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Microhabitat level thermal
physiology and thermoregulation
of a diurnal gecko in an
urban landscape
Vaishnavi Apte1,2*†, Avichal Tatu1† and Maria Thaker1*

1Centre for Ecological Sciences, Indian Institute of Science, Bengaluru, Karnataka, India, 2Department
of Ecology and Environmental Sciences, Pondicherry University, Kalapet, Puducherry, India
Urban areas comprise a matrix of natural and human-made microhabitats, with

associated variation inmicroclimates. Since reptiles are dependent on environmental

temperature for optimal functioning, their survival in cities depends on howwell they

can navigate microhabitat-level thermal heterogeneity. For the Mysore Day gecko

(Cnemaspis mysoriensis) in the urban environment of Bengaluru, we determined if

shifts in thermal physiology or behavioural thermoregulatory strategies were used to

adapt to human-made microhabitats (e.g. walls) compared to natural microhabitats

(tree trunks and roots). We collected active body temperatures and environmental

temperatures in the field, and measured preferred temperature (Tset), thermal

tolerance limits (CTmax and CTmin), and thermal performance curve (TPC) of

locomotion in the lab. We found that human-made microhabitats had slightly

higher and more variable environmental temperatures than the natural

microhabitats. Thermal physiological variables (Tset, CTmax, CTmin, and TPC) of

lizards caught from these distinct microhabitats did not vary, implying a conserved

thermal physiology within the species. However, given the body temperatures of

lizards in the wild, natural microhabitats seem to be of better thermal quality,

providing a suitable temperature range that is closer to preferred temperatures for

the species. Hence, in natural spaces, lizards can thermoregulate more accurately.

We demonstrate that even small differences in thermal conditions at the

microhabitat scale can influence accuracy of thermoregulation for lizards in the

city. Our result emphasise the importance of retaining natural habitats in a cityscape

for effective thermoregulation of small ectotherms, like C. mysoriensis.
KEYWORDS
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Introduction

Urbanisation is a complex and dynamic process (Grimm et al., 2008) and one of the key

drivers of change in ecosystems (Elmqvist et al., 2013). Global studies have shown that urban

expansion has already caused 50% loss of local species richness and 38% loss in species

abundance (Li et al., 2022). Along with changes in the physical and structural properties of the
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environment, which includes habitat fragmentation (Finand et al.,

2024), urbanisation causes changes to local microclimatic conditions

(Battles and Kolbe, 2019). The Urban Heat Island (UHI) effect,

wherein cities tend to have higher surface and air temperatures

than their rural surroundings, is one of the best documented

examples of local climatic change due to urbanisation (Grimm

et al., 2008; Chown and Duffy, 2015).

Reptiles are known to be sensitive to the environmental changes

caused by urbanisation (Brum et al., 2023). As a consequence, reptiles

in urban environments show altered physiology (Prosser et al., 2006;

Thawley et al., 2019), behaviour (Batabyal et al., 2017; Pellitteri-Rosa

et al., 2017; Mohanty et al., 2021) and morphology (Kolbe et al., 2016;

Putman and Tippie, 2020; Balakrishna et al., 2021) compared to those

in rural environments. Reliance of reptiles on environmental

temperatures for thermoregulation makes them especially

vulnerable to urban heating (Bodensteiner et al., 2021). For

example, the patterns of persistence and dispersal of Anolis species

in urban environments is strongly linked to the temperature

experienced in the city (Battles and Kolbe, 2019). Warmer city

temperatures are also known to increase the development rate of

embryos of Anolis cristatellus, at the cost of reduced survival (Hall

and Warner, 2018). For some species, the thermal impact of

urbanisation can be negative to such a degree that it leads to local

extinction (Baur and Baur, 1993; Duncan et al., 2011), but for others,

there is evidence of genetic adaptations to the novel characteristics of

urban landscapes (McKinney, 2008). For example, a recent study by

Campbell-Staton et al. (2021) found that city dwelling Anolis

criatatellus can endure higher environmental temperatures and

display greater heat tolerances than their forest counterparts,

because of changes in genes associated with heat tolerance.

The thermal environment of urbanised areas is different from

natural environments not only at the scale of the entire landscape,

which is typically captured as the UHI effect, but also at the

microhabitat scale (Avilés-Rodrıǵuez and Kolbe, 2019). In urban

areas, natural microhabitats such as trees, grass, and rocks are

interspersed with artificial microhabitats, such as walls and roads.

Hence, an ectothermic species must also navigate thermal

heterogeneity associated with microhabitat heterogeneity in order

to thermoregulate in cities. Whether the increased temperatures

and altered distribution of thermal microhabitats of urban areas

affects the thermal ecology of reptiles is an open question (Battles

and Kolbe, 2019). For species that are sensitive to habitat and

thermal changes, their presence and survival in cities will be

influenced by how well they can respond (French et al., 2018;

Thaker et al., 2022).

Body temperature (Tb) is one of the most important physiological

variable that affects performance in reptiles (Angilletta, 2009), and

both behaviour and physiology are strongly sensitive to Tb (Huey and

Stevenson, 1979). Reptiles need to actively maintain body

temperatures that are optimal for maximal performance (Topt) while

preventing overheating or excessive cooling. Before evolutionary

adaptation can provide solutions to urban heating (Campbell-Staton

et al., 2021; Vardi et al., 2023) and increased thermal heterogeneity
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(Angilletta et al., 2006; Angilletta, 2009), ectotherms already have an

array of physiological and behavioural strategies to mitigate variation

in environmental temperatures (Angilletta, 2009). Species can

thermoregulate behaviourally by basking when conditions are

favourable (Huey, 1974; Hertz, 1992) or physiologically by changing

enzyme levels in response to heat (Seebacher and Franklin, 2005). The

cost of thermoregulation is an important parameter that determines

whether species can behaviourally thermoregulate to attain Tb close to

their preferred temperatures (Tset), or perform sub-optimally at lower

or higher Tb without acclimatization (Hertz et al., 1983). For those

species that can acclimatise to new thermal environments, they could

physiologically shift optimal performance temperature to lower or

higher Tb to better match the environmental temperatures (Te). To

understand which strategies are used by individuals for thermal

adaptation, we need information on both the thermal quality of the

habitat (de), which is how close Te is to Tset, as well as the accuracy of

thermoregulation (db), which is how close Tb in the wild is to Tset.

Together, this information allows us to determine the effectiveness of

thermoregulation (E), which is the degree to which thermoregulatory

activity compensates for the thermal shortcomings of the habitat

(Hertz et al., 1993).

In this paper, we aim to understand the thermal adaptation of

Cnemaspis mysoriensis, a small diurnal gecko found in the urban

environments of the Bengaluru-Mysuru region of Southern India.

In areas where it is found, the species is known to utilise trees,

such as Ficus trunks and roots, as well as anthropogenically-

created microhabitats, such as walls and cement gutters (Giri et al.,

2009). Given their small size, low dispersal range, high site fidelity

(Kabir et al., 2020) and communal breeding behaviours (Giri et al.,

2009; pers. obs.), individuals found on these microhabitats are

likely to have lived there for at least one or more generations. To

live on novel microhabitats (e.g., walls) that are thermally distinct

from natural microhabitats (e.g., trees), this species could use

behavioural thermoregulation strategies or physiological

acclimation, or both. While several studies have measured the

effects of urbanisation on lizard species in tropical areas like India

(Batabyal et al., 2017; Mohanty et al., 2021; Thaker et al., 2022),

there is a lack of information on how lizards thermally adapt to

cities. We aim to compare the thermal adaptation strategies of

lizards who utilise natural microhabitats (trees) versus those who

utilise human-made microhabitats (walls). Specifically, we

measured the thermal tolerance range (Critical Thermal

Maximum (CTmax) and the Critical Thermal Minimum

(CTmin)), the optimum temperature of a performance parameter

(Topt) and the thermal breadth of activity (B95) for lizards that live

on these distinct microhabitats. We also determine how the

microhabitat types utilised by the species have an impact on the

thermoregulatory accuracy (db), thermal quality of the habitat (de)

and Effectiveness of thermoregulation (E). Overall, these data will

allow us to understand if trees or walls differ in their thermal

suitability for the endemic gecko species, which has consequences

for their persistence in the rapidly urbanising environments

within their geographic distribution.
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Methods

Study area

Bengaluru (12.9716°N, 77.5946°E), the capital of Karnataka, is

one of the fastest growing cities in India (Sudhira et al., 2007). It is a

densely populated region dominated by a large number of

anthropogenic structures (Shetty et al., 2012). The city is situated

920m above sea level, and receives a mean annual rainfall of about

880mm and experiences ambient temperatures that range from 18°

C to 38°C (Sudhira et al., 2007; Thaker et al., 2022). There has been

substantial land use change in and around the city over the last 25

years, which includes a decrease in forest cover, as well as a

reduction in water bodies, rocky outcrops, and open scrub habitat

spaces (Shetty et al., 2012; Thaker et al., 2022). Within the city,

much of the loss of green cover has been due to building

development and the associated road network (Sudhira et al.,

2007). However, even with the high rate of urbanisation,

vegetation such as trees and scrub habitats remain in parks,

private gardens, educational institutes, and around water bodies

(Nagendra et al., 2012; Thaker et al., 2022). The complex mix of

trees, scrub vegetation, natural rocky habitats, and anthropogenic

structures harbours a great number of faunal species. Karthikeyan

(1999) recorded approximately 38 species of reptiles, within a 40 km

radius of Bengaluru city centre.
Capture and housing of individuals

To measure preferred body temperature (Tset), Critical thermal

maximum (CTmax) and minimum (CTmin), and locomotor

performance, we captured lizards from the wild and brought them to

the lab at the Centre for Ecological Sciences, Indian Institute of Science,

Bengaluru. Sampling was carried out from the beginning of winter

(December) until early summer (April), during the active hours of the

species from 1000 hrs to 1800 hrs. Lizards were collected from five

different locations (approximately 6-9 km apart) in the urbanised areas

of Bengaluru city. For the natural microhabitat type (hereafter referred

to as “Tree”), individuals were sampled from tree trunks, tree crevices

and prop roots of trees in vegetated areas of the city. For the human-

made microhabitat types (hereafter referred to as “Wall”), individuals

were collected from wall surfaces, wall crevices, on cement footpaths

and from below cement bricks. The individuals (N=213; n=117 from

Tree and 96 from Wall) were captured by hand and field body

temperature (Tb) was immediately taken by carefully inserting a

thermal probe (Amprobe Thermocouple Thermometer- K Type)

inside the cloaca of the captured individual (Taylor et al., 2021). This

was done within 10-20 seconds of capture to ensure that there is no

transfer of heat from the researchers’ hands to the lizard (Taylor et al.,

2021). We then recorded the sex, snout-to-vent length (SVL; measured

with a centimetre ruler), microhabitat type, and date and time of

capture. Sex of the individuals was determined on the basis of presence

(in males) or absence (in females) of femoral pores (Giri et al., 2009;

Kabir et al., 2019). Only adult individuals were collected (SVL >/= 2.4
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cm), and we excluded females who were visibly gravid. Each individual

was marked with a unique identity number on the ventral side of the

body with a non-toxic marker (Johnson, 2005), and was then

transferred to a well-ventilated plastic container for transportation to

the laboratory (within 2-3 hours of capture).

In the laboratory, lizards were housed in individual well-

ventilated plastic containers (22cm×14cm×10cm). Boxes were lined

with clean tissue paper, and were placed in a dedicated lizard housing

room at 26-28°C. Water was provided ad libitum and each lizard was

given four to five Drosophila flies a day for food. All individuals were

maintained under these conditions for 24 hours from the time of

capture before starting the measurements described below. Preferred

body temperature (Tset) and the thermal tolerance limits (CTmin and

CTmax) were measured for one set of individuals (N=40). To

minimise fatigue and stress, a different set of individuals (N=110)

were used to generate the TPC. All individuals were released to their

respective capture locations, within two days of capture.
Preferred body temperature

Preferred Body Temperature (Tset) measurements were obtained in

a thermal gradient setup in the laboratory (N=40; n=19 for Tree; n=21

for Wall). The thermal gradient (55cm long ×22 cm wide ×18cm high)

had an aluminium sheet base and acrylic walls, and ranged in

temperature from 12-40°C, which was achieved by having a heating

pad on one side and ice packs on the other. Lizards were placed

individually - always at the centre of the thermal gradient at the start of

the experiment and allowed 10 min to acclimate, after which the

surface temperature of the head was taken with an infrared thermal

gun (FLIR TG165- distance-to-spot ratio (D:S) of 24:1) every 5 min for

one hour. Surface temperature was strongly correlated with cloacal

temperature (see Supplementary Material 1). After one hour, the lizard

was returned to its housing container at room temperature. Tset

experiments were conducted throughout the day, from 0900 hrs to

2000 hrs to capture the temporal variation in activity of the geckos. For

each individual, themedian Tset was calculated from the 5min intervals

of head surface temperature. The range of Tset was the mean of the

inter-quartile range of all the individuals for each of the microhabitat

types. A linear model (LM) was used to predict Tset as a function of

microhabitat type (Tree and Wall), sex (male and female) and snout-

vent length (SVL).
Critical thermal minimum and critical
thermal maximum

The critical thermal minimum (CTmin) and critical thermal

maximum (CTmax) were measured for the same set of individuals as

Tset (N=40; n=19 for Tree; n=21 for Wall). Lizards were placed

individually in a tall metal container and tested one at a time. For

CTmin, we gradually reduced the temperature of the container,

starting at room temperature (~26°C) by increasing the number of

ice packs around the container. When the lizard was visibly
frontiersin.org
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sluggish, we turned the lizard over and allowed it to right itself

(Laspiur et al., 2021; Tatu et al., 2024). The cloacal temperature

(measured with an Amprobe Thermocouple Thermometer- K

Type) at which there was a loss of righting response was

considered the CTmin. The individual was then transferred to its

housing container at room temperature and allowed 3 hours to

recover before CTmax was measured. For CTmax, the metal container

was placed inside a water bath whose temperature was increased

gradually from room temperature (~26°C). The lizard was

monitored closely and the cloacal temperature at the onset of

muscular spasms was considered the CTmax (Lutterschmidt and

Hutchison, 1997). Linear models (LM) were used to predict the

impacts of microhabitat type (Tree and Wall), sex (male and

female) and snout-vent length (SVL) on CTmin and CTmax.
Locomotor performance

To generate a thermal performance curve (TPC), we measured

sprint speed of lizards on a race track (N=110; n=55 for Tree; n=55

for Wall). The race track (84cm×10cm×20cm) had a wooden base

with a sandpaper (grit) layer and acrylic walls. Before lizards were

placed in the race track, we first exposed them to one offive different

temperatures: 15°C, 20°C, 25°C, 30°C and 35°C (n = 11 lizards per

temperature- for each substrate). When the body temperature of the

lizard, which was monitored continuously by the thermal probe,

reached the required temperature, the lizard was placed in the race

track, acclimatised for 1 minute and then induced to run (by lightly

touching the back with a soft brush). Each lizard was induced to run

three times at the same body temperature, with at least 10‐min rest

between successive runs. While resting, lizards were returned to the

treatment apparatus to maintain their test body temperature. The

timing of the TPC experiments varied from 1100 hrs to 2000 hrs.

A digital camera (GoPro Hero Black 8) was set up 20 cm above the

race track to record the runs at 120 frames per second. All the videos

were analysed using the Avidemux Version-2.8.1Multi-platformVideo

Editor (similar to Tatu et al., 2024). The length of the race track was

visually divided into six consecutive 10 cm intervals, and the fastest

10cm from all three runs for each individual was considered the

maximal sprint speed (Vmax) for that individual. The corresponding

temperature to the Vmax was determined and assigned as the optimal

temperature of performance (Topt) for both the microhabitat types.

Additionally, the performance breadth (B95), was determined to be the

range of Tb at which performance is greater than or equal to 95% of

Vmax (Cecchetto et al., 2020). The lower and upper end of the TPC was

anchored at CTmin and CTmax respectively (derived from above), for

which sprint speeds were assigned as 0 m/s (Cecchetto et al., 2020; Tatu

et al., 2024). We analysed the sprint speed data by the Generalized

Additive Model (GAM) (Cecchetto et al., 2020) in R using the ‘mgcv’

package (Wood and Wood, 2015) with body temperature as a fixed

effect, and sex, SVL and microhabitat type as fixed parametric

covariates. Sprint speed data contained two outliers, and we present

the results and TPC graphs without the outlier in the main text and

with the outlier in Supplementary Material 2. Results from the TPC

was qualitatively unchanged by the outliers.
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Environmental temperature

Size, shape and color contribute very little to body temperature

changes in small lizards (Vitt and Sartorius, 1999), and therefore, to

measure the environmental temperatures in different microhabitats,

Thermocron i-buttons DS1921G (n = 8) without a biophysical

model were used. Four thermocrons were placed on the Wall

microhabitats, including in crevices and open areas. While the

other four thermocrons were placed in the Tree microhabitats,

including crevices and the trunk of trees. These thermocrons were

set to record temperature at 10 min intervals from January to April.
Thermoregulatory indices

The effectiveness of thermoregulation (E) was calculated by

comparing the extent to which a lizard experiences its Tb within its

Tset range (thermoregulatory accuracy; db) with the extent to which its

habitat allows its Tb to be with Tset (thermal quality of the habitat; de;

Hertz et al., 1993). The db was calculated by using the Tset calculated for

that sex (male or female) in the lab and field active body temperature

(Tb) of lizards from the two microhabitats (Wall or Tree). If Tb was

greater than the upper limit of Tset, the upper limit of Tset from Tb was

subtracted. If Tb was less than the lower limit of Tset, the Tb from the

lower limit of Tset was subtracted. If the Tb fell within the Tset range, db
was assigned as 0. Similarly, to calculate de, the Tset calculated for that sex

(male or female) and environmental temperature (Te) for each

microhabitat was used. If Te of the microhabitat was greater than the

upper limit of Tset, the upper limit of Tset was subtracted from Te. If Te
was less than the lower limit of Tset, the Te was subtracted from the lower

limit of Tset. E was calculated as 1- mean db/mean de (Hertz et al., 1993).

All thermal experiments for Cnemaspis mysoriensis were carried out

under animal ethics clearance (CAF/Ethics/882/2022) granted by the

Institutional Animal Ethics Committee of the Indian Institute of Science.
Results

Preferred body temperature

Tset estimates ranged from 24.4°C to 27.7°C (mean = 26.26 ±

0.57°C S.E.; N = 40) across all individuals from both the

microhabitat types. Microhabitat type was not a significant

predictor of Tset (t =-0.32, p =0.75), and Tset was also not

significantly influenced by sex (t =-1.65, p =0.11) and SVL (t =

1.29, p = 0.21) of the lizard (Table 1, Figure 1).
Critical thermal minimum

Average CTmin was 13.89 ± 0.23°C S.E. (N=40) for all

individuals from both the microhabitat types. Microhabitat type

(t=-1.01, p=0.32) and sex (t=0.21, p=0.83) did not significantly

affect CTmin, however CTmin decreased with an increase in SVL

(t= -2.57, p=0.01) (Table 1; Figure 1).
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Critical thermal maximum

Average CTmax was 35.71 ± 0.18°C S.E. (N=40) across all

individuals from both the microhabitat types. Microhabitat type

(t=-0.29, p=0.77), sex (t=-1.14, p=0.26) and SVL (t=0.95, p= 0.35)

did not significantly influence CTmax (Table 1; Figure 1).
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Optimum temperature, performance
breadth and maximum sprint speed from
the thermal performance curve

Maximum sprint speed (Vmax) for this species was 0.70 ± 0.06 m/s

S.E. (N=190) at an optimum temperature (Topt) of 26.46°C.
TABLE 1 Preferred temperature (Tset), Critical thermal minima (CTmin), Critical thermal maxima (CTmax), and snout-to-vent length (SVL) of males and
females of Cnemaspis mysoriensis from Tree and Wall microhabitats.

Microhabitat Type (n) SVL (cm) Tset (°C) CTmin (°C) CTmax (°C)

Tree both sexes (19) 2.84 ± 0.04 26.42 ± 0.64 14.17 ± 0.34 35.76 ± 0.30

Male (10) 2.82 ± 0.07 25.52 ± 1.10 14.22 ± 0.56 35.66 ± 0.45

Female (9) 2.87 ± 0.06 27.43 ± 0.43 14.13 ± 0.38 35.88 ± 0.41

Wall both sexes (21) 2.89 ± 0.05 26.12 ± 0.93 13.62 ± 0.32 35.67 ± 0.23

Male (12) 2.88 ± 0.07 25.25 ± 1.52 13.74 ± 0.44 35.38 ± 0.26

Female (9) 2.9 ± 0.09 27.29 ± 0.69 13.46 ± 0.48 36.05 ± 0.41
Reported are mean ± S.E., with sample sizes in ().
FIGURE 1

The Critical thermal maximum (CTmax, °C), Critical thermal minimum (CTmin, °C) and Thermal preference (Tset, °C) of C. mysoriensis from the Tree
(green) and Wall (yellow) microhabitat types. Box plots show medians, 25% and 75% quartiles, and extreme values (grey points). Values for individual
lizards are shown as circles (males) and triangles (females).
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Microhabitat type (t=-0.99, p=0.33) and sex (t=0.59, p=0.56) did not

significantly influence sprint speed (Table 2; Figure 2; Supplementary

Figure S2 for plot with outliers). However, sprint speed increased

significantly with SVL (t=3.32, p=0.001). The performance breadth

(B95) for both the microhabitat types ranged from 23.71°C to 28.95°C.
Active body temperature and
environmental temperature

Mean active body temperature (Tb) of lizards caught from the

Tree microhabitat was 24.8 ± 1.63°C S.D., while those from theWall
Frontiers in Amphibian and Reptile Science 06
microhabitat was 25.1 ± 2.08°C S.D. Tb was not significantly

influenced by microhabitat (t=1.30, p=0.20), sex (t=0.47, p=0.64),

hour of the day (t=0.50, p=0.62), month of the year (t=1.38,p=0.17),

or the interactive effect of hour of the day and month of the year

(t=-1.60, p=1.11) (Figure 3A).

Environmental temperature (Te) onWall microhabitats (23.8 ± 4.3°

C S.D.) was significantly higher than that on the Treemicrohabitats (23.0

± 2.7°C S.D.) (t=28.39, p<0.001). The range of Te onWall microhabitats

(16-45°C) was also wider than those on Tree microhabitats (15.5-39°C).

Te was significantly influenced by month of the year (t=61.62, p<0.001),

hour of the day (t=42.25, p<0.001), and the interaction between month

of the year and hour of the day (t=-4.15, p<0.001) (Figure 3B).
TABLE 2 Maximum Sprint Speed (Vmax in m/s), Optimal Temperature (Topt in °C) and Lower and Upper bounds for the 95% performance breadth
(B95 in °C), for lizards from both the Tree and Wall microhabitat types, and for the species regardless of microhabitat.

Microhabitat Type (n) Maximum Sprint
Speed (m/s) (Vmax)

Optimal
Temperature (°C)
(Topt)

Lower Bound (°C) Upper Bound (°C)

Total Performance (190) 0.70 26.47 23.71 28.95

Tree (93) 0.70 26.50 23.71 28.95

Wall (97) 0.65 26.50 23.98 28.67
FIGURE 2

Maximum Sprint Speed (m/s) in Cnemaspis mysoriensis from the Tree (green) and Wall (yellow) microhabitats. Shown are the global smoothing lines
from the Generalized Additive Model for each microhabitat type across the range of body temperatures. Note that Vmax for lizards from Wall
microhabitats is 0.65 m/s at Topt of 26.50°C, while that from Tree microhabitat is 0.70 m/s at Topt of 26.50°C.
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Thermoregulatory indices

The accuracy of thermoregulation (db) was 0.44 ± 0.28 S.E. for

Wall microhabitats while db was 0.16 ± 0.08 S.E. for Tree

microhabitats. The thermal quality (de) of Wall microhabitats was

2.40 ± 0.01 S.E., while for Tree microhabitats, de was 1.87 ± 0.01 S.E.

Based on these values, effectiveness of thermoregulation (E) was

valued at 0.81 for lizards on Wall microhabitats and 0.91 for lizards

on Tree microhabitats (Figure 3C).
Discussion

With urbanisation resulting in the creation of novel environments

and structures, species in anthropogenic areas not only experience

altered microhabitats, but also microclimates (Thawley et al., 2019).

For reptiles, changes in the thermal environment of urban areas can
Frontiers in Amphibian and Reptile Science 07
have consequences for their thermal ecology. In urban Bengaluru, we

found that the substrate temperatures of microhabitats made from

cement (e.g. walls, bricks, footpaths) were slightly higher and more

variable than substrates on trees (e.g. trunks, tree crevices, prop roots).

Despite the differences in environmental temperature (Te), the

preferred temperature (Tset), critical limits of tolerance (CTmin and

CTmax), and optimal temperature (Topt) for locomotor performance

did not differ for C. mysoriensis found on these distinct microhabitats.

Differences in Te between Wall and Tree microhabitats, however, did

influence the thermal quality of the environment and therefore, how

accurately lizards can thermoregulate to achieve Tset. The thermal

environment of the city, and strategies like higher values of

Effectiveness of thermoregulation, can have consequences for the

persistence of species in urbanised areas (Ackley et al., 2015;

Campbell-Staton et al., 2020; Tucker et al., 2023).

Studies of urban lizards around the world have yielded some

interesting insights on how the thermal ecology of species can
FIGURE 3

(A) Body temperature (Tb) and (B) Environment temperature (Te) for Cnemaspis mysoriensis throughout the day in the Tree and Wall microhabitats.
(C) Thermal Quality (de) of the Tree and Wall microhabitats for C. mysoriensis throughout the day. Values approaching zero indicate high thermal
quality. Positive or negative values indicate that environment temperatures (Te) are higher or lower than preferred temperature (Tset) for the species,
therefore indicating poor thermal quality. Note the higher variability in de for Wall microhabitat than Tree microhabitat.
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change. Some studies have found that species physiologically

respond to increased temperatures in urban areas by increasing

their preferred temperatures (Tset) and critical limits (Putman and

Tippie, 2020). Others find directional selection for individuals with

inherently higher Tset in warmer areas (Gilbert and Miles, 2017). In

C. mysoriensis, CTmax and CTmin values were within the range

published for geckos (Diele-Viegas et al., 2018; Romero-Báez et al.,

2020; Luzete et al., 2022), and we found that Tset, CTmin and CTmax

were not significantly different between the sexes or between lizards

that use different microhabitats. We did, however, find that CTmax

was more conserved than CTmin in lizards across microhabitats and

sexes, which supports the general expectation that CTmax evolves at

a slower rate than CTmin (Sunday et al., 2011; Muñoz et al., 2014;

Bodensteiner et al., 2021). The conservatism of thermal physiology

in C. mysoriensis could be due to gene flow, as movement and

breeding of individuals between both the microhabitat types is

possible. Equally likely is the fact that C. mysoriensis can

behaviourally thermoregulate, and thus the Bogert effect, wherein

thermoregulatory behaviour buffers individuals against variation in

the thermal environment, can lead to slower physiological

adaptation (Bodensteiner et al., 2021).

An important component of thermal adaptation strategies of a

species is how temperature influences performance (Hertz et al.,

1993; Angilletta et al., 2006). Maximal sprint speed is one of the

most common parameters measured in a TPC, as sprint speed has

direct consequences for survival in encounters with predators or

even competitors (Huey and Bennett, 1987). Apart from the

expected positive relationship between sprint speed and body size,

we found no measurable differences in maximal sprint speed

(Vmax), the thermal performance breadth (B95), and the optimal

temperature for performance (Topt) of C. mysoriensis from different

microhabitats. Such conserved thermally-sensitive performance

parameters might be due to similar predation pressures and other

ecological factors, such as competition, in the different microhabitat

types that favour high performance at similar temperatures

(Cecchetto et al., 2020). Evolutionary conservatism of thermally-

sensitive performance traits within populations of a species can also

be attributed to the high costs associated with synthesising new

enzymes, changing membrane structures, and redistributing

resources to enable the genetic changes in the physiology of a

species (Angilletta et al., 2006). In the evolutionary time-scale of this

species, changes to the thermal environment due to urbanisation

might still be too recent for genetic adaptations to evolve.

Conserved TPC for this species, however, does not rule out the

possibility of different maximal sprint speeds on wall surfaces and

tree surfaces because of the inherent differences in rugosity (Pillai

et al., 2020). Thus, urbanisation-induced microhabitat change could

influence performance and fitness for this species, and other species,

even without altering the TPC.

Several recent studies have found that, at the landscape scale,

Bengaluru city does not experience an urban heat island effect

(Ambinakudige, 2011; Thaker et al., 2022). The relatively cool

temperatures of this city compared to its immediate surroundings

can be attributed to its high-altitude location (~900m above sea
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level), numerous waterbodies, and dense vegetation (Siddiqui

et al., 2021). At the microhabitat scale experienced by C.

mysoriensis, however, we found that Wall surfaces were slightly

hotter and reached higher temperatures than Tree surfaces during

the day. These differences were expected given that Tree

microhabitats are more shaded than Walls in the city. Tree

microhabitats also have better thermal quality (de values were

closer to zero) and have lower variation throughout the day than

Wall microhabitats, enabling lizards on trees to have higher

thermoregulatory accuracy than those on walls (db values were

lower). Greater accuracy of thermoregulation implies less energy

expenditure to attain Tb for activity (Huey and Slatkin, 1976;

Hertz et al., 1993; Angilletta et al., 2002). Thus, for C. mysoriensis,

trees provide the most suitable microclimatic conditions in

urban environments.

Overall, our results indicate that C. mysoriensis is behaviourally

thermoregulating to adapt to the thermal heterogeneity associated

with anthropogenic microhabitat types in urban Bengaluru. Indeed,

active body temperatures did not vary significantly across the two

microhabitat types, but the effort needed for thermoregulation was

higher on Walls than on Trees. Hence, for C. mysoriensis, the Tree

microhabitats are thermally more suitable than Wall ones. We do

acknowledge that the differences in the effectiveness of

thermoregulation (E) between lizards on trees and walls is small,

but for a small-bodied diurnal lizard, even minor differences could

influence survival, especially if walls continue to increase in

temperature with climate warming, and if lizards on walls need to

use crevices or shaded areas more often than those on trees. Trees,

especially those with buttresses and crevices, are already less

abundant than walls in Bengaluru, and this may be why lizards

are currently using walls. With increasing urbanisation, trees may

become an even more limited resource. Our study shows the

importance of retaining natural spaces in a city, with its

importance even at the microhabitat level for species abundantly

found in the cityscape. With the ongoing environmental warming

(IPCC, 2014), behavioural buffering (via thermoregulation) and

physiological plasticity are key mechanisms that can help

individuals compensate for the increase in environmental

temperature (Domıńguez–Guerrero et al., 2019). Most reptiles are

already experiencing elevated temperatures in their habitats

(Sunday et al., 2014), and genetic-based responses of thermal

traits are unlikely, limiting the potential of an adaptive rescue of

thermal biology (Giacometti et al., 2024). Hence, for species with

conserved physiology, the degree to which behavioural

thermoregulation will help the species to persist is an open

question. On another note, not much ecological information

exists about C. mysoriensis (but see Kabir et al., 2019, 2020; Joshi

and Thaker, 2020). Our study is the first to generate basal thermal

information on a gecko species in India. Such data are crucial,

especially in the current climate warming scenario. With the

continual increased pace of urbanisation and increasing

population in Bengaluru (United Nations, 2016), our study

provides new evidence for why the maintenance of natural

habitats is essential.
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Avilés-Rodrıǵuez, K. J., and Kolbe, J. J. (2019). Escape in the city: urbanization alters
the escape behavior of Anolis lizards. Urban Ecosyst. 22, 733–742. doi: 10.1007/s11252-
019-00845-x

Balakrishna, S., Amdekar, M. S., and Thaker, M. (2021). Morphological divergence,
tail loss, and predation risk in urban lizards. Urban Ecosyst. 24, 1391–1398.
doi: 10.1007/s11252-021-01122-6

Batabyal, A., Balakrishna, S., and Thaker, M. (2017). A multivariate approach to
understanding shifts in escape strategies of urban lizards. Behav. Ecol. Sociobiol. 71, 83.
doi: 10.1007/s00265-017-2307-3
Battles, A. C., and Kolbe, J. J. (2019). Miami heat: Urban heat islands influence the
thermal suitability of habitats for ectotherms. Glob. Change Biol. 25, 562–576.
doi: 10.1111/gcb.14509

Baur, B., and Baur, A. (1993). Climatic warming due to thermal radiation from an
urban area as possible cause for the local extinction of a land snail. J. Appl. Ecol. 30, 333.
doi: 10.2307/2404635

Bodensteiner, B. L., Agudelo-Cantero, G. A., Arietta, A. Z. A., Gunderson, A. R.,
Muñoz, M. M., Refsnider, J. M., et al. (2021). Thermal adaptation revisited: How
conserved are thermal traits of reptiles and amphibians? J. Exp. Zool. Part Ecol. Integr.
Physiol. 335, 173–194. doi: 10.1002/jez.2414
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