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Abstract

Global change processes such as urbanization are likely to affect sleep behavior, by altering abiotic (e.g., thermal and illumi-
nation) and biotic conditions (e.g., predation pressure) that influence sleep. However, little is known of how sleep behavior
responds to urbanization and whether this response is flexible or conserved across populations. We quantified sleep site
characteristics of the peninsular rock agama Psammophilus dorsalis in Bangalore city and surrounding rural areas. We find
that P. dorsalis in urban areas display remarkable behavioral flexibility in response to the novel stressor of artificial light
at night, being nine times more likely to use covered sleep sites that limit illumination, compared to lizards in rural areas.
However, sleep sites in both populations were highly conserved in terms of substrate type (i.e., rocky with high surface
rugosity) and their thermal properties. Our findings support behavioral amelioration of potentially adverse effects of night
light in urban areas, even within the restricted availability of preferred substrates as sleep sites. Our study is one of the first
to comprehensively compare sleep behavior in rural and urban areas and demonstrate substantial behavioral flexibility. The
role of sleep behavior in the coping strategies of animals to urbanization needs further research attention.

Significance statement

Sleep is essential to animal life, yet it imposes certain costs such as making sleeping individuals vulnerable to predators.
“Where” an animal sleeps (or its sleep site) is therefore important to ensure safety from predators but also to provide condu-
cive environmental conditions. Cities can transform the availability of ideal sleep sites and can alter their thermal properties,
in addition to being intensely illuminated by night light that hampers sleep. In this study, we compared sleep site character-
istics of rural and urban populations of the peninsular rock agama Psammophilus dorsalis. We find that urban lizards sleep
in sheltered sleep sites that shield them from night light but are highly dependent on rough, rocky substrates in both the city
and rural areas. The remarkable flexibility in sleep behavior displayed by urban lizards is likely to help them cope in a city.

Keywords Sleep ecology - Urbanization - Artificial light at night - ALAN - Light pollution - Thermography

Introduction

Animals spend a substantial portion of their day sleeping,
during which, multiple essential functions, from removal
of metabolic waste from the brain and energy allocation, to
neural reorganization and memory consolidation, are served
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specialized with respect to their structure and microclimate
to provide suitable thermo-hydric conditions and safety from
predators (Anderson 1998; Mohanty et al. 2021). Apart from
sleep sites, a suite of sleep traits pertaining to physiology
(e.g., sleep duration), morphology (e.g., color during sleep),
and behavior (e.g., sleep posture), as well as inter-individual
interactions (e.g., conspecific aggregations), constitute the
sleep ecology of a species (Mohanty et al. 2021). However,
the ecology of sleep remains understudied in most taxa, and
even more so in the context of global change processes, such
as urbanization.

Urbanization is likely to affect sleep behavior in animals,
as urban areas have altered abiotic and biotic conditions
that are known to influence sleep. Compared to undisturbed
areas, animals in urban areas experience different substrate
types, increased substrate temperature (i.e., the urban heat
island effect; Arnfield 2003), and novel stressors such as
artificial light at night (ALAN) and noise (Warren et al.
2006; Nordt and Klenke 2013). The composition of preda-
tors (e.g., feral cats and dogs) and competitors in urban areas
is also likely to be different (Fischer et al. 2012). All these
anthropogenic changes to environments can alter various
aspects of sleep ecology. For example, high temperatures at
sleep sites, a likely consequence of urbanization, can render
the sites unusable (Vasconcelos et al. 2012) or hamper sleep
duration (Downs et al. 2015). Similarly, under perceived
risk of predation in unsafe sleep sites, sleep intensity can be
reduced (Tisdale et al. 2018). Some aspects of urbanization,
such as ALAN, can be more pervasive. ALAN, comprising
both amber and white light in cities, is known to alter cir-
cadian rhythms (e.g., Secondi et al. 2021) and is considered
to be especially detrimental to the sleep of diurnally active
animals (Aulsebrook et al. 2018, 2020). The effect of ALAN
on sleep has been better studied in birds (Aulsebrook et al.
2021), where studies have found evidence for its effect on
sleep duration (Raap et al. 2015; Ouyang et al. 2017; Sun
et al. 2017), composition (Aulsebrook et al. 2020), and tim-
ing (Dominoni et al. 2014). Animals can, however, miti-
gate the costs of ALAN by avoiding illuminated sleep sites
(Aulsebrook et al. 2018; Raap et al. 2018a). When suitable
sleep sites are limited, sleep site selection in urban areas can
be constrained at multiple spatial scales (e.g., sleep sites of
the Powerful owl Ninox strenua; Bradsworth et al. 2021).
Regardless of the drivers, disruption of sleep can have nega-
tive downstream effects on the health or immune function of
animals (Imeri and Opp 2009).

Our understanding of how sleep behavior is affected by
urbanization has several knowledge gaps. Firstly, response
of sleep to factors associated with urbanization has been
limitedly studied in wild populations and rarely in reptiles
(Mohanty et al. 2021). This assumes further importance as
sleep in reptiles is perhaps more sensitive to ALAN than in
birds and mammals, due to the presence of a light-sensitive
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pineal eye in this group of vertebrates (Mohanty et al. 2021).
Secondly, there is a lack of comprehensive, systematic stud-
ies on urban sleep sites, especially with respect to their
structural, thermal, and light conditions. Finally, the effect of
behavioral decisions in ameliorating potential adverse effects
of urbanization on sleep is not well understood. As a corol-
lary, whether sleep traits such as the selection of sleep sites
remain conserved despite environmental variation (Bors
et al. 2020) or are indeed flexible in response to novel envi-
ronments (Aulsebrook et al. 2018) needs to be determined.

The peninsular rock agama Psammophilus dorsa-
lis (Gray 1831) is a diurnally active agamid lizard that
occurs in rocky, arid regions of peninsular India (Rad-
der et al. 2005). Adults of the species are medium-sized
(SVL ~ 65 to 150 mm) and display sexual dimorphism;
males have larger body size and head width and show
conspicuous physiological colors during the breeding
season (Radder et al. 2006; Batabyal and Thaker 2017).
Urban populations of P. dorsalis in Bangalore city and
rural populations outside the city have been well studied
in a comparative framework, presenting a model sys-
tem to understand behavioral responses to urbanization.
P. dorsalis populations in urban settings are known to
be less risk averse (shorter flight initiation distances;
Batabyal et al. 2017), demonstrate faster learning and
relearning skills with respect to refuge selection (Batab-
yal and Thaker 2019a), show higher circulating corticos-
terone levels, a physiological measure of stress, but are
similar in most other health indicators (Amdekar et al.
2018; Batabyal and Thaker 2019b). Although behavioral
responses of P. dorsalis during the activity phase have
been well documented, there is a complete lack of knowl-
edge on its sleep behavior and the response of sleep to
urbanization.

In this study, we aim to evaluate the response of sleep
behavior in Psammophilus dorsalis to urbanization-asso-
ciated alteration of the physical environment. In particu-
lar, we determine the ways in which the structural, ther-
mal, and light environments of sleep sites differ between
urban and rural habitats. We hypothesize that P. dorsalis
will use sleep sites in urban environments that closely
match the structural, thermal, and light conditions of its
sleep sites in rural habitats. Specifically, we predict that
P. dorsalis will show increased use of crevices and cov-
ered sites in urban areas, which would reduce the overall
lux values at sleep sites to match those in rural habitats.
We also predict that regardless of the possible environ-
mental differences between urban and rural habitats, the
structural characteristics and thermal conditions of sleep
sites would be similar at urban and rural sites. Such use
of sleep sites would indicate that lizards are actively
altering their behavior in urban areas.
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Methods

We conducted the study in three urban and three rural sites
in and outside Bengaluru city (Fig. 1). Rural study sites were
ca. 70 km away from the urban sites; all sites within urban
and rural areas were at least 1 km apart. Urban sites were
characterized by residential areas interspersed with empty
plots, with some gardens and unmanaged scrub vegetation.
Notably, most houses and plots were fenced by concrete
walls, which provide coarse substrate (when unplastered/
unpainted) and vertical crevices at systematic distances.
Other artificial substrates (e.g., metal sheets, brick piles)
were found near construction sites in many of the undevel-
oped plots. Urban sites were illuminated with both amber
and white light from street lamps. In contrast, rural sites
comprised rocky outcrops and boulders interspersed with
scrub vegetation (including the invasive Lantana camara)
and were mostly undisturbed with minimal human intru-
sions (e.g., cattle grazing, human-made trails, rock climb-
ing). Artificial illumination was absent at rural sites.

We conducted the study in September and October 2020,
towards the end of the breeding season for P. dorsalis. As
there was no prior information on sleep sites, we conducted
a pilot study in August 2020 to determine the sampling time

Fig.1 a Urban (red circles) and rural (blue circles) field sites sam-
pled for sleeping Psammophilus dorsalis in Bangalore, India (inset
Fig.). Bangalore urban district is shaded to mark the urban limits.

and method. Based on preliminary findings from the pilot
study, we carried out nocturnal sampling between 1900
and 2330 h on 17 occasions. Given that our survey period
was relatively short and survey nights were not clustered
by urban and rural areas, we did not expect sampling con-
ditions to differ between urban and rural sites in terms of
moonlight, ambient temperature, or wind speed. We did not,
however, measure cloud cover, although it can regulate envi-
ronmental luminosity by interacting with ALAN or moon-
light (van Hasselt et al. 2021). Surveys were constrained to
3 h on most occasions to avoid fatigue in detection (Lardner
et al. 2019), and survey trails at each site were at least 100 m
apart. Typically, three personnel conducted the sampling and
scanned all substrates (from ground level up to 4 m) with
headlamps (Ledlenser MH6). We searched for lizards using
white lights but switched to red lights immediately upon
spotting an individual to avoid disturbance. Observed indi-
viduals were considered to be sleeping as they displayed
behavioral criteria for sleep, including a typical sleep pos-
ture (with eyes closed, head and body prone on the sub-
strate), behavioral quiescence, increased arousal threshold
(e.g., lizards did not escape upon approach as they would
during the diurnal active period and only initiated escape
when disturbed by white light or rapid motion causing

Typical habitats of b urban and e rural sites. ¢ An adult male sleeping
on a concrete wall in an urban site. d An adult female sleeping on a
rock in a rural site
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vibration), and reversibility to wakefulness upon sufficient
stimulation (Piéron 1912).

We quantified sleep sites with respect to their structural,
thermal, and light characteristics. The structure of the sleep
sites was recorded in terms of substrate type (e.g., rock,
unpolished wall, vegetation), perch height (measured in
cm to ground level), perch orientation (i.e., orientation of
the perch with respect to the ground-horizontal, angular,
vertical; Bors et al. 2020), and perch depth (for only rocky
substrates: “exposed,” “covered,” “crevice”). We defined a
“covered” sleep site as a site on a rocky substrate that was
covered by vegetation or artificial substrate (e.g., tarpaulin
sheet), which was adequate to change the light conditions at
the site/hindered detection; an “exposed” site as one without
any cover that hindered detection or light; and a “crevice”
as any site within rock crevices or in gaps between concrete
walls. For sleep sites on vegetation, we followed Mohanty
et al. (2016) to measure plant girth (in cm), perch type (e.g.,
trunk, leaf), perch width (e.g., branch circumference in cm),
and distance to main trunk (in cm). We attempted to min-
imize any potential bias in detection of individuals (e.g.,
“covered” vs “exposed”), by searching all sites thoroughly
along the survey trails.

Additionally, we measured head direction of the lizard as
this may be an important indicator of visual cues available
to the lizard upon waking and may influence the decision to
or response of escape (Mohanty et al. 2016). We recorded
head direction as “inward”/ “outward”/ “angular” for vegeta-
tion, defined with respect to a potential approaching predator
from the base of the plant (see Mohanty et al. 2016) and
“upward”/ “downward”/ “angular” for rocky substrates.

We used a thermal camera (FLIR T640) for thermog-
raphy of lizard body temperature, perch temperature
(adjacent to the lizard), and substrate temperature. To
determine if lizards selected specific sleep sites based on
thermal properties, we compared the temperature of each
sleep substrate to four “unused” (or potentially available)
substrates within 1 m radius of the sleep site (denoted as
environment temperature). All thermal images were taken
at a focal length of ca. 1.5 m, which enabled us to capture
ca. ] mXx 1 m area. Thermal images were analyzed using
FLIR Thermal Studio Pro software. Following Goller et al.
(2014), we extracted mean body temperature (along the
dorsal line from snout to tail base; Fig. 2a), mean substrate
temperature (1 mx 1 m area immediately around the liz-
ard; Fig. 2a), and mean environment temperature (mean of
the four unused substrates; Fig. 2b). In the case of multiple
substrate types in a thermal image, we only considered the
one used by the lizard. We modified the measurement of
perch temperature (see Goller et al. 2014) to encompass
all substrates adjoining the lizard, using three polygons on
each side of the body (outer boundary: snout tip-proximal
fore digit, joint of humerus and radius-joint of femur and
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tibia, and joint of tibia and metatarsal-tail base; Fig. 2a).
For environmental temperature, we selected the substrate
type that accounted for the majority (>50%) of the focal
area in each thermal image.

Light conditions at the sleep site of each individual
(Dominoni et al. 2014) was measured using a lux meter
(MECO 930P; precision 0.1 Ix) at the level of the head with
respect to the orientation of the lizard (e.g., lux meter was
held parallel to the ground, if perch orientation was parallel).
Overall, luminosity was recorded to be 0 Ix in rural environ-
ments on the survey nights, although natural illumination
due to moonlight can range from 0.01 to 1 1x (Bennie et al.
2016). We recorded luminosity up to approximately 50 Ix
near streetlights in urban areas. After all microhabitat con-
ditions and posture information was recorded, we captured
sleeping lizards by hand and measured snout-vent length
and total length using a ruler (1 mm precision). Finally, we
recorded the age-sex category (male, female, or juvenile);
males were easily distinguished from females based on a
wider head, well-defined jaw muscles, and larger size (mean
SVL + SE for male: 12.15+0.18 cm, female: 8.23 +0.1 cm,
juvenile: 4.56+0.09 cm). Lizards were released immedi-
ately after measurements at their sleep sites. Data was not
recorded blind, as our study involved animals in the wild.

Data analyses

All response variables were first examined for normal-
ity using Shapiro—Wilk’s tests and visualized using g-q
plots. Perch height was square-root transformed to meet
the assumptions of normality. Similarly, the distributions
of model residuals were visualized to evaluate if they were
normally distributed. Multinomial logistic regressions were
computed for sleep site substrate type, perch orientation,
and perch depth, with both “population” (urban or rural) and
“age” (adult or juvenile) as predictors; we did not include
an interaction term between the predictors as we had no a
priori expectation for interactions between population and
age. Further, the interaction effect was not significant in any
of the models and masked the effects of the main predic-
tors (Online Resource 1 Table 1). For significant relation-
ships (at a=0.05), we exponentiated the partial regression
coefficients to generate true odds ratios. For perch height,
we performed a general linear model with a Gaussian error
distribution, using both population and age as predictors.
As “lux” (luminosity) at sleep sites was non-normally dis-
tributed, even after transformations, we conducted two non-
parametric Wilcoxon rank sum tests with population and
age as single predictors. Similarly, we compared luminosity
values of “exposed” and “covered” sleep sites with a Wil-
coxon rank sum test. We performed all statistical analyses
in R (version 4.0.4; R Core Team 2021).
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Fig.2 a Thermal image with
measurement markings to calcu-
late mean body temperature
(dorsal line from snout to tail
base), mean perch temperature
(1-6, mean of six polygons
adjacent to the body), and

mean substrate temperature (S,
excluding the lizard). b Thermal
image showing unused sub-
strates within 1 m from a lizard
sleep site. ¢ Temperature of a
sleeping lizard’s body, its perch,
substrate, and the surround-

ing environment for Psam-
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Results
Structural characteristics

We observed a total of 302 sleeping lizards, of which 90.73%
were found on rocky substrates (Fig. 3). Urban lizards used
unpolished concrete block walls (87.2% of lizards in that
population), brick piles (0.61%), and cement sheets (0.61%),
whereas rural lizards used rocks/boulders (93.48%) (Fig. 3).
The usage of vegetative substrates as compared to rocky sub-
strates did not differ significantly between urban and rural
lizards (Table 1). Irrespective of population, juveniles had
a higher likelihood of using vegetative substrates compared
to adults (odds ratio=4.82, 95% CI=3.73-5.91; Table 1).
Urban lizards had small but significantly lower odds ratios
of sleeping on horizontal (0.41, 95% CI= —0.27 to 1.09)

Pe'rch Subs'trate Envirdnment

and angular perches (0.07, CI= —1.16 to 1.31) compared
to vertical perches, than rural lizards (Table 1). Sleep sites
for urban lizards were significantly lower in height (Table 1),
with a mean difference of 20.80 cm (SE =6.96) with rural
lizards.

For individuals on rocky substrates at both urban and
rural habitats, head direction was predominantly “upwards”
(95.97%), whereas individuals on vegetative substrates faced
“inwards” (51.85%) and “outwards” (44.44%) in similar pro-
portions. We observed 47 individuals sleeping in close vicin-
ity to each other on the same substrate (touching or < 60 cm
apart) on 20 occasions (urban: 27 individuals in 11 aggrega-
tions, rural: 20 individuals in 9 aggregations). Aggregations
comprised of 2—4 lizards clustered together in male—female,
male—female-juvenile, female-female, female-juvenile, and
all juvenile groups.
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Table 1 The effects of lizard population (rural or urban) and age
(adult or juvenile) on the characteristics of sleep sites for Psammo-
philus dorsalis. For all regressions, reference values of predictors are

“rural” and “adult”; untransformed regression coefficients (+ SE) are

reported. Statistically significant p-values (at «=0.05) are in bold.

*Non-parametric Wilcoxon rank sum test (Statistic W)

Model Response type

Comparison

Rural—-urban Adult-juvenile

Substrate (reference: rocky) Vegetative 0.44+0.43 (0.305) 1.57+£0.55 (0.004)
Ground 9.81+128.48 (0.939) —10.70+179.21 (0.952)
Perch orientation (reference: vertical) Horizontal —0.88+0.34 (0.011) 0.53+0.35 (0.134)
Angular —2.60+0.63 (<0.001) 0.79+0.45 (0.078)
Perch depth (reference: exposed) Covered 2.22+0.42 (<0.001) —2.58+0.42 (<0.001)
Crevice 0.53+0.71 (0.45) —10.38 +42.09 (0.805)
Perch height - —-0.79+0.33 (0.017) —0.49+0.33 (0.140)
Lux* - 6348 (<0.001) 9300.5 (<0.001)
Fig.3 Use of substrates for a) 90
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Light conditions

Lizards used sleep sites that were “covered” (urban liz-
ards =44 vs rural lizards =9), “exposed” (urban=98 vs
rural =115), and “inside” (urban=4 vs rural =5). Sleep
sites of urban lizards had a higher likelihood of being
“covered” as compared to “exposed” (odds ratio =9.27,
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95% CI=8.43-10.1, Table 1). However, irrespective
of population, males were more likely to sleep in “cov-
ered” sites (odds ratio=3.36, p=0.006, CI=2.49-4.22)
and “inside” crevices (odds ratio=10.67, p =0.002,
CI=9.15-12.18) compared to females (Online Resource
1 Table 2). Furthermore, sleep sites of adults were
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significantly more “covered” compared to those of juve-
niles (odds ratio=0.07,95% CI= —0.75 t0 0.9; Table 1).

Artificial illumination at sleep sites was significantly
higher for urban lizards (mean + SE: 0.53 +0.13 Ix; range:
0 to 14.6 Ix; Table 1) compared to rural lizards (0 1x), as well
as for juveniles compared to adults (juveniles: 0.37 +£0.11 Ix;
adults: 0.17 +0.08 1x). “Exposed” sleep sites had signifi-
cantly higher illumination than “covered” sites (W =1632.5,
p=0.014; exposed: 0.65 +0.18 1x; covered: 0.47 +0.25 1x).

Thermal characteristics

Sleep sites in urban and rural areas did not differ signifi-
cantly in perch temperature (= —0.29, p=0.77), substrate
temperature (¢=-1.87, p=0.06), and environment tempera-
ture (= —1.85, p=0.07; Fig. 2c). Substrate temperature of
“covered” vs “exposed” sites did not differ in either urban
(t=0.72, p=0.47) or rural areas (t=1.43, p=0.21). Over-
all, lizard body temperatures were significantly lower than
perch temperatures; perch temperatures were significantly
higher than substrate temperatures, which in turn were sig-
nificantly higher than available environment temperatures
(Fig. 2; Online Resource 1 Table 3). This pattern was con-
sistent across urban adults, urban juveniles, rural adults, and
rural juveniles (Online Resource 1 Table 3). However, the
mean temperature difference was small for body vs perch
(—=0.30 to—0.72 °C), perch vs substrate (0.13 to 0.37 °C),
and substrate vs environment (0.80 to 1.06 °C).

Discussion

Among the various changes to environments in urban areas,
artificial light at night (ALAN), temperature, and the struc-
ture of the habitat and perches can alter where and how ani-
mals sleep. In this study, we find that Psammophilus dorsalis
lizards in urban areas mitigate these challenges by displaying
remarkable behavioral flexibility while still maintaining con-
served choices in characteristics of their sleep sites. Their
decisions to sleep in “covered” sites which reduce exposure
to ALAN while still selecting sites with similar substrate
types (i.e., rocky) and thermal properties illustrate solutions
to urbanization. Our study is one of the first to comprehen-
sively compare sleep behavior in rural and urban areas, by
assessing structural, thermal, and light environments at
sleep sites of lizards. We not only address knowledge gaps
in sleep behavior response to urbanization (and particularly
to ALAN; French et al. 2018) but fill a key gap in studies on
urbanization by focusing on an urban reptile in Asia (Collins
et al. 2021).

As per our prediction, we find strong support for behav-
ioral flexibility in sleep site selection, as P. dorsalis was
nine times more likely to use “covered” sleep sites in urban

areas than in rural areas. Use of sheltered sites reduced the
luminosity of the immediate environment for P. dorsalis
during sleep, which is known to ameliorate the effects of
ALAN (Raap et al. 2018b). The degree of ALAN avoid-
ance varies across studies. Kolbe et al. (2021) found limited
support for behavioral avoidance of short-term exposure to
ALAN in Anolis lizards, despite the fact that experimental
exposure to light resulted in a lower arousal threshold from
sleep than dark conditions. Similarly, Ulgezen et al. (2019)
found no avoidance of ALAN in Great tits Parus major, even
when darker sites were available. Even though luminosity at
specific sleep sites was relatively low in urban areas in our
study, “dim” light intensities can still have negative conse-
quences for sleep physiology and circadian rhythms (Briin-
ing et al. 2015; Stenvers et al. 2016; Secondi et al. 2021; but
see Borniger et al. 2013). Contrary to our expectations, we
also observed a few lizards sleeping in sites illuminated with
high light intensities (up to 14.6 Ix); therefore, avoidance of
ALAN by this species is variable in the wild.

ALAN can also increase vulnerability to visually hunt-
ing predators (Kolbe et al. 2021). In our study areas, birds
and dogs are known to attack P. dorsalis during the day,
and although diurnal predation risk does not seem to dif-
fer between urban and rural populations (Balakrishna et al.
2021), domestic cats and dogs that free range in urban areas
can still pose a threat to these lizards at night (Loyd et al.
2013). Therefore, predation risk may also explain the greater
use of “covered” sites in the urban population compared to
the rural population. We also found a greater proportion of
males sleeping in “covered” sites or in crevices compared
to females. Male P. dorsalis are larger than females and
exhibit dynamic conspicuous coloration during the day,
which increases their predation risk (Amdekar and Thaker
2019). These characteristics could make males more vulner-
able to the potential ALAN-associated increase in preda-
tion risk, which they seem to actively ameliorate by sleeping
unexposed. During our surveys of sleeping lizards, we did,
however, find fewer males compared to females (Fig. 3).
These uneven detections between the sexes could reflect the
female-skewed sex ratio typically seen for P. dorsalis (Deod-
har and Isvaran 2017) and/or the fact that males may be
harder to find as they tend to sleep in more “covered” sites.
Overall, the behavioral amelioration of ALAN by urban P.
dorsalis, especially males, seems to suggest a strategy that
reduces disturbance at the microhabitat scale. Whether P.
dorsalis avoids ALAN at a landscape scale, by avoiding
brighter parts of the city, remains to be determined.

Our observation that lizards use “covered” sleep sites
could also be explained by other factors. The results could
reflect a higher availability of “covered” sleep sites in urban
areas; however, this seems unlikely given the ample vegeta-
tion cover (including Lantana camara) surrounding rocks
in rural sites of the study. Behavioral flexibility to avoid
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ALAN:-associated disturbance does not explain the use of
covered sites in rural areas. It is possible that “covered” sites
are also used in response to natural illumination (resulting
from the interaction of cloud cover and moonlight; van Has-
selt et al. 2021). Future research should examine sleep site
selection in rural areas in response to the full breadth of
natural illumination (e.g., on cloudless, full moon nights).
“Covered” sites could accord other advantages, such as suit-
able thermal conditions; however, we did not find any differ-
ences in the substrate temperature of “covered” vs “exposed”
sites in either urban or rural areas, indicating that thermal
benefits are unlikely to drive the use of “covered” sites. We
also cannot rule out the possibility that “covered” sites pro-
vide anti-predatory benefits to sleeping lizards, irrespective
of urban or rural populations. Although immobility during
sleep in itself is considered to provide safety from visually
hunting predators (Meddis 1975), there is a lack of sys-
tematic assessments of predation pressure on nocturnally
sleeping animals to determine whether “covered” sleep sites
indeed reduce predation risk.

We also find support for urban lizards choosing sleep
sites that conserve the structural conditions of rural sleep
sites. Urban lizards predominantly used unpolished concrete
block walls as sleep sites, which have high rugosity similar
to rocks in rural habitats. Surface rugosity could be particu-
larly important for sleeping P. dorsalis as the majority of
these lizards sleep on vertical perches, irrespective of popu-
lation (similar to Agama agama; Amadi et al. 2020). A verti-
cal perch orientation could provide anti-predatory benefits
by limiting the types of predators that could approach the
sleeping lizard. Sleep sites are also known to be conserved
in some other agamid lizards (e.g., Coryphophylax spp.,
Mohanty et al. 2016), even in response to habitat modifica-
tion (Monilesaurus rouxii, Bors et al. 2020). The dependence
of P. dorsalis on rough substrates as sleep sites might explain
the lower perch height for lizard in urban areas, as perch sites
are limited by the height of human-constructed walls in the
urban study area. The predominant use of walls as sleep sites
also explains the lower likelihood of horizontal and angu-
lar sleep perch orientations in urban areas (though the 95%
confidence interval spans zero). Perch orientation could have
implications for sleep quality, but this relationship remains
to be examined in reptiles (Mohanty et al. 2021). Further-
more, as compared to diurnal perch height (mean + SE for
urban=4.38+0.21 m; rural =5.91 +0.57 m; Batabyal et al.
2017), nocturnal perches of P. dorsalis are considerably
lower (urban=0.99 +0.04 m; rural=1.214+0.06 m). The
lower sleep perch height in urban areas (ca. 20 cm less than
rural populations), constrained by substrate availability,
could thus make these lizards vulnerable to attacks by preda-
tors approaching from the ground (Bors et al. 2020). This
vulnerable position could also adversely affect sleep quality
(Tisdale et al. 2018). Our measurements of perch height at
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night, however, could have a bias against high perches, as
detection is limited by the range of headlamps and lack of
lizard movement, unlike daytime searches.

The thermal characteristics of sleep sites of P. dorsalis
did not differ between urban and rural areas; and within
populations, thermoregulatory conditions were similar.
Regardless of population, we observe a consistent trend in
that perch temperatures were higher than substrate tempera-
tures, which in turn were higher than the surrounding envi-
ronmental temperature. Despite the consistency, the effect
sizes of these differences seem too small to be biologically
relevant for P. dorsalis. Although some reptiles, particularly
in temperate regions, are known to choose relatively warm
sleep sites (Huey et al. 1989; Pereira et al. 2019), we did not
find such a pattern for P. dorsalis in this season. Our find-
ings also contrast observations of species, such as Agama
agama lizards, that use artificial heat sources at night in
urban areas (Amadi et al. 2020). The similarity of thermal
environments between urban and rural sites that we record
contradicts general expectations from the urban heat island
effect caused by the anthropogenic modification of natural
environments (Peng et al. 2012). Bengaluru’s high vegetative
cover and location on a plateau approximately 900 m above
sea level keep the metropolitan areas relatively cool result-
ing in an almost “cool island effect” (Siddiqui et al. 2021).
Lizards in these areas are thereby released from the typi-
cal thermal challenges of urbanization. Our study was also
conducted in the post-breeding season when environmental
temperatures are mild; it is possible that thermal preferences
would be much more pronounced in the peak of summer
(March—May) or in winter (November—February).

Additionally, we document several natural history
information pertaining to the sleep behavior of P. dorsalis
that were previously unrecorded. When using vegetation
at night, P. dorsalis was found on thin unstable perches,
which has been hypothesized to aid in early detection of
approaching predators via tactile cues (Anderson 1998);
similar use of thin perches is seen in several reptile taxa
(reviewed in Mohanty et al. 2021). The suggested role of
visual cues in aiding predator detection at night (Clark
and Gillingham 1990; Mohanty et al. 2016), however, is
not fully supported in the case of P. dorsalis, as sleeping
lizards were positioned in all possible head directions as
opposed to a predominantly “inward” direction that would
enable visual detection of a predator approach. Our obser-
vation of some sleep aggregations contrasts with the gen-
erally solitary behavior of the species during the active
phase. Similar incidences of lizards sleeping in aggrega-
tions have been observed across reptiles and could pro-
vide anti-predatory and thermal benefits (Amadi et al.
2020; reviewed in Mohanty et al. 2021). Aggregations at
night could also provide social benefits as territories of
females overlap with those of males (Deodhar and Isvaran
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2018). Finally, observations of male coloration during the
sleeping phase revealed a wide gradient corresponding to
known color patterns associated with courtship, competi-
tion (or stress), and neutral conditions during the active
phase (Batabyal and Thaker 2017b); this raises interesting
questions on the mechanisms and costs-benefits of color
during sleep (reviewed in Mohanty et al. 2021).

Although our study provides evidence for flexible sleep
response to urbanization, it is limited to only one sleep
trait, i.e., sleep site selection. The mechanism underly-
ing the behavioral shift to sleeping in covered sites by
urban lizards remains to be examined. Urban and rural
populations of P. dorsalis show morphological differences
in body size and limb morphometrics (Balakrishna et al.
2021), which could have arisen from micro-evolutionary
differences between the populations. Our findings for sleep
behavior points to behavioral plasticity rather than genetic
adaptation as the potential mechanism. Electrophysiologi-
cal markers of sleep, such as electro-encephalogram and
electrooculogram which provide robust, quantitative meas-
ures of sleep, can further elucidate responses to urbaniza-
tion (Aulsebrook et al. 2016, 2021). Recent advances in
sleep logger miniaturization have made such electrophysi-
ological recordings possible in the wild for even relatively
small organisms (e.g., lizards; Massot et al. 2019). Studies
using miniature sleep loggers that include measurements
of the light conditions (Dominoni et al. 2014) would pro-
vide interesting insights on sleep duration, fragmentation,
and timing (Lima et al. 2005) of urban populations of
reptiles. Apart from light pollution (static and transient),
how sound and vibration generated in urban environments
affect sleep is an underexplored research direction (Nordt
and Klenke 2013). Many studies have documented higher
stress in urban populations (e.g., Amdekar et al. 2018),
but the role of hormones (e.g., timing and concentration of
melatonin or corticosterone) in shaping ecophysiological
responses of sleep to urbanization must also be evaluated.
Studying the ecology of sleep under global change pro-
cesses holds substantial research potential.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-021-03101-5.
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