making 

sex determination by external genitals (Meritt 1985). Their body temperature ranges in 

the wild from 33.4°C - 36.2°C, and is affected by sunlight and ambient temperature 

(Britton and Atkinson 1938, Montgomery and Sunquist 1978). They eat a wide variety of 

leaves, buds, and fruits, as well as some small invertebrates and vertebrates 

(Montgomery and Sunquist 1978). In both the wild and captivity, C. hoffmanni are 

largely nocturnal (Montgomery and Sunquist 1978, Howarth and Toole 1973, McCrane 

1966, Conway et al. 1977). In the lowland tropical rainforests, their main predators are 

Harpy Eagles (Harpia harpyja) and nocturnal felids (Hayssen 2011, Touchton et al. 

2002, Moreno et al. 2006, Galetti and Carvalho 2000, Springer et al. 2011) 

 

Study Location 

 

The study was conducted in the coastal rainforests of Isla Colon, Bocas del Toro, 

Panama (9°23'8.44" N, 82°14'10.11" W) between July 6 - 28, 2010. Temperature, 

weather, and sunrise/sunset times varied little across the duration of the study (mean 

minimum temperature 26.3 ± 0.2ºC, max temperature 31.0 ± 0.1ºC; rain reported 

everyday; sunrise 6:15, sunset 18:53, data from Bocas Del Toro weather station). The 

island is mixed human use, has a total area of 59 km2, and is located 1.5 km from the 

mainland. Two-toed sloths are abundant in the region, and are especially common 

around almendro trees (Terminalia catappa). Harpy Eagles, historically common in the 

region, are exceedingly rare or extirpated on the island in recent years.  

 

Animal Capture and Recapture 
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Five adult two-toed sloths of unknown sex were caught using single rope 

climbing technique and a snare pole (Rattenborg et al. 2008, Voirin et al, 2009). 

Because of their ability to rapidly flee, it was often necessary for two climbers to ascend 

different branches or trees simultaneously, in order to corner the sloth. On the ground, 

the sloths were wrapped in a towel to restrict limb movement, and carefully held in an 

assistant’s lap. An EEG logger (Neurologger 2A, (Vyssotski et al. 2009) 

www.vyssotski.ch/neurologger2) was fitted to their head, (see below). A radio-collar 

(56g, www.ATS-Tracking.com) was also attached to aid in relocating the animals at the 

end of the study period. Once the logger and radio-collar had been attached, sloths 

were released at the base of the tree where they were caught. All methods were 

approved by the Smithsonian Tropical Research Institute’s Animal Care and Use 

Committee (IACUC) and preformed under a research permit (SA/E 61-10) from 

Panama’s Autoridad Nacional Ambiente (ANAM). 

 

 

EEG Recording 

 

The EEG logger attachment procedure was similar to that used on previous 

studies on sloths (Rattenborg 2008, Chapter 1, Chapter 2). A square patch of hair 2 cm2	  

was trimmed directly over the cranium. The skin was then disinfected with alcohol and 

numbed with aerosol analgesic (Gingicain ® aeroso, Sanofi-Aventis GmbH). 5 recording 

electrodes (silver wire, 7/40 AG, Sigmund Cohn, Mt Vernon, NY) were inserted through 

the skin and underlying temporalis superficialis muscle until they reached the surface of 

the skull overlying the cortex (Pellegrino 2004). The electrodes were situated in a 

uniform square over the cortex, aligned with respect to the occipital crest and midline, 

which were the most visible skull feature evident (see Figure 6). The logger and 

recording electrodes were housed in a modified film canister and attached to the head 

of the sloth using fast curing adhesive. A 3.6V Saft Battery (model LS-1450) powered 

the logger. The weight of all attached equipment (logger, battery, housing (18g) and 

radio-collar (56g)) was less than 2% of the animal’s weight. Bipolar EEG signals from 
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each hemisphere were sampled and recorded at 100 Hz. An internal accelerometer on 

the logger recorded movement in three axes at 100 Hz. The recordings lasted between 

246 and 248 hours. All recording equipment was retrieved and removed from the animal 

at the end of the study. 

 

 

State Scoring 

 

The EEG and acceleration data were downloaded from the logger and visually 

scored using Somnologoca Science Software (MedCare Corperation). During scoring, 

each signal was visualized with the filters set for EEG activity (0.5 – 30 Hz pass) and 

again with the filters set for electromyogram (EMG) activity (>30 Hz pass). The last 

three full recording days were scored for NREM sleep, REM sleep, and wakefulness 

using 10s epochs (Rattenborg et al. 2008). NREM sleep was determined visually by the 

presence of high-amplitude, low frequency slow-waves in the EEG (≈ 0.8 – 4.0 Hz), and 

an absence of change in the accelerometer channels. Also present during NREM sleep 

were intermittent bursts of 6-8 Hz spindle shaped activity, possibly representing 

thalamocorotcial spindles, as seen in humans and other mammals, including three-toed 

sloths (Rattenborg et al. 2008). Spindles occurred simultaneously in both hemispheres. 

REM sleep was characterized by low-amplitude, high frequency EEG activity occurring 

directly following a NREM sleep bout, in conjunction with low muscle artifact and a 

complete lack of movement in the accelerometer channels. Absent were the distinct 

phasic twitches seen in some mammals, including three-toed sloths, during REM sleep 

(Rattenborg et al. 2008, Chapter 1, and Chapter 2). The exact point of REM sleep onset 

was defined as the end of the last spindle, or the point at which the EMG artifact 

reduced if this occurred after the last spindle. The end of a bout of REM sleep was 

marked by either the resumption of spindles, or in most cases, an awakening 

characterized by an abrupt and tonic increase in EMG activity. Epochs with more than 

one state were scored according to the predominant state. Activity and inactivity was 

scored by examination of the acceleration channels, where any movement was clearly 

visible. Although activity and brain state were scored independently of each other, all 
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periods of activity occurred during wakefulness. We calculated the time spent in each 

state per hour, and averaged each hour over the last three full recording days for each 

sloth.  

 

 

Results 
 

We found that two-toed sloths slept on average 10.9h ± 0.6 h per day, spending 

9.1h ± 0.5 h in NREM sleep and 1.8 h ± 0.11 h in REM sleep. Waking peaked in the 

hours preceding sunrise and following sunset, and was lowest around 09:00 h (Figure 

1). REM sleep as a percent of total sleep time increased across the light phase, and 

also showed a peak in the middle of the night (Figure 3).  

 

Levels of activity closely mirrored wakefulness, but with wakefulness being up to 200% 

greater than activity at some hours (Figure 4). On average, sloths were inactive for 

64.4% (or 15.4h) of the day, which is considerably more than the 45.6% they spent 

asleep (Figure 5). 
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Figure 1. Hourly time spent in each state. The percentage of time spent in wakefulness (green), NREM 

sleep (blue), and REM sleep (red). The bars on the x-axes mark day (sunrise to sunset, yellow) and night 

(sunset to sunrise, black), and dashed grey line indicates photoperiod. Data reflects averages for all 

sloths. Values for a given hour are plotted at the start of the hour. Error bars show +S.E.M. 
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Figure 2. Day/night tendencies. Time spend in each state as well as total sleep time (TST) during 

daytime (yellow) hours and nighttime (black) hours. Data reflects averages for all sloths. Error bars show 

+S.E.M. 
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Figure 3. Percent REM sleep of total sleep. The percent of total sleep time (TST) spent in REM sleep, 

per hour. Data reflects averages for all sloths. Values for a given hour are plotted at the start of the hour. 

Error bars show +S.E.M. 
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Figure 4. Hourly time spend active and awake. The percentage of time spent awake (blue) and 

physically active (black). Wakefulness was measured via EEG, and activity was measured by an 

accelerometer. Data reflects averages for all sloths. Values for a given hour are plotted at the start of the 

hour. Error bars show +S.E.M. 
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Figure 5. Inactivity vs. physiological sleep. Sloths were behaviorally motionless (inactive) 64.4% of the 

time, while they were physiologically asleep (recorded with EEG) 45.6% of the time. Data is averaged for 

all sloths. Error bars show +S.E.M. 
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Figure 6. Dorsal view (left) and cross section (right) of C. hoffmanni’s skull showing electrode 

placement. EEG electrodes (red dots) and bipolar EEG derivations (red lines) are shown relative to the 

skull midline and the attachment of the temporalis muscle (T). The green dot shows the ground electrode. 

The sagittal cross-section is offset from the midline through the sagittal plane of the  bipolar derivation. 

The electrode placement was scaled to the size of the individual’s skull. Ob, olfactory bulb; Cb, 

cerebellum. CT images provided with permission from Digimorph.org. 
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Figure 7. Photo of two-toed sloth with EEG logger and radio-collar.  
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Figure 8. Table of previous studies estimating activity and sleep behavior in two-toed sloths. 

Sunquist and Montgomery only measured activity in wild sloths. Bopp observed sleep and waking 

behavior in captive C. didactylus (a closely related and geographically separated sister species to C. 

hoffmanni) in a zoo under unknown lighting conditions. He described “dosing” as behaviorally similar to 

sleeping, but periodically interrupted by subtle head movements (with eyes closed) and sniffing. Mendel 

captured wild two-toed sloths and housed them in a windowless room under constant red light conditions.  
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Discussion 
 

Using EEG recordings, we found that two-toed sloths slept on average 10.9h (± 

0.7 h) per day in the wild. This amount is relatively close to the 9.6h we found in two 

species of three-toed sloths (Rattenborg et al. 2008, Chapter 1, and Chapter 2), which 

last shared a common ancestor approximately 40 million years ago (Gaudin 2004). 

However, the amount of sleep recorded in our study is substantially lower than the 20 

hours per day estimate often cited in historical literature (Beebe 1926, Britton et al. 1938, 

Goffart 1968, Goffart 1971, Howarth and Toole 1973). REM sleep made up 16% of total 

sleep time, an amount nearly identical to what we found in wild three-toed sloths in 

tropical rainforests. Finally, given that accelerometers grossly underestimated 

wakefulness, even with the accelerometer mounted on the head, it is essential to record 

EEG activity to quantify sleep in animals that sit quietly awake.  

 

As suggested by earlier activity studies of two-toed sloths (Merritt 1985, Partridge 

1991, Sunquist and Montgomery 1973, Howarth and Toole 1973, McCrane 1966, 

Conway 1977), NREM and REM sleep were more likely to occur during daylight hours. 

During the night hours, wakefulness was most prevalent during the hours following 

sunset and preceding sunrise. Despite this tendency to sleep during the day, they were 

capable of being awake or asleep at any hour of the day. Across the major daytime 

sleep period, REM sleep as a percentage of total sleep time increased, as seen in other 

mammals (Carskadon and Dement 2011) 

 

In contrast, Sunquist and Montgomery recorded absolutely no activity between 

06:00 h and 18:00 h in wild two-toed sloths (1973). In our study, we found there to be a 

moderate amount of daytime activity, especially during the second half of the day. This 

difference could be related to the type of technology used to measure activity. Whereas 

Sunquist and Montgomery estimated activity by measuring changes in the amplitude of 

the signal from a radio transmitter mounted on a collar, we measured head movements 

via a 3D accelerometer. Consequently, our method is likely to be much more sensitive 

to wakefulness-related head movements, as the slow, side-to-side panning of the head 
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(a behavior commonly observed in sloths by the researchers) might fail to change the 

amplitude of a radio-collar signal fixed loosely around the neck. Interestingly, despite 

the potential difference in sensitivity, the total time sloths spent active in Sunquist and 

Montgomery’s study was quite close to that observed in our study. Consequently, it is 

possible that their sloths would show greater time active than our sloths, had activity 

been measured using our methods. Whether a real difference in the sensitivity of the 

two methods exists, and activity differences in the respective sloth behavior remains an 

open question.  

 

The main predators of two-toed sloths are the diurnal Harpy Eagle and nocturnal 

cats (Hayssen 2011, Touchton et al. 2002, Moreno et al. 2006, Galetti and Carvalho 

2000, Springer et al. 2011). However, Harpy Eagles are extremely rare in this region of 

Panama, and nocturnal cats may be of greater threat. Two-toed sloths generally rest in 

the thick tangles of lianas, instead of on larger branches or trunks, which may enable 

them to feel the vibrations of a climbing animal in time to flee (Montgomery and 

Sunquist 1978). Indeed, two-toed sloths react much faster to danger than three-toed 

sloths, allowing them to evade a predator such as nocturnal cats that might climb a tree. 

In this study, physically capturing and recapturing the two-toed sloth (a simulated 

predation event) proved to be quite difficult. The sloths would often flee as soon as a 

researcher disturbed the tree, and in some cases, would escape to a connecting tree as 

soon as we walked toward their tree from the ground. In contrast to a nearby population 

of three-toed sloths that were primarily diurnally active (Chapter 2), this ability to flee in 

the two-toed sloth may allow them to be more safely active at night, despite a number of 

nocturnally active predators in the forest.  

 

Our activity findings are significantly different from many, but not all, previous 

studies on captive two-toed sloths, which typically found them to be inactive or resting 

up to 20 hours per day. Mendel (1985) used video recordings of sloths in cages to 

estimate their average daily “rest” at over 21 hours per day, with little more than 3 hours 

of daily activity. Likewise, Britton et al. observed sloths in outdoor cages resting or 

sleeping for around 20 hours per day (Britton et al. 1938), but they failed to describe any 
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methods used to quantify rest or sleep. Goffart (1968, 1971) also claimed that they 

sleep 20 hours per day, but it is unclear whether he measured this or simply repeated 

statements of earlier researchers.  

 

In contrast, Bopp (1954) calculated that zoo animals in Switzerland slept 45% of 

day, and dozed 20% of the day. Bopp’s findings, based on direct observational 

observations, are somewhat close to our own, but it is unclear how dozing relates to 

sleep or wakefulness. He defined dozing as behaviorally similar to sleeping, except the 

sloth’s head is not resting on their chest. In addition, the sloth remained still with its eyes 

closed, and was unresponsive to its surroundings. But dozing sloths periodically lifted 

their heads very slightly, sniffed the air, and lowered their heads again. Given the 

different methods, the variety of housing conditions, and multiple species used in the 

various studies, direct comparisons of sloths sleeping with EEG logger in the wild and 

laboratory are needed to confirm whether there is a difference in activity and time spent 

sleeping, as has been suggested for three-toed sloths.  

 

By comparing activity patterns to wakefulness, it is clear that the two are closely 

related (see Figure 4). However, wake sloths were often inactive, and at some hours the 

difference in wakefulness and activity was up to 200%. If sleep were calculated 

behaviorally using head-mounted accelerometers, total sleep time would be 

overestimated by 42% (see Figure 5). Estimates of sleep based on even less sensitive 

methods would over estimate sleep even further. Consequently, barring constant direct 

behavioral observation, it is essential to measure sleep related brain activity to quantify 

sleep in indolent animals such as sloths. 
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Evidence for Three-Toed Sloth (Bradypus variegatus) Predation by 
Spectacled Owl (Pulsatrix perspicillata) 
 

Bryson Voirin, Roland Kays, Margaret D. Lowman, Martin Wikelski 

 
 

 
A mother and baby three-toed sloth in Panama 

 

Voirin, B., Kays, R., Lowman, M.D., and Wikelski, M. 2009. Evidence for Three-Toed Sloth (Bradypus 
Variegatus ) Predation by Spectacled Owl (Pulsatrix Perspicillata). Edentata 8: 402-405 

 
 
 



	   74	  

Abstract 
 

We detected the nighttime death of a radio-collared three-toed sloth (Bradypus 

variegatus) with an automated radio telemetry system in a Panamanian moist forest. 

Forensic evidence collected at the fresh carcass, including five pairs of zygodactyl 

puncture wounds, and the consumption of only soft tissue, suggests that the predator 

was a large owl, probably a spectacled owl, Pulsatrix perspicillata. Telemetry data, 

feces in the sloth's rectum, and old sloth feces at the base of the tree near the carcass 

suggest that the sloth was descending to the ground to defecate when it was killed.  If 

correct, this is the first record of P. perspicillata killing such a large prey, highlighting the 

importance of crypsis, and not self-defense, as sloths’ anti-predator strategy.  This 

event also suggests there are high risks for sloths climbing to the ground to defecate, a 

puzzling behavior with no clear evolutionary advantage discovered yet.  
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Introduction and Experimental Design 
 

Predation risk has driven a diverse array of adaptations to allow animals to hide 

from, escape from, or fight against predators (Endler 1991).  Amidst these, body size 

has been identified as the most important effect on predator-prey interactions.  Larger 

animals have fewer potential predators, with the very largest species, such as adult 

elephants, facing virtually no predation risk (Sinclair et al. 2003). Predators are less 

likely to attack larger prey because they are harder to kill and are more likely to injure 

the attacking predators when defending themselves.  

 

The relationship between the body size of predator and prey is well established 

across mammalian carnivores (prey mass = 1.19 predator mass, Carbone et al. 1999) 

and predatory birds (Newton 1979). The exceptions to this rule have come primarily 

from large predators eating small, superabundant prey, such as the sloth bear (Ursus 

ursinus Shaw 1791) feeding on colonies of invertebrates (Carbone et al. 1999). Here we 

report the possibility of an exception in the opposite direction, with predation of a large 

prey by a relatively small predator.  

 

We conducted this work on Barro Colorado Island (BCI), Panama (1,500 ha, 

9°10'N, 79°50'W), part of the Barro Colorado Nature Monument (5,500 ha total, Leigh, 

1999). BCI is a hilltop that was isolated from the mainland in 1914 when the Chagres 

River was dammed to create Lake Gatun as part of the Panama Canal. The minimum 

distance between the island and the mainland is 200 m, although small islands break up 

this gap in some places. The habitat is moist tropical forest (Tosi 1971, Leigh 1999), 

and annual precipitation is approximately 2,600 mm, with a pronounced dry season 

(Windsor 1990). The forest type is mixed, with both extensive second-growth regions as 

well as old-growth primary forests.   

 

We caught a three-toed sloth on 13 March 2006 by climbing a tree using the 

single rope technique (Moffett and Lowman 1995) and securing the sloth with a snare 

pole (Montgomery and Sunquist 1975, Rattenborg et al. 2008). The sloth was an adult 
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female with a young of about four months. We did not separate the baby from the 

mother, but obtained a weight of the two together (6 kg) and estimated the weight of the 

mother to be 3.5 - 4.5 kg. We fixed a radio collar to the adult and immediately released 

both individuals together back into the forest canopy. The sloth’s radio-collar was 

monitored by the Automated Radio Telemetry System (ARTS, 

<http://www.princeton.edu/~wikelski/research/index.htm>, Crofoot et al. 2008, Lambert 

et al. 2009).  

 

The ARTS uses automated telemetry receivers mounted on seven above-canopy 

towers to monitor the location and activity of radio-collared animals through data relayed 

to the laboratory in real time (Crofoot et al. 2008). It records the strength of signals from 

six fixed antennae on each tower and the changes in these signals can be used to 

estimate the activity of an animal (Cochran et al. 1965, Kjos and Cochran 1970, 

Lambert et al. 2009). Data are transmitted back to the lab in real-time, so that the death 

of an animal can be quickly noted by the lack of an individual’s activity (Aliaga-Rossel et 

al. 2006). For the purpose of this paper, clear differences can be seen between three 

levels of activity: the highly dynamic signals of moving animals, the nearly static signals 

of resting animals, and the completely static signals from collars on dead individuals. 

 

The strength of a signal from a radio-collar is dependent on the distance between 

the transmitter and receiver and the interference caused by terrain and vegetation 

between the two.  Signals will greatly decrease if an animal moves into a hole, for 

example, or behind a large rock or tree.  The height of a transmitter in the forest canopy 

also has a large effect on signal strength, with canopy transmitters typically being 

detected >10db stronger than those on the ground at the same location (Crofoot et al. 

2008). 
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Results and Discussion 
 

At 21:20 h (± 2 min) on 13 March 2006 the signal from the radio-collared sloth 

began to slowly decrease in strength as received from three ARTS towers, consistent 

with a slow descent to the ground (Fig. 1). Because the three towers were all at different 

angles to the sloth, alternative explanations for this decrease in signal strength, such as 

climbing into a tree hole or on the backside of a very large tree, are excluded.  At 23:00 

h, the signal was completely static and did not change again. On the morning of 14 

March 2006 we noticed the unchanging signals from the sloth collar and immediately 

went out to the field to check the condition of the sloth.  We followed the radio-signal to 

find the dead sloth at the base of a large Enterolobium cyclocarpum (Jacq. Griseb) tree 

with several lianas.  In addition to the sloth carcass, around the base of the tree we 

found a pile of fresh sloth hair and two piles of previously defecated sloth feces.  Thus, 

based on the pattern of telemetry signals, presence of feces in the dead animal’s 

rectum (see below), and the site of death apparently representing a preexisting sloth 

latrine, we conclude that the animal was likely climbing down to defecate when it was 

killed. 

 

We brought the sloth carcass back to the laboratory for analysis and 

photographing, finding five paired sets of bloody puncture wounds (Fig. 2a-c). The 

ventral side of the sloth was facing up, with the belly skin cleanly removed (Fig. 2d). All 

of the sloth’s internal organs were gone (Fig. 2e), although there were some fresh feces 

in the rectal area (Fig. 2f). Besides the bloody, zygodactyl (two-up, two-down) puncture 

wounds and empty body cavity, the rest of the carcass was undamaged.  These paired 

puncture wounds are a very unique pattern, unlike the anisodactyl (one-up, three-down) 

talons of eagles, hawks, and falcons, and of the teeth bite marks of any mammalian 

predator. The paired, 2-2 zygodactyl talon pattern is rare in birds, and locally known 

only in trogons (Trogonidae, diurnal fruit eaters), woodpeckers (diurnal insectivores), 

osprey (Pandionidae, diurnal fish eaters), and owls (nocturnal predators).  Of these, 

owls are the most likely to kill a sloth at night. In particular, the spectacled owl (Pulsatrix 
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perspicillata, Latham 1790 up to 1250 g) is the largest owl in our study site and the most 

likely predator of this sloth.  

 

 

 

 
Figure 1. Time series of the signal strength of a sloth's radio-collar on the night of 
its predation as received by three automated telemetry receivers. Dynamic signal 

strength reflects animal activity while static signals indicate a resting or dead animal. 

Just before death all three towers registered a slow decline in signal strength, which we 

interpret as resulting from the animal descending a tree.  
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Figure 2. Diagram and photographs of freshly killed sloth. (a) Locations of five 

paired puncture wounds. (b) Close up views of punctures to side of the head and (c) the 

trapezius region of the back. (d) Ventral view of the cleanly disemboweled sloth carcass. 

(e) Close up view of the pericardial cavity and cleanly cut trachea, and (f) posterior view 

showing sloth feces in the rectum.  
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The treatment of the sloth carcass is also suggestive of a smaller predator, 

consistent with our suggestion of being an owl. The carcass was not thrown around or 

carried away to a nest, and only the softest tissue was eaten.  Ocelots (Leopardus 

pardalis, Linnaeus 1758) are common on BCI, but are much more destructive eaters. 

Not only do they typically decapitate and remove limbs from their prey, but they also 

drag the carcass away from the site of death and then cover it with leaves at dawn 

(Aliaga-Rossel et al. 2006). This three-toed sloth carcass was treated more delicately, 

as the lack of internal organs and paired puncture wounds were the only signs of 

trauma and the carcass was not moved from the kill site.  

 

Sloths have not been reported in the diet of owls, but are commonly eaten by 

medium-sized and large felids (Sunquist and Sunquist 2002, Moreno et al. 2006) and 

eagles (Fowler and Cope 1964, Galetti and Carvalho 2000, Touchton et al. 2002). We 

are fairly confident that the predator was not a harpy eagle (Harpia harpyja), as they 

were not known from BCI at the time, do not hunt in the middle of the night, and furnish 

talons with a large, easily identifiable anisodactyl spread.  Spectacled owls are the 

largest owls found in the Neotropics, and are common on BCI. Gómez de Silva et al. 

(1997) found that, in Mexico, the majority of their diet is comprised of rats weighing 

approximately half their body weight. However, spectacled owls have been reported 

preying on a variety of larger species, including agoutis (Dasyprocta spp., Illiger 1811, 

up to 4 kg), opossums (Didelphis marsupialis, Linnaeus 1758, up to 2 kg), and skunks 

(Mephitidae spp, Bonaparte 1845, up to 4 kg) (Gómez de Silva et al. 1997, Johnsgard 

2002).  

 

Some owls are known to be well adapted to pin prey to the ground and feast on 

them at the kill site, instead of engaging in hawk-like swooping kills (Marti 1974). Owls 

are also known to spread their toes just before an attack, increasing the cover area of 

the claw (Payne 1962). Although pellet studies have yet to report sloths in their diets, 

little if any of the soft viscera eaten in this case would be identifiable in a regurgitated 

pellet. Previous studies on the diet of spectacled owls admit the obvious yet 
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unavoidable bias towards only finding food that leaves remains in pellets (Gómez de 

Silva et al. 1997). 

 

Nearly every aspect of a sloth's lifestyle is adapted to avoid detection by 

predators.  This includes its famously slow movement (Beebe 1926), camouflaged 

pelage (Aiello 1985), and uncanny ability to hide in the tree canopy. Its muscles and 

nerves are even developed to be slower in moment and response, further concealing its 

normal movements in the canopy (Goffart 1971).  Indeed, Montgomery et al. (1973) 

could only visually locate the sloths in their study five percent of the time, despite the 

fact that they wore radio-collars. Such extreme adaptation inevitably results in trade-offs. 

The three-toed sloth’s elongated, mobility-reduced forearms and smaller, twisted hind 

legs aid its arboreal lifestyle, allowing efficient suspension from tree branches. However, 

these adapted appendages are all but useless on the ground, not supporting its body 

weight, thus forcing the sloth to awkwardly crawl about when not in the trees (Beebe 

1926). Sloths have a basal metabolism less than half of what is seen in other mammals 

their size (McNab 1978) and often sleep for a long time, but not as much as previously 

suggested (Rattenborg et al. 2008). 

 

Here, we suggest another tradeoff associated with sloth metabolism – poor 

defense against predators leading to potentially being susceptible to a wider range of 

predators. Koalas (Phascolarctos cinereus, Goldfuss 1817, 4-14 kg) have adapted a 

similar, although less extreme, sedentary and arboreal lifestyle to the sloth. They are 

presumably inactive up to 16 hours a day and also have converged with sloths in having 

modified arms and legs, and a similarly low metabolism (Martin et al. 1999, Grand and 

Barboza 2001). Thus, for their body size, koalas are probably also relatively 

defenseless to predators, and they have also been found in the diet of raptors smaller 

than them (e.g. powerful owls, Ninox strenua, Latham 1802, up to 1700 g, and wedge-

tailed eagles, Aquila audax, Latham 1802, up to 5300 g) (Melzer et al. 2000).  

 

This sloth mortality also potentially highlights one aspect of sloth behavior that is 

not obviously adapted to hide from predators:  defecation. The sloth in our study was 
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presumably climbing down a tree to defecate when it was killed.  The sloth’s ground-

based defecation and urination remains one of the most enigmatic elements of its 

behavior, for which a convincing evolutionary explanation is still lacking. Sloths climb to 

the ground every three to eight days, dig a small hole with their stubby tail, defecate, 

and climb back into the trees (Britton 1941, Goffart 1971). The specific benefit to the 

sloth remains unknown, but theories include proposed benefits from fertilizing their 

favorite trees, communicating with other sloths through social latrines, or trying to hide 

their scent from predators (Beebe 1926, Krieg 1939, Goffart 1971).  A predation event 

as the one observed here highlights the risky nature of this ground-based defecation 

behavior, as does the high proportion of sloth in the diet of BCI ocelots, a felid not 

known to be a strong climber (Moreno et al. 2006). We suggest that ground-based 

defecation behavior — existent in both genera of sloths despite obvious predation risks 

— will likely have a strong adaptive value that is yet to be discovered. 

 

 

Acknowledgements 
 

We would like to thank William Cochran, Tony Borries, Axel Haenssen, Daniel 

Obando, Pablo Flores and many others for their help with designing, building, and 

maintaining the ARTS system. Thanks to Dina Dechmann for comments on previous 

versions of the manuscript. We also thank the staff of the Smithsonian Tropical 

Research Institute on BCI, Panama. This study was funded in part by the Frank 

Levinson Family Foundation, the New York State Museum, and Princeton University.  

 
 

 

 

 

 

 

 



	   83	  

General Discussion 
 

We began this dissertation with the aim of studying sleep in wild animals. Prior to 

our work, no study of animals sleeping in their natural environment had been published. 

Our initial paper (Chapter 1), established a working method for doing so, opening the 

door to further investigations into sleep in the wild. Continuing in our quest to investigate 

sleep in the wild, we examined the role predation risk plays in determining how animals 

sleep. This dissertation is a series of discoveries, some of which were unpredicted. It 

was also an important experience for learning how to overcome the unique challenges 

that fieldwork entails.  

 

How to study sleep in the wild? 

Our first goal in this endeavor was to find a method for recording EEGs in the 

wild. Many lab-based sleep studies continue to rely on implanted recording electrodes 

attached to a computer via a tether. This approach likely has a profound effect on how 

an animal sleeps, and is obviously useless for field studies. Since the 1970’s, there has 

been periodic interest in EEG transmitters, which could in theory be used in the wild to 

send EEG signals long distances to a recording station. Although many sleep studies 

have utilized EEG transmitters to transmit signals short distances in the lab (for example, 

Sanford et al. 2003, Siegel et al. 1999), this approach has not been used in the wild. 

Presumably this is because of the limits in the range of transmission. Theoretically, a 

setup similar to ARTS on the Smithsonian’s Barro Colorado Island with numerous high-

powered recording antennae (Kays et al. 2011) could be used to record sleep in a 

variety of wild animals. 

 

Another method used to approximate sleep in animals is accelerometery. By 

attaching an accelerometer to an animal and measuring its daily movements, it is 

possible to extrapolate specific behaviors and infer when an animal is still, and possibly 

asleep. However, as shown in Chapter 3, it is important to validate accelerometer based 

sleep estimates with EEG recordings, as the two can differ dramatically. Without a 

corresponding species-specific EEG study confirming the accuracy of behavioral sleep 
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studies, such data must be viewed cautiously. Nonetheless, accelerometers may at 

least alert researchers to potentially interesting sleep-related behaviors (e.g. whales and 

seals) that warrant follow up studies with EEG recordings.  

 

The only other option is to use a data logger, which stores EEG recordings in its 

onboard memory module. One drawback of this method is that the animal has to be 

recaptured to retrieve the data. When working with wild animals, catching and especially 

re-capturing individuals can often be difficult. While trapping various species and fitting 

them with location tags (e.g. GPS, radio-transmitters) has provided numerous useful 

datasets that have greatly expanded our knowledge about animal behavior (see 

www.MoveBank.org), in very few of these studies were the animals recaptured. 

Consequently, for the first study of animals sleeping in the wild we chose a species, the 

three-toed sloth, which could be relocated and recaught.  

 

In addition, there are a number of other reasons why we chose sloths as a model 

species in which to address sleep in the wild. They are large enough to easily carry a 

logger on their head, and their relatively relaxed behavior led us to predict that they 

would not try to remove the logger from their head. Also, from a biological perspective 

they are interesting because it has been suggested that they sleep up to 20 hours per 

day. Finally, a lab-based EEG study on the three-toed sloth was available for 

comparison.  

 

Because we chose to work only with slow animals that we could systemically 

catch and re-catch, it is difficult to say whether this data logger approach will be 

practical for studying sleep in many other species, particularly those that are highly 

mobile. However, as long as an animal can be relocated, it should be possible to dart 

them to retrieve the loggers. As the technology continues to get smaller and more 

advanced, it is likely additional solutions will arise. Similar to “pop-off” radio collars (e.g. 

Garshelis and McLaughlin 1995), perhaps we can design a logger that can be 

automatically detached from an animal and located with a radio signal. Another exciting 

possibility is the rapidly evolving remote-download technology, already in use with many 
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GPS loggers (see www.e-obs.de). These loggers store data in their internal memory 

cache and then transmit the data cache at a later time to a reciever. Currently this 

technology is limited by battery size and memory capacity, as the upload transmission 

of large data is energetically costly and the memory size needed for continuous EEG 

recordings is large. However, as technology continues to evolve, and interest in 

studying sleep in wild animals continues to grow, such advances are likely on the 

horizon.  

 

Predation Risk and Sleep 

The main aim of this dissertation was to examine the influence that predation risk 

has on sleep. Although its exact function remains debated, sleep is a state shared by all 

animals carefully examined to-date, and is likely a requirement for life with a brain 

(Mignot 2008). Animals have evolved many solutions to reconcile the inherent risk of 

predation associated with sleeping. Ducks sleep unihemispherically in a group, keeping 

a vigilant eye open towards the outside world, on the watch for predators (Rattenborg 

1999). Many prey species are active at times when their main predators are asleep, 

reducing their potential to be discovered. Moreover, a recent evolutionary strategic 

model predicts that species which sleep in relatively safe sites (e.g. high up in a tree or 

in a burrow) sleep when their predators are awake, whereas species that are more 

vulnerable when sleeping (e.g. sleep in exposed areas) should sleep when their 

predators sleep (Acerbi and Nunn 2011). Finally, interspecific species comparisons 

have shown that prey animals tend to sleep less than predators (Allison and Cicchetti 

1976). Perhaps there is an ecological tradeoff between sleep and vigilance.  

 

In Chapter 2, we examined sleep in two sloth species with different predations 

risks in the wild. We found that sloths under higher predation risk were asleep at times 

when their predators were awake, contrary to our initial predictions but in line with the 

previously described strategic model where animals sleeping in safe sites sleep while 

their predators are awake. Few studies have examined the sleep patterns of predators 

and prey in the wild. One study found that wild Norway rats were able to alter their 

activity / sleep patterns, being diurnal when faced with the presence of nocturnal foxes, 
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and then changing to nocturnal when protected from foxes by enclosures (Fenn and 

MacDonald 1995). Golden hamsters (Mesocricetus auratus), which also sleep in 

burrows are nocturnally active in captivity, but diurnally active in the wild, possibly to 

avoid predation by nocturnal owls (Gattermann et al. 2008). Our EEG-based findings 

and the earlier activity-based studies are consistent with this hypothesis that animals 

that are safer when sleeping should be active when their predators are asleep.  

 

We expected to see less REM sleep in the sloth population living under higher 

risk of predation when compared to the low risk population. When compared to NREM 

sleep, REM sleep appears to be particularly sensitive to predation risk, perhaps 

because higher arousal thresholds during REM sleep put the animal at a higher risk of 

being predated (Campbell and Tobler 1984, Lesku et al. 2009, Bradley and Meddis 

1974). In interspecific comparisons of sleep in captive mammals, prey species that 

sleep exposed to predators in the wild spend a lower percentage of their total sleep time 

in REM sleep (percent REM sleep) than those that sleep in low-risk settings in the wild 

(Lesku et al. 2009, Allison and Cicchetti 1976). And in laboratory experiments, rodents 

exposed to simulated predation attacks exhibit a pronounced reduction in percent REM 

sleep (Lesku et al. 2008, Sanford et al. 2003), particularly when the threat is 

inescapable (Sanford et al 2010). However, the opposite was observed in our study, 

with higher risk sloths engaging in more REM sleep. Other ecological and physiological 

factors may influence REM sleep in ways that masks the true effect of predation risk. 

One novel possibility is that ingestion of benzodiazepine-like compounds by island 

sloths might account for the differences in NREM sleep related activity observed 

between the populatons is also known to cause reduced REM sleep. Interspecific 

comparisons on more species and additional experiments, such as increasing the 

perceived predation risk via playbacks or predator decoys, are needed to tease apart 

such effects and further our understanding of how the risk of predation impacts sleep in 

the wild.  
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Future Directions 

Now that we have the necessary technology to record sleep in the wild, where do 

we go from here? As for sloths, there are a number projects planned or currently 

underway. In keeping with our work on sleep and predation, one idea is to artificially 

increase the perceived predation risk on sloths by playing predator calls near a sloth 

fitted with an EEG logger. Using ecologically relevant sounds such as Harpy Eagle or 

jaguar calls, it is possible that a sloth might alter their sleep pattern (e.g. altering sleep 

time, REM sleep, or activity). Indeed, during our work on BCI with the ARTS system, it 

became clear that sloths were aware of human presence under their tree, as they would 

become inactive when a researcher was out in the field trying to ground-truth their 

location. Once the researcher had left, the sloth would proceed to move, often several 

trees away from their previous location. In the future, we aim to test whether or not 

predator calls affect wild sloths’ sleep patterns, and if so, in what manner.  

 

Another novel finding that is currently being addressed is the difference in the 

NREM sleep-related EEG spectral density between mainland and island sloths. Among 

several possible hypotheses, we suggest that this differences could be linked to diet, 

including the presence of a GABAergic compound in mangrove leaves, possibly related 

to	  benzodiazepines. As of this dissertation, significant work has been done analyzing 

mangrove leaf samples from Escudo de Veraguas and other mangrove habitats around 

Panama. Numerous endophytic fungi have been cultured, but as of yet none have 

yielded proof of any known psychoactive compounds. Nonetheless, further work is 

needed to fully evaluate this hypothesis.  

 

As we continue our research on sleep in the wild, expanding the diversity of 

species we study is a top priority. Moving beyond our work with sloths, there are 

countless animals to work with which may yield new insight into understating how 

animals sleep. Considering that in our first study we completely redefined what was 

known about sleep in sloths, it seems likely that the more species we study, the more 

new discoveries we will make. One particular area of interest is whether and how 

animals constantly on the move sleep. Frigatebirds (Fregata sp.) are large pelagic 
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seabirds that fly constantly for days on end but are unable to land safely on the water. It 

has long been thought that they are able to sleep in flight, a hypothesis that is 

impossible to test in the lab (Rattenborg 2006). However, with the methods established 

in this dissertation, testing this hypothesis is now logistically feasible. Indeed, we may 

soon be able to answer the question, “Do birds sleep in flight?” 

 

Since the publication of Chapter 1, it has inspired several EEG-based studies of 

animals sleeping in the wild. Lesku et al (2011) was able to use similar EEG loggers to 

record sleep in free-ranging (albeit farm-raised) ostriches (Struthio camelus). They 

found that their sleep resembles a more archaic form of sleep seen in monotremes, 

which combines elements of REM and NREM sleep in a single state. These findings 

suggest that ostriches, a basal species of bird, sleep in a manner similar to platypuses, 

which are a basal mammalian species. Collectively, these studies suggest that distinct 

NREM and REM sleep states in mammals and birds evolved from this mixed sleep state. 

Lesku et al (2012) also used EEG loggers to record sleep in continuously active wild 

male pectoral sandpipers (Calidris melanotos) during the breeding season. Contrary to 

numerous studies demonstrating the adverse effects of sleep depravation, male 

sandpipers that slept the least over the 3-week recording period sired the most off 

spring. Examining potential tradeoffs between sleep and reproduction may help identify 

the important benefits of sleep. Studying this behavioral and reproductive tradeoff would 

have been impossible in captive birds, yet with the advent of these new methods of 

recording sleep in the wild, an important discovery was made that challenges the 

conventional wisdom on the effects of sleep deprivation.  

 

Lastly, recent work by Scriba et al (2013) recording sleep in barn owls (Tyto alba) 

sleeping in nest boxes in the wild has shown that similar to mammals, REM sleep 

decreased as owls aged. Unexpectedly, an unusual correlation between sleep and 

feather pigment color was also found. Each of these field-based studies highlights the 

largely untapped diversity of sleep waiting to be discovered in the wild. It is our hope 

that by identifying natural variations in how animals sleep in nature, and by identifying 
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the variables responsible for such differences, we may finally gain a better 

understanding of why it is we sleep.  

 

“If sleep doesn’t serve an absolutely vital function, it's the greatest mistake evolution ever made” 

Allan Rechtschaffen 
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Summary 
Although every animal carefully studied has been found to sleep, the actual function of 

sleep remains an unanswered question among scientists. One approach is to examine 

the diversity of sleep seen among animals by studying sleep in various species sleeping 

under different environmental conditions. This comparative approach may help identify 

traits that correlate with sleep amounts, which may provide clues to sleep’s purpose.  

However, until this dissertation, all comparative work has been done on captive animals, 

and thereby provides limited insight into how animals sleep naturally. Throughout this 

dissertation, we examine sleep in three species of wild sloths inhabiting the rainforests 

of Panama. We start in Chapter 1 by establishing a working method for recording EEG’s 

in wild three-toed sloths. Surprisingly, we found that wild sloths slept 6 hours less than 

captive sloths, suggesting that captivity may strongly influence an animals sleep amount. 

In Chapter 2 we examine the effect of predation pressure on sleep by comparing sleep 

in two species of three-toed sloths with different natural predation risks. We find that 

sloths at high risk for nocturnal predation are less likely to be active at night then the 

predation risk-free sloths. We also find interesting differences in the amount of REM 

sleep, as well as in the spectral densities of NREM sleep-related EEG activity. In 

Chapter 3, we record sleep for the first time in wild two-toed sloths, finding that they 

sleep on average 10.9 hours per day, far less than the 20 hours often cited in historical 

literature. We also compare the effectiveness of measuring sleep behaviorally with 

accelerometers, and find that estimating sleep without an EEG in an animal such as 

sloths can overestimate the time spent sleeping. In Chapter 4, a radio-collared three-

toed sloth was predated by an owl, leading us to examine the behavioral and 

anatomical trade-offs that have contributed to a cryptic lifestyle. Overall, this dissertation 

presents novel findings from several interesting studies examining sleep and predation 

in wild sloths.  

 

 

 

 

 



	   109	  

Zusammenfassung 
Obwohl bis zum jetzigen Zeitpunkt alle sorgfältig untersuchten Tiere Schlafverhalten 

aufwiesen, bleibt die Frage über die eigentliche Funktion von Schlaf ungelöst. Eine 

Herangehensweisen zur Lösung dieses Rätsels ist die Untersuchung von Schlafvariation, 

indem man Schlaf verschiedener Tiere in unterschiedlichen Umweltbedibgungen vergleicht. 

Dieser komparative Ansatz kann dabei helfen Merkmale zu identifizieren, die mit 

Schlafumfang korrelieren und somit Anhaltspunkte zur Schlaffunktion geben. Allerdings sind 

bisher alle vergleichenden Arbeiten an Tieren in Gefangenschaft durchgeführt worden und 

bieten daher wenig Einblick in natürliches Schlafverhalten. In dieser Dissertation 

untersuchen wir das Schlafverhalten von drei wilden Faultierarten des Panama 

Regenwaldes. Wir beginnen in Kapitel 1 damit eine Arbeitsmethode zu etablieren, um 

EEG’s an wildlebenden Dreizehenfaultieren aufzunehmen. Erstaunlicher Weise haben wir 

festgestellt, dass wild lebende Faultiere 6 Stunden weniger schlafen als ihre Artgenossen in 

Gefangenschaft, was nahe legt dass Gefangenschaft den Schlafumfang von Tieren stark 

beeinflusst. In Kapitel 2 untersuchen wir den Effekt von Prädationsdruck auf das 

Schlafverhalten, indem wir zwei Arten von Dreizehenfaultieren mit unterschiedlich starkem 

natürlichen Prädationsrisiko untersuchen. Wir haben herausgefunden dass Faultiere mit 

hohem Risiko der nächtlichen Prädation weniger wahrscheinlich nachtaktiv sind als ihre 

Artgenossen ohne Prädationsrisiko. Zudem fanden wir interessante Unterschiede im 

Umfang des REM-Schlafes und in den Spektraldichten der mit NREM-Schlaf verbundenen 

EEG Aktivität. In Kapitel 3 zeichnen wir zum ersten mal Schlafverhalten von zwei 

wildlebenden Zweizehenfaultieren auf und stellen fest dass diese im Mittel 10.9 Stunden 

pro Tag schlafen, was weit unter den 20 Stunden liegt, die oftmals in älterer Literatur zitiert 

werden. Wir vergleichen ebenfalls die Effektivität von Accelerometern, um Schlafumfang 

anhand des Verhaltens zu messen, und stellen fest dass die Schätzwerte ohne EEG-

Messungen fürTiere wie das Faultier womöglich überschätzt werden. In Kapitel 4 wurde ein 

Dreizehenfaultier mit Radiotransmitter-Halsband von einer Eule preädatiert, was dazu führte 

dass wir die verhaltensbezogenen und anatomischen Trade-offs untersuchten, die zur 

Evolution des kryptischen Lebensstils der Faultiere beigetragen haben. Insgesamt bietet 

diese Dissertation neue Ergebnisse aus mehreren interessanten Studien, die sich mit 

Schlaf und Prädation in wildlebenden Faultieren befassen. 
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