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Summary

Where animals sleep may be an important component of their behavioral ecology, as sleeping
renders animals immobile and hypothetically vulnerable for long periods. Yet, sleep is rarely
studied outside of the laboratory. To investigate factors that influence natural sleeping behav-
ior, we examined sleeping locations of three sympatric species of territorial Anolis lizards
(Anolis lineatopus, A. grahami and A. valencienni) that have evolved adaptations to different
microhabitats. Results indicate that sleeping perch differences among these species are con-
sistent with their diurnal specializations, and sleeping perches are generally higher, narrower,
and more horizontal than diurnal perches. We find only limited evidence for sleeping site
fidelity; although individuals of one species have apparent sleeping areas within their home
ranges, few lizards repeatedly sleep on perches within 0.5 m of previous sleep perches. In a
closer examination of the sleeping sites of A. lineatopus, we find that male nocturnal ranges
are more dispersed from conspecific males than their diurnal ranges, and they typically sleep
near their territory boundaries. We conclude that while Anolis sleeping site choice is strongly
influenced by diurnal behavior (including territorial defense and microhabitat choice), differ-
ential diurnal and nocturnal microhabitat use may result from differing pressures during day
and night.
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Introduction

Most animals spend up to half of each day (or more) in the behavioral state
of sleep, yet sleep remains an understudied aspect of behavioral ecology
(Lima et al., 2005). Despite the importance of sleep, the diurnal activities
of animals receive much more attention, and our current understanding of
sleeping behavior is largely based on laboratory studies of sleep physiology
(e.g., Mathews & Amlaner, 2000; Lima et al., 2005) and anecdotal observa-
tions of sleeping animals in natural habitats (e.g., Rand, 1967). While valu-
able, these studies lack the ecological context necessary to understand the
‘real world’ implications of sleeping behavior (but see Christian et al., 1984;
Clark & Gillingham, 1990; Anderson, 1998). With the notable exception of
primates (reviewed in Anderson, 1998), remarkably little is known about
natural sleeping behavior in most taxa.

The selection of sleeping sites can have critical consequences for individ-
ual fitness, as these sites may provide access to necessary diurnal resources
and/or protection from predation or natural elements. In particular, the risk
of predation during sleep has been suggested as an important, if not the most
important, factor in sleeping site choice (e.g., Anderson, 1998; Ramakrish-
nan & Coss, 2001; Lima et al., 2005). Hamilton III (1982) suggested that
animals prefer to sleep in locations that are either less vulnerable to pre-
dation (e.g., denser vegetation) or that are more sensitive to predators ap-
proaching (e.g., flimsier perches). For example, green-winged teals (Anas
crecca crecca) had less restful sleep when sleeping in open, vulnerable areas
than in more protected areas unless they slept in groups (Gauthier-Clearc et
al., 1998). Other species, such as the Bermuda chub (Eristhee & Oxenford,
2001) and the golden-handed tamarin (Day & Elwood, 1999), used sleeping
sites that were supportive and well-sheltered from predation attempts. Some
animals go as far as building protective shelters for sleeping, including many
parrotfish species that surround themselves at night with a transparent mucus
cocoon. This cocoon likely serves as an antipredator device both by reducing
odors emanated from the fish and warning the fish of approaching predators
(Winn, 1955; Winn & Bardach, 1959; Shephard, 1994). Despite the likely
importance of predation avoidance in sleeping site selection, there is almost
no available information on quantified nocturnal predation risk in natural ar-
eas.

Other sleeping site criteria may also affect the fitness of individuals. First,
sleeping site proximity to feeding or basking sites may be important to ensure
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easy access to these sites upon waking, as shown for several lizard species
(Christian et al., 1984; Kattan, 1984; Clark & Gillingham, 1990). Second,
because sleep has important restorative functions (e.g., Meddis, 1975; An-
derson, 1998), some researchers have pinpointed expected quality of sleep as
an important factor in sleeping site choice (Lima et al., 2005). For example,
many primates sleep in habitats that are sheltered from weather disturbances
(reviewed in Anderson, 1998) or that provide preferred thermal conditions
(Bakken, 1992). Finally, in spite of the other factors that determine where
animals choose to sleep, sleeping site location may be constrained by site
availability or where other conspecifics sleep (e.g., degree of crowding; Lima
et al., 2005).

Caribbean lizards in the genus Anolis (i.e., anoles) provide an excellent
opportunity for studies of sleeping behavior. Anoles, and reptiles in general,
have distinct periods of sleep as determined by behavioral, neurological, and
electrophysiological evidence (Meddis, 1975; Clark & Gillingham, 1990;
Mathews & Amlaner, 2000). Anoles are among the most populous verte-
brates on most Caribbean islands, and they can easily be observed sleeping in
their natural environments. In particular, these diurnal lizards typically sleep
in exposed positions, perching on leaves or twigs near the ends of branches.
Also, because anoles are territorial, they can repeatedly be located in the
same areas during both diurnal and nocturnal observations.

In this study, we compare diurnal and nocturnal microhabitat use in three
sympatric species of Jamaican Anolis lizards: A. lineatopus, A. grahami and
A. valencienni. During the day, these species use different arboreal micro-
habitats and display morphological, ecological, and behavioral adaptations
to these microhabitats (Williams, 1983; Losos, 1990). Anolis lineatopus is a
medium-sized brownish lizard (average male SVL ~ 53 mm) that primarily
occurs on tree trunks and the ground, A. grahami is a medium-sized bluish-
green species (average male SVL & 54 mm) that typically perches on tree
trunks and large branches several meters above the ground, and A. valenci-
enni is a medium to large-bodied gray lizard (average male SVL ~ 64 mm)
that crawls along narrow twigs and branches in the canopy. Here, we test
the hypothesis that the three species use different sleeping habitats, and that
these differences correspond to the species’ different diurnal microhabitat
specializations (Hypothesis 1). Also, because diurnal and nocturnal pressures
may differ (as lizard predators differ between day and night, and territory
defense and food procurement structure daytime, but not likely nighttime,
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habitat use) we predict that anoles will sleep in different microhabitats than
those they use during the day (Hypothesis 2).

We also examine the hypothesis that anoles exhibit sleeping site fidelity
(Hypothesis 3). Several previous studies suggest that lizards may display
such fidelity (Anolis lizards: Clark & Gillingham, 1990; Shew et al., 2002;
Sceloporus undulatus, Kennedy, 1959; Conolophus pallidus, Christian et al.,
1984) because high quality sleeping sites (e.g., those that provide maxi-
mum security during sleep; Clark & Gillingham, 1990) within an individual’s
range may be rare. Therefore, as a measure of whether anoles repeatedly use
sleeping perches in close proximity to their previous sleeping perches, we
test the prediction that individuals’ sleeping ranges are significantly smaller
than their diurnal territories.

Finally, because such little work has examined natural sleeping site loca-
tion, we perform a more detailed investigation of the sleeping sites of one
species, Anolis lineatopus. In particular, we examine the spatial arrangement
of sleeping sites as compared to the arrangement of their diurnal territories.

Materials and methods
Study site and focal species

We observed the diurnal and nocturnal habitat use of three species of Anolis
lizards during June-August 2005 in the coastal forest surrounding the Dis-
covery Bay Marine Laboratory (18.4°N, 77.4°W) in Discovery Bay, St. Ann,
Jamaica. Our study site was dominated by the mangrove forest community
and the limestone karst terrain typical of the northern coast of Jamaica. We
established three ~500 m? plots with similar habitat characteristics (i.e.,
the plots had similar canopy heights, sun exposure, and available perch di-
ameters and inclinations; also see Results), in which we captured, sexed,
and measured the snout-vent length (SVL) of all adult lizards of the study
species: Anolis lineatopus, the Jamaican gray anole, A. grahami, the Ja-
maican turquoise anole, and A. valencienni, the Jamaican twig anole. To
identify lizards for future observations, we sewed unique bead tags into the
proximal region of the tail (Fisher & Muth, 1989) or attached queen bee
marking tags to the dorsum (Johnson, 2005). All three species co-occurred
in our study plots, but at different densities. We captured a total of 175 A. lin-
eatopus (0.087 adults/m?), 133 A. grahami (0.084 adults/m?) and 87 A. va-
lencienni (0.013 adults/m?).
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Perch use

In each plot, we observed diurnal lizard perch use each day (0700-1830
h) during a two week period and sleeping perch use on five nights (2200-
0100 h) during the same period. We did not collect perch use data during
inclement weather, as lizards may dramatically adjust their perch use dur-
ing those times (Losos, 1990; Hertz et al., 1993). To quantify perch use, we
measured perch characteristics where we initially sighted each lizard. Specif-
ically, we measured perch height, diameter and angle of perch inclination (0-
90°, where 0° is perpendicular to the ground), and we recorded the substrate
of the perch (e.g., branch, leaf, rock). At night, we marked sleeping perches
with flagging tape but did not measure them until the following day to mini-
mize disturbances to the sleeping lizards. We averaged perch measurements
for diurnal and sleeping perches for each lizard and square-root transformed
perch height and diameter to meet assumptions of normality.

To examine perch availability and to determine if the three plots were
similar in habitat characteristics, we measured available perches along two
transects intersecting the study plots (following Johnson et al., 2006). To this
end, at 1-m intervals along the 25-m transects, we measured the diameter
and inclination of two haphazardly chosen perches at each of four heights
(0.5, 1.0, 2.0 and 3.0 m). These heights encompass the typical heights of
the focal species at this site (Figure 1a). A multivariate analysis of variance
(MANOVA) comparing the perch characteristics of these two transects re-
vealed no significant differences (p > 0.15) among plots, so we pooled data
from all plots in subsequent analyses. To determine if lizards chose diurnal
and sleeping perch sites at random in the forest, we performed MANOVAs
comparing the diameter and inclination of ‘available’ perches with ‘utilized’
perches (examined separately for diurnally and nocturnally used perches).

To determine differences in perch use characteristics among the three
species, between males and females, and between night and day, we per-
formed a multivariate analysis of covariance (MANCOVA) with SVL as the
covariate. In this analysis, perch height, diameter, and inclination were the
dependent variables and species, time (night vs. day) and sex were the in-
dependent variables. We used follow-up ANCOVAs and Tukey’s HSD post-
hoc tests to characterize significant differences. Finally, we conducted a chi-
square test to examine whether substrate use differed between day and night.
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Nocturnal vs. diurnal home range size

To determine whether lizards choose sleeping sites from a limited portion
of their diurnal home range, during our daily and nightly observations, we
determined each lizard’s two-dimensional position within the plot by mea-
suring the distance and angle of its perch to predetermined reference points
and converting these data into Cartesian coordinates. Because we rarely re-
peatedly located A. grahami at night, we included only A. lineatopus and A.
valencienni in the home range analysis. Although we measured 20 or more
diurnal locations for many of the lizards in this study, we measured a maxi-
mum of 5 nocturnal locations per lizard. Therefore, to ensure that differences
between diurnal and nocturnal home range areas were not an artifact of the
number of points used to define the ranges (Schoener, 1981), we only used
diurnal data collected on the same day as nocturnal data. For example, if a
lizard was located on four nights, we estimated its diurnal range using diur-
nal locations from the same four days. We excluded lizards with fewer than
three nocturnal locations. We estimated the diurnal and nocturnal areas used
by each lizard with Minimum Convex Polygons (MCP; Rose, 1982) using
Calhome (Kie et al., 1996). While 3-5 points are not sufficient to determine
the general space use of animals, we use this approach as a measure of the
difference between nocturnal and diurnal space use in a short time period and
not to estimate the amount of space required for all aspects of an individual’s
life. Because sample sizes were small and diurnal and nocturnal range sizes
were matched by individual, we used Wilcoxon’s signed-ranks test to com-
pare diurnal and nocturnal range sizes within species. To compare range sizes
between the two species, we used a Mann-Whitney U -test.

To determine the extent to which lizards return to the same sleeping site
on multiple nights, for each sleeping lizard located on more than one night,
we calculated the distance between the first night’s sleeping site and all sub-
sequent sleeping sites. We then calculated an average for each individual and
compared these distances between sexes within each species, and between
the two species using Mann-Whitney U -tests.

Spatial arrangement of sleeping sites in A. lineatopus

To determine whether the spatial distribution of A. lineatopus sleeping areas
differed from the distribution of diurnal territories, we calculated the centroid
of both diurnal and nocturnal MCPs, defining MCPs as described above. We
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then determined the distance among centroids for these ranges and calcu-
lated the average distance of each lizard’s range from all conspecific individ-
uals in its plot, with diurnal and nocturnal ranges considered separately. We
tested for differences between average diurnal and nocturnal distances using
Wilcoxon’s signed-ranks test, with data paired by individual.

To determine whether A. lineatopus sleeping sites were located within
their diurnal territories, we used all diurnal location data (4-20 sightings per
lizard) to estimate 95% MCPs and adaptive density kernels (ADK; Seaman
& Powell, 1996) using Calhome. ADKs appear to overestimate an individ-
ual’s peripheral use of its range (Seaman & Powell, 1996; Powell, 2000); thus
our estimate of the number of lizards sleeping outside of their home ranges
using this approach was more conservative than the MCP approach. We used
ArcGIS 9 to measure the shortest distance from sleeping locations to the ter-
ritory edge. We also measured the distance from the center to the territory
edge with the line that passed through the sleep location. The ratio of these
two distances (distance of sleeping location to territory edge/radius of terri-
tory) provided an index of the spread of sleeping locations standardized by
the relative size of the territory. If a sleep location was close to the territory
edge, the ratio for this location was a value close to 0. We assigned negative
values to locations outside of the territory and positive values to locations in-
side the territory. To determine whether the ratio values were influenced by
the number of points used to define the home range, we calculated Pearson
correlation coefficients.

Results
Perch use

Lizards’ sleeping perch use, as measured by perch diameter and inclina-
tion, reflects a non-random subset of available perches. The average sleeping
(N = 157) and diurnal perches (N = 246) of Anolis lizards are wider and
more vertically oriented than randomly available perches (MANOVA: sleep-
ing F2,520 = 5073, p < 00001, diurnal F2,6()9 = 3995, P < 00001)

We consider differences in perch use characteristics among the three
species, between the sexes, and between night and day in a MANCOVA (Ta-
ble 1). All significant (p < 0.05) follow-up ANCOVA results are indicated
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Table 1. Results from MANCOVA examining variation in perch characteris-
tics (height, diameter, inclination). In this analysis, we compared perches
used by males vs. females (sex), diurnal vs. sleeping perches (time) and
perches used by the three study species (species), and the interactions among
these factors, with SVL (size) as the covariate. For significant main effects,
we conducted follow-up ANCOVAs. Bold values indicate significant differ-

€nces.
Wilks” A df F P
Size 0.945 3,387 7.48 <0.001
Height 1, 389 18.74 <0.001
Diameter 1, 389 1.90 0.169
Inclination 1,389 0.35 0.557
Sex 0.998 3,387 0.29 0.883
Time 0.750 3,387 43.01 <0.001
Height 1, 389 22.30 <0.001
Diameter 1, 389 55.82 <0.001
Inclination 1, 389 44.39 <0.001
Species 0.692 6,774 26.05 <0.001
Height 2,389 60.20 <0.001
Diameter 2,389 21.45 <0.001
Inclination 2,389 1.10 0.334
Sex x Time 0.939 3, 387 8.37 <0.001
Height 1, 389 22.94 <0.001
Diameter 1,389 2.64 0.105
Inclination 1, 389 0.001 0.981
Sex x Species 0.957 6, 774 3.27 0.004
Height 2,389 3.00 0.051
Diameter 2,389 2.93 0.055
Inclination 2,389 3.62 0.028
Time x Species 0.913 6,774 6.03 <0.001
Height 2,389 10.37 <0.001
Diameter 2,389 3.33 0.037
Inclination 2,389 2.84 0.060
Sex x Time x Species 0.982 6,774 1.21 0.300

in Figure 1. We did not apply Bonferroni multiple-test corrections to these re-
sults because in our 27 pair-wise comparisons, at a nominal P value of 0.05
we might expect 1-2 false significant results to occur by chance; however,
when using the Bonferroni method, we found that 6 comparisons became
non-significant. Following Johnson et al. (in press), we believe the benefit of
protection from Type-I error is surpassed by the cost in reduced statistical
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Table 2. p values from ANCOVAs comparing day and night perch charac-

teristics within a sex within a species, and ANCOVAs comparing perch char-

acteristics between the sexes within a species. The covariate in all analyses
was SVL. NS indicates p values > 0.05.

Comparison Height Diameter Inclination

A. lineatopus

male, day-night <0.001 <0.001 <0.001

female, day-night <0.001 <0.001 <0.001

male-female <0.001 NS NS
A. grahami

male, day-night NS NS 0.040

female, day-night 0.016 0.017 0.017

male-female 0.035 NS NS
A. valencienni

male, day-night NS 0.007 NS

female, day-night 0.001 <0.001 NS

male-female NS NS NS

power resulting from multiple-test correction (Moran, 2003). We provide the
p values from our pair-wise comparisons in Table 2.

Univariate ANCOVAs following the significant time (day vs. night) effect
indicate that lizards’ sleeping perches are significantly higher, narrower, and
more horizontal than their diurnal perches (Table 1 and Figure 1). Excep-
tions to this general pattern are male A. grahami and A. valencienni, which
perch slightly but non-significantly lower at night than during the day (Fig-
ure la). The significant species effect and univariate follow-up tests indicate
that the three species use significantly different perches than one another.
While much previous work has established the differences in diurnal perches
among these species (e.g., Schoener & Schoener, 1971; Williams, 1983;
Losos, 1990), Tukey’s HSD post-hoc tests show that these three species parti-
tion sleeping sites to as great an extent as they partition daytime microhabitat
use. For example, during the day and at night, A. valencienni uses the high-
est perches, A. grahami uses perches at intermediate heights and A. lineato-
pus uses the lowest perches (Figure 1a). Further, A. valencienni, a species
typically found on small twigs and branches during the day, uses sleeping
perches significantly narrower than that of both A. grahami and A. lineatopus
(species occurring on tree trunks; Figure 1b) and significantly more vertical
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than that of A. lineatopus (Figure 1c). We did not, however, find a significant
sex main effect.

In addition to these main effects, we also find significant sex x time, sex x
species, and time x species interactions, indicating that the three species and
the sexes do not display consistent differences between daytime and sleeping
perches. In particular, A. valencienni’s sleeping perches narrow significantly
more at night than A. grahami or A. lineatopus (Figure 1b). Additionally,
males and females differ in their degree of differences between diurnal and
sleeping perch height, with female lizards increasing their sleeping perch
height much more relative to daytime perches than male lizards (Figure 1a).

Further, substrate use at night differs dramatically from daytime use; the
chi-square test comparing day and night substrate use is significant ( X32 =
352.06, p < 0.001). In particular, A. lineatopus and A. grahami sleep almost
exclusively on branches and leaves at night, whereas they rarely perch on
leaves during the day (Figure 2). However, the substrate use of A. valencienni

A. lineatopus A. grahami  A. valencienni

1.00 -

0.80 1

0,601 [(Jbranch
B leaf
trunk

ull Y other

0.20

0.00 w v ‘ , ‘ ,
day night day night day night

Figure 2. Perch substrate for species at day and night. ‘Other’ consists of ground and
bromeliad perches.
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does not differ as dramatically between day and night — they typically perch
on branches and twigs during both periods (Figure 2). Here, ‘other’ perches
consist of ground and bromeliad perches.

Nocturnal vs. diurnal home range size

The average diurnal home range (as estimated using 3-5 diurnal sightings
of each lizard; see Materials and methods) for A. lineatopus (N = 25) is
4.7 m? and their average nocturnal range is 0.99 m?, or 21% of the diur-
nal home range size. The average diurnal home range for A. valencienni
(N = 16) is 48.2 m? and their average nocturnal range is 37.2 m?, or 77% of
the diurnal home range. Although both species show a decrease in nocturnal
range area with respect to diurnal area, the difference in diurnal and nocturnal
ranges is statistically significant only for A. lineatopus (Wilcoxon’s signed-
rank test: A. lineatopus: Z = —2.03, one-tailed p = 0.021, A. valencienni:
Z = —0.60, one-tailed p = 0.273). A Mann-Whitney U-test comparing
nocturnal areas for A. lineatopus and A. valencienni shows that A. valenci-
enni’s average nocturnal area is significantly larger (U = 12, p < 0.001)
than that of A. lineatopus.

The average distance between an individual’s first sleeping site and all
subsequent sleeping sites is significantly larger for A. valencienni (N = 33,
mean = 7.4 m) than for A. lineatopus (N = 56, mean 3.6 m; Mann-
Whitney U-test: U = 425, p < 0.001). This distance did not differ between
females (N = 22) and males (N = 11) of A. valencienni (Mann-Whitney
U-test: U = 117, p > 0.1), but male (N = 31) distances between sleeping
sites for A. lineatopus were greater than those distances for females (N =
25; Mann-Whitney U-test: U = 255, p < 0.021). Further, of the 87 A.
lineatopus located at night, only 19 (21.8%) were ever found within 0.5 m
of a previously used sleeping perch, and only three lizards used sleeping
perches within 0.5 m on more than two nights. Of the 41 A. valencienni
located at night, four (9.8%) were found within 0.5 m of a previously used
sleeping perch, and none used sleeping perches within 0.5 m on more than
two nights.

Spatial arrangement of sleep sites in A. lineatopus

The average distance of the centroid of A. lineatopus (N = 25) diurnal
ranges from other diurnal ranges in the same plot is 11.2 m, and the aver-
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age nocturnal distance is 11.8 m. Male sleeping ranges are marginally sig-
nificantly more distantly distributed than their diurnal ranges (Wilcoxon’s
signed-ranks test: N = 14, Z = —1.852, p = 0.06), although female
sleeping ranges are not more distantly distributed than their diurnal ranges
(Wilcoxon’s signed ranks test: N = 11, Z = —0.800, p = 0.42).

We use both minimum convex polygons (MCP) and adaptive kernels to
determine whether A. lineatopus (N = 23) choose non-random sleeping
sites in relation to their diurnal territories. Using MCPs, the distance of
sleeping site from territory edge/distance of center to territory edge ratio is
significantly correlated with the number of diurnal points used to define the
home range (r = 0.42, p = 0.049), indicating that lizards’ sleeping sites
are more likely to be located within diurnal territories when territories are
defined by a greater number of sightings per lizard. Adaptive kernels are less
sensitive to the number of points used to define a territory, and we do not see
a significant correlation of ratio value with number of diurnal points using
this method (r = 0.24, p = 0.25). Therefore, we only further examine the
data using adaptive kernels. Using this approach, the average ratio value is
—0.1 and the median ratio value is 0.1. Very few lizards slept near the center
of their diurnal territory, and most lizards sleep near the periphery of the
territory.

Discussion
Perch use

This study shows that sleeping perch use in Jamaican Anolis lizards is
strongly related to their morphological habitat specializations but suggests
that different selective pressures acting at day and night result in different
diurnal and sleeping perch use. These results indicate that ecological differ-
ences among these species influence sleep site selection.

The sleeping perches of the three species reflect the microhabitat special-
ization seen during the day (Hypothesis 1). Caribbean Anolis lizards dis-
play morphological specializations to particular microhabitats (e.g., Losos,
1990); for example, lizards that occur on broad surfaces (such as tree trunks)
in the daytime have longer legs. Here, we find that these diurnal special-
izations strongly influence sleeping perch use as well, as species that use
higher perches in the day use higher sleeping perches, and those that occur on
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broader perches during the day use broader sleeping perches (Figure 1). The
morphological differences among these species allow them to maximize their
locomotor speed and/or surefootedness in different microhabitats (Irschick
& Losos, 1998, 1999); therefore, using different sleeping perches that cor-
respond to their morphological specializations may allow the animals to ef-
ficiently locomote upon waking or in case of an approaching predator. The
generality of this pattern of interspecific differences in sleeping site choice
is yet to be determined. Few studies have investigated the sleeping behav-
ior of multiple species, although Heymann (1995) also saw nocturnal niche
specialization in two tamarin species, as did Goto & Osborne (1989) in two
Puerto Rican Anolis species that occupy distinct diurnal microhabitats.

We further find that all three species exhibit differences in diurnal and
sleeping perch use (Hypothesis 2). In particular, substrate use changes dra-
matically, as both A. lineatopus and A. grahami move from perching on
trunks and branches during the day to using mostly leaves at night. How-
ever, A. valencienni was found perching almost exclusively on branches at
both times of day, but uses narrower branches for sleeping perches. These
changes in substrate are reflected in the quantitative changes in perch dimen-
sions, as sleeping perches tend to be narrower and on less stable substrates
than diurnal perches. Further, they are more exposed, as A. lineatopus and
A. grahami are typically found sleeping on the outer surface of a leaf. Lima
and his colleagues (2005) suggested that a trade-off exists regarding sleeping
site exposure, as sites that provide protection from predation often prevent
the animal from obtaining cues about its immediate surroundings. However,
exposed perches better enable the organism to detect an approaching preda-
tor as they are more visually and physically sensitive to movement. When an
Anolis sleeping perch is disturbed, the animal typically drops immediately
to the ground and flees. Although predators on anoles are not common in
island ecosystems such as Jamaica (Andrews, 1979; Lister, 1981; Greene,
1988), predation can remain an important factor even when rare due to its
strong selective pressure (McLaughlin & Roughgarden, 1989), and the risk
of predation is likely an important factor in determining sleeping perches in
these lizards. In fact, during the course of this study, we observed a noc-
turnal predation event by the Jamaican boa (Epicrates subflavus) on an A.
valencienni adult.

Several researchers studying sleep in other Anolis species (Kattan, 1984;
Chandler & Tolson, 1990) have found significant differences in male and fe-
male sleeping perch heights and diameters. These researchers hypothesized
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that males perch differently from females so that they will be in optimal po-
sitions for territorial defense upon waking. In this study, we fail to find any
significant main effect differences in male and female perch use, despite sig-
nificant differences in diurnal perch use. During the day, differences in perch
height (which is highly correlated with perch diameter) between males and
females of the same species may exist to reduce food competition between
the sexes (particularly for the highly sexually size dimorphic A. lineatopus
and A. grahami; Schoener, 1967, 1968; but see Stamps et al., 1997) or for op-
timal territorial defense (Scott et al., 1976). At night, these pressures would
presumably be relaxed, reducing the pressure for the two sexes to use differ-
ent perches.

Nocturnal vs. diurnal home range size

We tested the hypothesis that Anolis lizards repeatedly use sleeping perches
in close proximity to their previous sleeping perches (Hypothesis 3), a con-
cept related to, but different from classic sleeping site fidelity in which an
animal repeatedly uses the same location for sleeping. Shew et al. (2002) hy-
pothesized that fidelity to a sleeping site could reflect a paucity of adequately
safe nighttime perches in the typical home range. Thus, organisms may be
driven to sleep in similar sites nightly to ensure protection from predators
and natural elements. Sleeping site fidelity has been shown in taxa as di-
verse as gibbons (Reichard, 1998), Bermuda chub (Eristhee & Oxenford,
2001), woolly mouse opossum (Moraes & Chiarello, 2005), ground squir-
rels (Michener, 2002) and anoles (Clark & Gillingham, 1990). Because Ano-
lis are known to be territorial (Stamps, 1983), we consider fidelity to sleeping
site in the context of the animals’ diurnal territories. In particular, if an animal
uses a significantly smaller area for sleeping than it does for its daytime ac-
tivities, we conclude that fidelity to a sleeping area is displayed. We find that
one of the two species examined, A. lineatopus, exhibits such fidelity, sleep-
ing in a limited portion of their diurnal ranges. However, our study does not
find levels of fidelity as high as Rand (1967), who describes A. lineatopus as
sleeping on the same branch nightly. Further, our results show that A. valen-
cienni, which has been characterized as having a relatively large home range
for anoles (Hicks & Trivers, 1983), uses a larger range than A. lineatopus at
night. It is possible that A. valencienni’s larger home range affords them a
greater number of well-protected sleeping sites, or that their greater diurnal
movement carries them too far to return to the same sleeping sites.
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Spatial arrangement of sleep sites in A. lineatopus

Rand (1967) reported anecdotal observations that A. lineatopus appear to
cluster at night. In contrast, our results show that these lizards are more
dispersed at night than during the day. This result is only significant for
male A. lineatopus, while females are equally dispersed during the day and
at night. We suggest two mechanisms that may explain this pattern. First,
lizards may cluster around food sources during the day, but they spread out
at night when they are no longer feeding. However, if this were the case,
we would have no reason to expect to see differences in male and female
sleeping site dispersal. Second, in most Anolis species, males spend a greater
portion of their day actively patrolling and defending their territory (Stamps,
1994; Nunez et al., 1997), so they may position themselves more closely to
conspecifics in attempts to expand or prevent intrusions into their territories.
Males may then be relatively more dispersed at night because the pressures
to defend their territories are reduced.

We also quantified the location of sleeping sites with respect to their diur-
nal territories to determine whether lizards sleep within their diurnal ranges.
There are several possibilities for the locations of the sleeping sites within
the home ranges: the organisms could sleep (1) well within their territo-
ries, (2) near the territories’ boundaries, (3) well outside their territories,
or (4) in no overall pattern. Although substantial individual variation ex-
ists, the majority of A. lineatopus sleep near the boundaries of their home
ranges.

We propose two possible explanations for these results. First, nighttime
positions may be an artifact of positioning at the day’s end. The few studies
that have considered sleeping site location in relation to the organism’s home
range have concluded that sleeping sites are near areas extensively used dur-
ing the day (e.g., Reichard, 1998, in gibbons; Mendes Pontes & Soares,
2005, in marmosets). However, these previous studies examined mammals
with much larger home ranges than the lizards studied here. As A. lineato-
pus has a comparatively small home range in which it moves around daily,
nighttime positioning is likely less bound to daytime positioning. Consistent
with this idea, we see that these lizards seem to reserve specific areas of their
home range for sleep. Second, lizards may sleep near their boundaries to be
in an optimal position for territorial defense in the morning. Although one
hypothesis we offer to explain the lack of sleep site clustering (see above)
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suggests that the pressure to defend a territory is relaxed at night, this does
not preclude the possibility that lizards may position themselves to maximize
defense in the morning. Indeed, Kattan (1984) observed that anoles engage
in territorial displays upon waking, suggesting that nocturnal positions could
have important consequences for territorial defense.

Conclusions

In sum, we show that Anolis sleeping site choice is strongly influenced by the
species’ diurnal behavior and their ecological and morphological specializa-
tions to different microhabitats. Although the three species display signifi-
cant differences in sleeping site characteristics and fidelity to a sleeping area
within the home range, there are also similarities among them in sleeping site
selection. Each species examined here chose sleeping sites that were gener-
ally higher, narrower, and more horizontal than their diurnal perches, and
differences in substrate use between day and night indicate that lizards gen-
erally prefer less structurally stable perches for sleeping. While differences
among the species indicate the importance of ecological differences in de-
termining sleeping sites, the similarities suggest that these species encounter
similar nocturnal pressures in their varying microhabitats that have similar
influences on the species’ sleeping sites. Additional studies in the behavioral
ecology of sleep in animals other than primates are needed to evaluate the
generality of these findings.

Acknowledgements

We gratefully thank the staff of Discovery Bay Marine Laboratory for their logistical assis-
tance and their kindness during our stay, and Andrea Donaldson of the Jamaican National En-
vironment and Planning Agency (NEPA) for her help in acquiring research permits. We thank
Thom Sanger and Matt Edgar for their help with field data collection, and Brian Langerhans,
Jonathan Losos, John Orrock, Beth Congdon, Kevin Mclntyre, the Templeton lab group and
two anonymous reviewers for comments that greatly improved this manuscript. This work
was funded by the National Science Foundation (DEB 9982736), the David and Evelyne
Lennette Fellowship (to S.S.), a Sigma Xi GIAR (to S.S.), Washington University’s Inter-
national Activities Fund (to S.S.), the Hoopes Undergraduate Research Award (to S.S.) and
the Israelow Award (to J.T.L.) from Washington University’s Undergraduate Research Office.
Animal capture and marking protocols were approved by the Animal Studies Committee of
Washington University (No. 20040248).



1050 Singhal, Johnson & Ladner

References

Anderson, J.R. (1998). Sleep, sleeping sites, and sleep-related activities: awakening to their
significance. — Am. J. Primatol. 46: 63-75.

Andrews, R.M. (1979). Evolution of life histories: A comparison of Anolis lizards from
matched island and mainland habitats. — Breviora 454: 1-51.

Bakken, G.S. (1992). Measurement and application of operative and standard operative tem-
peratures in biology. — Am. Zool. 32: 194-216.

Chandler, C.R. & Tolson, PJ. (1990). Habitat use by a boid snake, Epicrates monensis, and
its anoline prey, Anolis cristatellus. — J. Herpetol. 24: 151-157.

Christian, K.A., Tracy, C.R. & Porter, W.P. (1984). Physiological and ecological conse-
quences of sleeping-site selection by the Galapagos land iguana (Conolopus pal-
lidus). — Ecology 64: 752-758.

Clark, D.L. & Gillingham, J.C. (1990). Sleep-site fidelity in two Puerto Rican lizards. —
Anim. Behav. 39: 1138-1148.

Day, R.T. & Elwood, R.W. (1999). Sleeping site selection by the Golden-handed Tamarin
Saguinus midas midas: the role of predation risk, proximity to feeding sites, and terri-
torial defence. — Ethology 105: 1035-1051.

Eristhee, N. & Oxenford, H.A. (2001). Home range size and use of space by Bermuda chub
Kyphosus sectartix (L.) in two marine reserves in the Soufriere Marine Management
Area St. Lucia, West Indies. — J. Fish Biol. 59: 129-151.

Fisher, M. & Muth, A. (1989). A technique for permanently marking lizards. — Herpetol.
Rev. 20: 45-46.

Gauthier-Clearc, M., Tamisler, A. & Cezilly, F. (1998). Sleep vigilance trade-off in green-
winged teals (Anas crecca crecca). — Can. J. Zool. 76: 2214-2218.

Goto, M.M. & Osborne, M.A. (1989). Nocturnal microhabitats of two Puerto Rican grass
lizards, Anolis pulchellus and Anolis krugi. — J. Herpetol. 23: 79-81.

Greene, H.W. (1988). Species richness in tropical predators. — In: Tropical rainforests:
diversity and conservation (Alameda, F. & Pringle, C.M., eds). California Academy
of Sciences, San Francisco, CA, p. 259-280.

Hamilton III, W.J. (1982). Baboon sleeping site preferences and relationships to primate
grouping patterns. — Am. J. Primatol. 3: 41-53.

Hertz, P.E., Huey, R.B. & Stevenson, R.D. (1993). Evaluating temperature regulation by field-
active ectotherms — The fallacy of the inappropriate question. — Am. Nat. 142: 796-
818.

Heymann, E.W. (1995). Sleeping habits of tamarins, Saguinus mystax and Saguinus fiscicollis
(Mammalia; Primates; Callitrichidae), in north-eastern Peru. — J. Zool. 237: 211-226.

Hicks, R.A. & Trivers, R.L. (1983). The social behavior of Anolis valencienni. — In: Ad-
vances in Herpetology and Evolutionary Biology (Rhodin, A.G.J. & Miyata, K., eds).
Museum of Comparative Zoology, Cambridge, MA, p. 570-595.

Irschick, D.J. & Losos, J.B. (1998). A comparative analysis of the ecological significance of
maximal locomotor performance in Caribbean Anolis lizards. — Evolution 52: 219-226.

Irschick, D.J. & Losos, J.B. (1999). Do lizards avoid habitats in which performance is sub-
maximal? The relationship between sprinting capabilities and structural habitat use in
Caribbean anoles. — Am. Nat. 154: 293-305.

Johnson, M.A. (2005). A new method of temporarily marking lizards. — Herpetol. Rev. 36:
277-279.



Sleeping site choice in Anolis lizards 1051

Johnson, M.A., Kirby, R., Wang, S. & Losos, J.B. (2006). What drives habitat use by Anolis
lizards: habitat availability or selectivity? — Can. J. Zool. 84: 877-886.

Johnson, M.A., Leal, M., Rodriguez Schettino, L., Chamizo Lara, A., Revell, L.J. & Losos,
J.B. (in press). A phylogenetic perspective on foraging mode evolution and habitat use
in West Indian Anolis lizards. — Anim. Behav.

Kattan, G. (1984). Sleeping perch selection in the lizard Anolis ventrimaculatus. — Biotrop-
ica 16: 328-329.

Kennedy, J.P. (1959). Sleeping habits of the eastern fence lizard, Sceloporus undulatus hy-
acinthinus (Sauria, Iguanidae). — Southwest. Nat. 3: 90-93.

Kie, J.G., Baldwin, J.A. & Evans, C.J. (1996). CALHOME: A program for estimating animal
home ranges. — Wildlife Soc. Bull. 24: 342-344.

Lima, S.L., Rattenborg, N.C., Lesku, J.A. & Amlaner, C.J. (2005). Sleeping under the risk of
predation. — Anim. Behav. 70: 723-736.

Lister, B.C. (1981). Seasonal niche relationships of rain forest anoles. — Ecology 62: 1548-
1560.

Losos, J.B. (1990). Ecomorphology, performance capability, and scaling of West Indian Ano-
lis lizards — an evolutionary analysis. — Ecol. Monogr. 60: 369-388.

Mathews, C.G. & Amlaner, C.J. (2000). Eye states and postures of the Western Fence Lizard
(Sceloporus occidentalis) with special reference to asynchronous eye closure and be-
havioral sleep. — J. Herpetol. 34: 472-475.

McLaughlin, J. & Roughgarden, J. (1989). Avian predation on Anolis lizards in the northeast-
ern Caribbean: an interisland contrast. — Ecology 70: 617-628.

Meddis, R. (1975). On the function of sleep. — Anim. Behav. 23: 676-691.

Mendes Pontes, A.R. & Soares, M.L. (2005). Sleeping sites of common marmosets (Cal-
lithrix jacchus) in defaunated urban forest fragments: a strategy to maximize food in-
take. — J. Zool. 266: 55-63.

Michener, G.R. (2002). Seasonal use of subterranean sleep and hibernation sites by adult
female Richardson’s ground squirrels. — J. Mammal. 83: 999-1012.

Moraes, E.A. Jr. & Chiarello, A.G. (2005). Sleeping sites of wooly mouse opossum Mi-
coureus demerarae (Thomas) (Didelphimorphia, Didelphidae) in the Atlantic forest of
south-eastern Brazil. — Rev. Bras. Zool. 22: 839-843.

Moran, M.D. (2003). Arguments for rejecting the sequential Bonferroni in ecological stud-
ies. — Oikos 100: 403-405.

Nunez, S.C., Jenssen, T.A. & Ersland, K. (1997). Female activity profile of a polygynous

lizard (Anolis carolinensis): Evidence of intersexual asymmetry. — Behaviour 134:
205-223.
Powell, R. (2000). Animal home ranges and territitories and home range estimators. — In:

Research techniques in animal ecology. Controversies and consequences (Boitani, L. &
Fuller, T.K., eds). Columbia University Press, New York, p. 65-110.

Rand, A.S. (1967). Ecology and social organization in the iguanid lizard Anolis lineatopus. —
P. United States National Museum 122: 1-79.

Ramakrishnan, U. & Coss, R.G. (2001). Strategies used by bonnet macaques (Macaca radi-
ata) to reduce predation risk while sleeping. — Primates 42: 193-206.

Reichard, U. (1998). Sleeping sites, sleeping places, and presleep behavior of gibbons (Hy-
loblates Lar). — Am. J. Primatol. 46: 35-62.

Rose, B. (1982). Lizard home ranges: Methodology and functions. — J. Herpetol. 16: 253-
269.



1052 Singhal, Johnson & Ladner

Schoener, T.W. (1967). The ecological significance of sexual dimorphism in size in the lizard
Anolis conspersus. — Science 155: 474-477.

Schoener, T.W. (1968). The Anolis lizards of Bimini: Resource partitioning in a complex
fauna. — Ecology 49: 704-726.

Schoener, T.W. (1981). An empirically based estimate of home range. — Theor. Popul. Biol.
20: 281-325.

Schoener, T.W. & Schoener, A. (1971). Structural habitats of West Indian Anolis lizards I.
Lowland Jamaica. — Breviora 368: 1-53.

Scott, N.J. Jr., Wilson, D.E. & Jones, C. (1976). The choice of perch dimensions by lizards
of the genus Anolis (Reptilia, Lacertilia, Iguanidae). — J. Herpetol. 10: 75-84.

Seaman, D. & Powell, R. (1996). An evaluation of the accuracy of kernel density estimators
for home range analysis. — Ecology 77: 2075-2085.

Shephard, K.L. (1994). Functions for fish mucus. — Rev. Fish Biol. Fish. 4: 401-429.

Shew, J.J., Larimer, S.C., Powell, R. & Parmerlee, J.S. Jr. (2002). Sleeping patterns and sleep-
site fidelity of the lizard Anolis gingivinus on Anguilla. — Carib. J. Sci. 38: 136-138.

Stamps, J.A. (1983). Sexual selection, sexual dimorphism, and territoriality. — In: Lizard
ecology (Huey, R.B., Pianka, E.R. & Schoener, T.W., eds). Harvard University Press,
Cambridge, MA, p. 169-204.

Stamps, J. 1994. Territorial behavior: testing the assumptions. — Adv. Stud. Behav. 23: 173-
232.

Stamps, J.A., Losos, J.B. & Andrews, RM. (1997). A comparative study of population
density and sexual size dimorphism in lizards. — Am. Nat. 149: 64-90.

Williams, E.E. (1983). Ecomorphs, faunas, island size, and diverse end points in island ra-
diations of Anolis. — In: Lizard ecology (Huey, R.B., Pianka, E.R. & Schoener, TW.,
eds). Harvard University Press, Cambridge, MA, p. 326-370.

Winn, H.E. (1955). Formation of a mucous envelope at night by parrot fishes. — Zoologica
40: 145-148.

Winn, H.E. & Bardach, J.E. (1959). Differential food selection by moray eels and a possible
role of the mucous envelope of parrot fishes in reduction of predation. — Ecology 40:
296-298.



