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Abstract How ectotherms exploit thermal resources
has important implications for their habitat utilization and
thermal vulnerability to climate warming. To address this
issue, we investigated thermal relations of three sympatric
lizard species (Eremias argus, Eremias multiocellata, and
Phrynocephalus przewalskii) in the desert steppe of Inner
Mongolia, China. We determined the thermoregulatory
behavior, body temperature (7,), operative temperature
(T.), selected body temperature (7)), and critical thermal
maximum (CT,,,,) of adult lizards. Based on these physi-
ological parameters, we quantified the accuracy and effec-
tiveness of thermoregulation as well as thermal-safety mar-
gin for these species. The three species were accurate and
effective thermoregulators. The P. przewalskii preferred
open habitats, and had a higher 7, than the two Eremias
lizards, which preferred shade habitats and shuttled more
frequently between the shade and sun. This indicated that
the three sympatric lizards have different thermoregulatory
behavior and thermal physiology, which might facilitate
their coexistence in the desert steppe ecosystem. In addi-
tion, the P. przewalskii had higher T, and CT,,,,, and a
wider thermal-safety margin than the two Eremias lizards,
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suggesting that the two Eremias lizards would be more vul-
nerable to climate warming than P. przewalskii.

Keywords Climate warming - Ecological divergence -
Desert - Reptiles - Thermoregulation

Introduction

Unlike endotherms that maintain a high and relatively con-
stant body temperature via metabolic heat production, ecto-
therms mainly regulate their body temperature by behav-
iorally exploiting thermal resources. As a result, the body
temperature of ectotherms is strongly influenced by the
thermal quality of microhabitats (Hertz et al. 1993; Scheers
and Van Damme 2002; Besson and Cree 2010; Shen et al.
2010). Moreover, temperature is a dominant factor that can
dramatically determine behavioral and physiological pro-
cesses (e.g., locomotion, foraging, growth, and reproduc-
tion) in most ectotherms (Bennett 1980; Huey 1982; Van-
damme et al. 1991; Angilletta et al. 2002). Therefore, the
thermal heterogeneity of the habitat is an essential resource
for ectotherms, in addition to other resources such as water
and food (Magnuson et al. 1979; Hertz 1992a). The par-
titioning of these resources may facilitate the coexistence
among sympatric organisms, which has long been a central
topic in ecological studies and has attracted great scientific
attention (Ruibal 1960; Schoener 1974; Daly et al. 2008).
Thermoregulation plays an important role in habitat
selection and, therefore, the distribution of terrestrial ecto-
therms, such as reptiles (Ruibal 1960; Rocha and Vrci-
bradic 1996; Melville and Schulte 2001; Blouin-Demers
and Weatherhead 2001a, 2002). Some studies have found
that sympatric reptiles differing in thermal preferences
usually occupy different thermal habitats (Ruibal 1960;
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Scheers and Van Damme 2002; Du et al. 2006; Row and
Blouin-Demers 2006; Lelievre et al. 2011; Sears and Ang-
illetta 2015; but see; Huey 1982). For example, species that
show a preference for high body temperatures select open
and warm habitats, whereas those that prefer low body tem-
peratures choose shade and cold habitats (Ruibal 1960; do
Amaral et al. 2002; Scheers and Van Damme 2002; Shen
et al. 2010; Hertz et al. 2013). However, as the thermal
resource partitioning is confounded by microhabitat diver-
gence in sympatric species that occupied distinctive micro-
habitats with different thermal quality, such studies could
not decouple the respective effects of habitat preferences
and thermal requirements on species coexistence. Direct
evidence of the impact of thermal requirements on habitat
preferences comes from studies on syntopic species within
a smaller area where they share a microhabitat with many
similar properties, such as vegetation cover, food, and
water. For example, microhabitat use is related to differ-
ences in thermoregulation in syntopic lizards; thermoreg-
ulatory requirements may promote species coexistence or
microhabitat divergence if the species have similar or dif-
ferent thermal preferences (Adolph 1990; Hertz 1992a,
b; Martinvallejo et al. 1995; Grover 1996; Corbalan et al.
2013). Therefore, syntopic reptiles provide excellent oppor-
tunities for studying the influence of thermoregulatory
behavior on habitat selection, which has important implica-
tions for how similar species may coexist.

Lizards have been considered as an ideal research model
to study the thermal biology of ectotherms (Huey et al. 1974;
Pianka 1986). In the field, most lizards can maintain their
body temperatures within a narrow range to optimize their
physiological performances by behavioral thermoregulation,
such as basking, shuttling between sun and shade patches,
and altering activity time (Adolph 1990; Hertz 1992b; Angi-
letta 2009; Dubois et al. 2009). Desert lizards have aroused
great interest from thermal ecologists, because they experi-
ence unique thermal environments (e.g., extremely hot tem-
peratures in summer and cold in winter, high fluctuation
in daily temperature) (Grant and Dunham 1988; Bauwens
et al. 1999; Sartorius et al. 2002; Lara-Resendiz et al. 2015).
Moreover, desert lizards are vulnerable to climate warming
as they are already facing extreme temperatures in open habi-
tats that approach or exceed their physiological thermal toler-
ance and shaded habitats providing suitable thermal micro-
environment for thermoregulation are limited (Huey et al.
2009, 2012; Sunday et al. 2014). Heatwole (1970) developed
the concept of thermal-safety margin (TSM) that has recently
been used for assessing the vulnerability of ectotherms to
climate warming (Deutsch et al. 2008; Clusella-Trullas et al.
2011; Sunday et al. 2014). The TSM is defined as the differ-
ence between a species’ thermal tolerance and its body tem-
perature (Heatwole 1970), the difference between a species’
thermal tolerance and its ambient temperature (Sunday et al.
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2014), or the difference between a species’ thermal optimum
and its ambient temperature (Deutsch et al. 2008; Huey et al.
2009; Clusella-Trullas et al. 2011). All else being equal, those
species with a narrower TSM are likely to be more vulnerable
to climate warming (Deutsch et al. 2008; Sunday et al. 2014).

The majority of studies on the thermal biology of desert
lizards focus on species from Africa (Huey and Pianka
1977; Huey et al. 1977; Bowker 1984; Bauwens et al.
1999), America (Cowles and Bogert 1944; Grant and Dun-
ham 1988; Sartorius et al. 2002), and Australia (Heatwole
1970; Pianka 1971; Bennett and John-Alder 1986; Melville
and Schulte 2001). However, such studies, despite receiv-
ing increasing attentions in recent times (Luo et al. 2005; Li
et al. 2009; Qu et al. 2011; Tang et al. 2013), are still rare in
Asia, where the world’s largest arid area is located (Middle-
ton and Thomas 1997). Studies from Asian deserts not only
deepen our understanding of the thermal requirements and
habitat use of desert lizards through extensively compara-
tive studies among different continents (Cowles and Bogert
1944; Pianka 1989), but also provide important implica-
tions for the management and conservation of local species
(Lara-Resendiz et al. 2015). In this study, we compared the
thermal ecology of three lizard species (Eremias argus,
Eremias multiocellata, and Phrynocephalus przewalskii)
occupying the same microhabitat in the eastern edge of the
Chinese Hobq Desert. Previous studies have determined the
preferred body temperature and thermal tolerance of these
species from different localities (Luo et al. 2005; Li et al.
2009; Qu et al. 2011; Tang et al. 2013). Nonetheless, how
thermal biology differs among these species and its impli-
cations for resource partitioning, coexistence, and thermal
vulnerability are largely unexplored. We conducted both
field and laboratory experiments to determine thermal qual-
ity of microhabitat, thermoregulation, and thermal physiol-
ogy in these three lizards. Our aim was to understand the
contribution of the interspecific difference in thermal biol-
ogy to microhabitat differences and the vulnerability of
these species to climate warming. We hypothesized that (1)
lizard species preferring higher temperatures would select
more open habitats with higher operative temperatures than
those preferring lower temperatures and (2) lizard species
with lower thermal tolerance and narrower TSM would be
more vulnerable to climate warming compared with those
sympatric species with higher thermal tolerance and wider
TSM in that same habitat.

Materials and methods

Study site and species

Our study was conducted at Shierliancheng Field Station,
Institute of Grassland Research of the Chinese Academy of
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Agricultural Sciences (40.2N, 111.1E; elevation 1036 m).
This area is an arid zone with average annual precipitation
of 300-380 mm. The maximum mean monthly air tem-
perature is recorded in July (39.1°C) and the minimum
in January (—32.8°C). In this arid area, there are mainly
three ground-dwelling lizard species. The Mongolian
racerunner (Eremias argus) is an oviparous lacertid liz-
ard [adult snout—vent length (SVL) 51.9-65.4 mm, body
mass (BM) 3.2-4.5 g] that generally occupies grassy sand
dunes and thickets. The multiocellated racerunner (Ere-
mias multiocellata) is a viviparous lacertid lizard (adult
SVL 54.0-67.3 mm, BM 4.7-8.2 g) that generally occu-
pies arid or semi-arid regions. The steppe toad-headed
agama (Phrynocephalus przewalskii) is oviparous (adult
SVL 43.6-55.5 mm, BM 3.3-7.0 g) and generally inhab-
its desert, semi-desert, or grassland habitats (Zhao 1999).
These three species coexist in the natural habitat of desert
steppe (mainly covered with Artemisia ordosica shrub) in
Inner Mongolia of China, including our study site.

Thermal resources utilization

We observed the thermoregulatory behavior of the lizards
in 12 square enclosures (5x5x0.5 m, LX WX H). These
enclosures were constructed using iron sheets in the natu-
ral habitat, keeping the vegetation in the enclosures intact.
The environmental conditions inside the enclosures were
similar to those outside the enclosures in terms of ground
surface temperatures (35.5+1.0 vs. 35.4+1.5°C), relative
humidity (50.2+0.4 vs. 48.4+10.2%), and light intensity
(23371.8+1438.0 vs. 23167.8+1474.8 1x). Sixteen liz-
ards (sex ratio=1:1) of each species were placed in four
separate enclosures with four lizards in each enclosure. The
SVL and BM of lizards were 56.3+0.9 mm and 4.2+0.1 g
for E. argus (n=16), 62.2+0.9 mm and 6.3+0.2 g for E.
multiocellata (n=16), and 49.1+0.7 mm and 4.6+0.1 g
for P. przewalskii (n=16). For identification, we painted
a number on the back of lizards with a marker pen. Prior
to being observed, lizards were kept in the enclosure for
72 h, so that the lizards could become familiar with the
enclosures and the observer. During the study, the observer
stood 2 m away from the edge of the enclosure. The study
was conducted from August 4 to 19, 2012 and observa-
tions were made between 08:00 and 18:00, 2 h after sun-
rise and 1 h prior to sunset, on sunny days. In every 20-min
observation period, we recorded the species, lizard iden-
tity, substrate (noted as bare ground, grass cluster, edge of
grass cluster, or burrow), and whether lizards were on sub-
strates in full sun, full shade, or filtered sun. We calculated
the percentages of time that the lizards spent in different
solar conditions and the frequencies at which the lizards
shuttled between different substrates in each observation
period. These percentages were calculated for the following

time intervals for each day: morning (08:00-11:00), mid-
day (11:00-14:00), early afternoon (14:00-16:00), and late
afternoon (16:00-18:00).

Operative temperatures and field body temperatures

From August 12 to August 31, 2013, we measured opera-
tive temperatures (7,) using 16 copper models (sealed
pipes with a diameter of 15 mm, and a length of 70 mm)
following the protocol of Hertz et al. (1993). Each model
was inserted with an iButton (DS1921, MAXIM Inte-
grated Products Ltd., USA) to record temperatures. 7,5
were calibrated against one lizard of each species under a
heat lamp (temperature ranging from 23 to 48°C, n=21)
(Hertz 1992b; Bakken and Angilletta 2014). There was a
significant linear regression relationship between lizard
body temperatures (7},8) and T.s (E. argus: slope=0.983,
intercept=1.258, R>=0.997, P<0.001; E. multiocellata:
slope =0.991, intercept=0.954, R*>=0.998, P<0.001; P.
przewalskii: slope=0.993, intercept=0.869, R?>=0.997,
P <0.001). The average Ts calibrated by Tys of the three
species were used to evaluate the operative thermal envi-
ronment in our study site. We placed the models randomly
on the ground to record temperatures every 30 min. The
models were exposed to different solar conditions including
full sun, full shade, and filtered sun. Along with T, field
T,s were collected on sunny days. For this, we captured
adult lizards by hand in the field, ensuring that we did not
chase the lizards longer than 20 s. Once caught, 7s of the
lizards were measured immediately to the nearest 0.1 °C by
inserting a probe of UT325 electronic thermal meter (Shen-
zhen Meter Instruments, Shenzhen, China) into cloacals
(about 5 mm). For each individual lizard, we also recorded
the time of day, species, and the sex before releasing the
lizard at the site of capture.

Selected body temperatures (7, and critical thermal
maximum (CT_,.)

To measure the selected body temperatures of lizards,
we transferred 59 adult lizards (21 E. argus, 21 E. mul-
tiocellata, and 17 P. przewalskii) to our laboratory in
the Institute of Zoology (Beijing) in September 2013.
The animals were housed individually in plastic terraria
(60x30%x40 cm, LX Wx H). Two 100-W incandescent lamps
(20189.7 +£39.3 Ix) were suspended above one end of the ter-
raria to create a temperature gradient from 20 to 45°C from
7:00 to 19:00. The mean night-time temperature (20°C) in
the terraria was similar to that in the field (20.6°C). Photo-
period was provided by fluorescent lamps from 6:00 to 19:00.
Food (mealworm, Tenebrio molitor) and water were provided
ad libitum. We recorded body temperatures of the active liz-
ards by inserting a probe of UT325 electronic thermal meter
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into cloacals every 2 h from 08:00 to 18:00 on two consecu-
tive days. The selected temperature range was defined as
the central 80% of all temperature recordings for each lizard
(Bauwens et al. 1996). The average values of all the upper
and lower limits of the selected temperatures for a species
represented its set point temperature range (Hertz et al. 1993).

Next, we measured the critical thermal maximum (CT,,,)
of lizards in an incubator (Binder KB 240, Binder GmbH,
Tuttlingen, Germany). Lizards were maintained at 28 °C for
2 h and then heated at the rate of 0.1 °C min~!. We monitored
the behavior of lizards during heating, and measured cloa-
cal temperatures of lizards once they lost righting response.
The mean cloacal temperatures were calculated as CT,_,, (Du
et al. 2000; Qu et al. 2011). All lizards recovered.

max (

Thermoregulatory accuracy and effectiveness

Following the procedure of Hertz et al. (1993), we calculated
the following indices: dj, (the accuracy of thermoregulation)
and d, (the thermal quality of the habitat). When T}, or T, is
within the set point range, the corresponding d,, or d, equals
zero. When T or T is below the range, d,, and d, are calcu-
lated as the difference between the lower limit of T, and Ty,
and T, respectively. When T, or T, is above the range, d, and
d, are calculated as the difference between T, (and T in the
case of d,) and the upper limit of 7.

To estimate the thermoregulatory effectiveness of lizards,
we used two indices: E (calculated as 1 — mean dy/mean d.)
and d, — d,,. The index of E approaches zero when animals do
not thermoregulate, and tends to a value of one when animals
thermoregulate effectively (Hertz et al. 1993). The d. — d,,
index measures the degree to which animals depart from
thermoconformity (Blouin-Demers and Weatherhead 2001b).

Thermal-safety margins

We calculated thermal-safety margin (TSM) of each species
in the following four ways.

According to Sunday et al. (2014), the TSM is calculated
as the difference between an organism’s critical thermal max-
imum (CT,,,,) and maximum operative temperatures (T, ;,,.);
which is the mean maximum hourly 7:

™SM = CT_,, — T,

max ¢, max* (1)

According to Clusella-Trullas et al. (2011), the TSM is

calculated as the difference between an organism’s thermal

optimum (7, represented by the mean T) and habitat tem-

peratures (7}, represented by the mean temperature of the
warmest season):

TSM = Topl - Thab, mean of the warmest season* (2)

According to Deutsch et al. (2008), the TSM is cal-
culated as the difference between an organism’s thermal
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optimum (7, represented by the mean 7) and habitat
temperatures (7},,, represented by the mean annual air
temperature):

TSM = Topl - Thab, annual mean* 3

According to Heatwole (1970), the TSM is calculated
as the difference between an organism’s critical thermal
maximum (CT,,,) and mean body temperatures (T}, ean)>
which is the mean body temperature during the daily
active period from 9:00 to 17:00:

TSM = CTmax - Tb, mean* )

Statistical analyses

All data were analyzed with IBM SPSS Statistics Ver-
sion 20 (IBM Corp). Dependent variables were checked
for normality with Shapiro—Wilk test and homogeneity
of variances with Levene’s test. Data were transformed
to achieve the assumptions of parametric tests when
necessary. If the data did not meet the assumptions of
parametric tests, non-parametric tests were used. Sig-
nificant effects were taken as P <0.05, and all values are
represented as mean+ SE. Linear mixed-effects models
(LMMs) were used to evaluate thermoregulatory behav-
ior (the percentages of time that lizards spent in different
sunlight conditions and the number of lizards shuttling
between different substrates), with species, sex, time of
day and their interactions (species X sex, species X time,
species X sex X time) as fixed factors, and lizard identity
and enclosure as random factors. The degrees of free-
dom were calculated by Satterthwaite approximation.
The percentages of time spending under different sun-
light conditions were arcsine-square root transformed and
shuttling frequencies (the number of shuttling between
different substrates) were log(x+1) transformed. We
used repeated-measures ANOVA to compare 7, among
microhabitats with time of day as within-subject variable.
Mauchly test was used to check the sphericity assump-
tion, and the Huynh-Feldt correction was used to adjust
for sphericity violations when necessary. A univariate
general linear model was used to analyze T, with spe-
cies, sex, time, and their interactions (species X sex, spe-
ciesXtime, and speciesXsex Xtime) as fixed factors.
We used one-way ANOVA to detect the among-species
difference in T and CT,_,,. Bonferroni test was used
for multiple comparisons. In addition, we performed
Kruskal-Wallis test to identify the differences of d,, and
d, among species.
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Results
Thermal resources utilization

The steppe toad-headed agama (P. przewalskii) spent
more time in full sun sites than the two Eremias species
(Fy, 10061 = 8.526, P=0.007) (Fig. 1a). Active time in fil-
tered sun sites was similar among species (F, ¢ 450 = 0.344,
P=0.718), and did not change through the day
(F3, 47190 = 0.425, P=0.736) (Fig. 1b). The two Eremias
lizards preferred occupying full shade sites compared to
P. przewalskii (Fy |1 46 = 23.411, P<0.001) (Fig. 1c). In
addition, E. argus and E. multiocellata shuttled between

801 (a) full sun

60 1 P. przewalskii

40

% Time

20 1
E. multiocellata
E. argus

801 (b) filtered sun
60 -

40

% Time

20 1

801 (c) full shade

60 1

40 -

e

8-11 1114 14-16 16-18

% Time

Time of day

Fig. 1 Diurnal variation in the use of solar microclimates, a full sun,
b filtered sun, and c full shade, by the three species of lizards (Ere-
mias argus, E. multiocellata, and Phrynocephalus przewalskii) in the
desert steppe of Inner Mongolia, China

sun and shade more frequently than P. przewalskii (F, g 43
= 9.066, P=0.006), with more shuttling movements noted
during the mid-day observation period (F3 39459 = 12.396,
P <0.001) (Fig. 2). In addition, there was no sexual differ-
ence in the utilization of thermal resources in each species
(All P>0.200).

Operative temperatures and field body temperatures

T.s differed among microhabitats (F, 3 = 22.867,
P<0.001), increasing from shade to sun sites (full
shade, 28.9+1.3°C; filtered sun, 36.5+0.7°C; full sun,
41.2+1.3°C). T,s fluctuated dramatically during the day
(Huynh-Feldt correction, F| gog 55977 = 72.767, P <0.001).
The significant interaction (Huynh-Feldt correction,
F3.997, 25977 = 4.9637, P=0.004) indicated lower fluctua-
tion of 7s at sites with more shade (Fig. 3).

Tys fluctuated through time of day (Fg ;9 = 10.708,
P <0.001), with no interaction between species and time
(Fi4, 279 = 1.575, P=0.086) (Fig. 3). In addition, Tys
significantly differed among species (F, ,;9 = 21.628,
P<0.001), with higher 7, noted in P. przewalskii
(38.1+0.2°C, n=129) and E. argus (37.5+0.2°C, n=284)
than in E. multiocellata (36.6+0.2°C, n=116), but did not
differ between sexes (F ,79 = 1.149, P=0.285) (Fig. 4).
There was no interaction between species and sex on 7;s
(Fy, 279 = 1.315, P=0.270).

Selected body temperatures and critical thermal
maximum

The two Eremias lizards had similar mean 7s, which
were lower than that of P. przewalskii (Table 1). The upper

71 —A— E. argus
—w— E. multiocellata
—O— P. przewalskii

2]

c

[}]

£

g

o 51

€

2 44

g

£ 31

(7]

L

o 2 4

S

[}]

el

5 T
=

2

0 T T T T
8-11 11-14 14-16 16-18
Time of day

Fig. 2 Diurnal variation of movements in the three species of lizards
(Eremias argus, E. multiocellata, and Phrynocephalus przewalskii)
from the desert steppe of Inner Mongolia, China
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52 7 (a) E. argus

48

N —-IH/O\O\ CTmax
N Z-—-?ééé-%-b%éﬁ Do ange
2 / ;E\i\\gTe-Sun

Te-Shade

Tb (C)

28
24 1
20 -

527 (b) E. multiocellata
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Th(C)
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28 -
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20 1

521 (c) P. przewalskii
48 A

44
40 -
36

Th (C)

32 1

28
24 4
20 4

8 9 10 11 12 13 14 15
Time of day

Fig. 3 Body temperature, selected body temperature (7;) range, sun
and shade operative temperatures (7,), and critical thermal maximum
(CT,,,) of the three lizards a Eremias argus, b E. multiocellata, and
¢ Phrynocephalus przewalskii in the desert steppe of Inner Mongolia,
China

limits of T, differed significantly among species, but the
lower limits of T, did not (Table 1). CT,,,, of lizards was
the highest in P. przewalskii and the lowest in E. multiocel-

lata, with E. argus in between (Table 1).

max

Thermoregulatory accuracy and effectiveness

Thermoregulatory accuracy (d,) differed among species,
with lower d;, and thus higher thermoregulatory accu-
racy in P. przewalskii than in the two Eremias lizards
(> = 10.555, df=2, P=0.005; Table 2). The thermal
quality of the habitat (d,) did not differ among species
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Fig. 4 Distribution of field body temperatures (7}) in the three liz-
ards a Eremias argus, b E. multiocellata, and ¢ Phrynocephalus prze-
walskii from the desert steppe of Inner Mongolia, China

(;(2 = 3.158, df=2, P=0.206; Table 2). The two ther-
moregulatory indices presented different patterns of
between-species difference in thermoregulatory effective-
ness. Amongst the three species, the most effective ther-
moregulator was E. multiocellata according to the d, — dy,
index, but was P. przewalskii according to the index of E
(Table 2).
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Table 1 Selected body temperatures and critical thermal maximum (CT

max.

) of the three species of lizards (Eremias argus, E. multiocellata, and

Phrynocephalus przewalskii) in the desert steppe of Inner Mongolia, China

Species n Mean (°C) Upper limit (°C) Lower limit (°C) CTax CO)

E. argus 21 353 £0.2* 37.5+0.2° 32.8+0.3 45.8+0.1°

E. multiocellata 21 35.2+0.2° 36.8+0.1* 33.4+0.2 45.1+0.1*

P. przewalskii 17 36.6+£0.2° 39.2+0.1° 33.9+0.3 47.1+0.2°

Statistical significance F, 56 =16.044, F, 56=753.642, P<0.001 F, 5=3.087, P=0.053 F, 56=165.071,
P<0.001 P<0.001

Different superscript letters denote significant differences between species in post-hoc analyses

Table 2 Thermoregulatory accuracy and effectiveness of the three
species of lizards (Eremias argus, E. multiocellata and Phrynocepha-
lus przewalskii) in the desert steppe of Inner Mongolia, China

Species dy (°C) d, (°C) d,—d,(°C) E

E. argus 0.65+0.10 4.94+0.39 429 0.87
E. multiocellata  0.60+0.08  5.50+0.40 4.90 0.89
P. przewalskii 042+0.07 4.65+041 4.23 0.91

Table 3 Thermal-safety margins (TSM) of the three species of liz-
ards (Eremias argus, E. multiocellata, and Phrynocephalus przewal-
skii) in the desert steppe of Inner Mongolia, China

Species TSM? (°C) TSMP (°C) TSM® (°C) TSM! (°C)
E. argus -39 27.5 11.6 8.3

E. multiocellata —4.6 27.4 11.5 8.5

P. przewalskii -2.6 28.8 12.9 9

“TSM=CT,, — T,

e, max®

according to Sunday et al. (2014)

"TSM = Topt = Thab, mean of the warmest seasons according to Clusella-Trullas
etal. (2011)
TSM =T = Thap, annual means according to Deutsch et al. (2008)

ITSM=CT,,,, — Ty, mean» according to Heatwole (1970)

Thermal-safety margins

Thermal-safety margins differed among species, with a
broader TSM in P. przewalskii than the two Eremias spe-
cies (Table 3). Correspondingly, in the field, P. przewal-
skii had less proportion of 7}s that exceeded the upper
limits of its T, [31.0% (40/129)] when compared to
the two Eremias species [58.3% (49/84) for E. argus,
and 46.6% (54/116) for E. multiocellata] (y* = 16.153,
P<0.001; Fig. 3). In addition, the percentage of T.s
that were higher than CT,,,, was lower in P. przewalskii
[17.7% (311/1760)] than that in the two Eremias species
[20.7% (364/1760) for E. argus and 22.5% (396/1760) for
E. multiocellata] (;(2 =12.952, P=0.002).

Discussion

Behavioral thermoregulation is very important for desert
lizards to adapt to extreme environments (Grant and Dun-
ham 1988; Sartorius et al. 2002). Both indices of ther-
moregulatory effectiveness indicated that all the species
could maintain 7ys close to their selected body tempera-
ture ranges (Table 2). This suggests that the three species
were effective thermoregulators as reported for many other
reptiles (Hertz et al. 1993; Scheers and Van Damme 2002;
Besson and Cree 2010; Corbalan et al. 2013; Lara-Resendiz
et al. 2015). The two Eremias lizards had similar mean T,
spent more than half of the day in the shade, and shuttled
frequently between sun and shade patches, although they
differed in 7} and CT,,, (Figs. 1, 2; Table 1). In addition,
T, is similar not only among species but also among dif-
ferent populations in the two Eremias lizards (Luo et al.
2005; Li et al. 2009; Tang et al. 2013). These similarities
in thermal requirements and strategies among these close-
related species and among different populations within a
species coincide with the conservative view of thermal
physiology (Bogert 1949; Hertz et al. 1983; Aradjo et al.
2013; Corbalan et al. 2013; Grigg and Buckley 2013).
Despite the similarity in thermal requirements among
species from the same genus, thermal behavior and physi-
ology differed significantly among species from different
genus, as reported in other studies (Hertz 1992b; Sartorius
et al. 2002; Du et al. 2006; Corbalan et al. 2013). The P.
przewalskii had higher field body temperatures and thermal
tolerance than the two Eremias lizards (Fig. 3; Table 1).
This result begs the question—what is the contribution
of this between-lineage difference in thermal biology to
microhabitat divergence among these species? Thermal
heterogeneity is likely fine-grained (i.e., high thermal vari-
ability among microsites) in our study site with relatively
homogeneous habitat structure (Zeng et al. 2016). Such
thermally fine-grained environments may facilitate lizards
to thermoregulate accurately and decrease the energetic
costs of behavioral thermoregulation (Sears and Angilletta
2015; Sears et al. 2016), and would thus allow different
species to coexist with higher spatial overlap (Huey 1982;
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Hertz 1992a). Our results show that partitioning of thermal
resources among species was consistent with the thermal
biology of theses lizards. Corresponding to the between-
lineage difference in thermal biology, P. przewalskii pre-
ferred open habitat with high ambient temperature, whereas
the Eremias lizards spent more time in shade habitat
(Fig. 1). These suggest that thermal divergence may play
an important role in the interspecific difference in micro-
habitats. Alternatively, the evolutionary and biogeographic
history of these species may contribute to the interspecific
divergence in microhabitat use (Wiens and Donoghue
2004). Consistent with their respective microhabitat use,
the Eremias lizards originated from Eastern Asia, where
they generally occupy arid or semi-arid regions, whereas
the steppe toad-headed agama (P. przewalskii) originated
from Alashan Plateau temperate desert, where they gener-
ally inhabit the desert habitats (Guo and Wang 2007; Lixia
et al. 2007). In addition, biotic factors such as interspe-
cific competition and predation avoidance may also affect
microhabitat use by lizards (Rummel and Roughgarden
1985; Lopez and Martin 2013; Zeng et al. 2016).
Ectotherms in desert are vulnerable to high ambient
temperatures due to sparse vegetation cover and, therefore,
limited opportunities of thermoregulation to keep the body
temperature low (Kearney et al. 2009). More severely, these
arid regions including our study region have become hotter
since 1950, and this warming trend is expected to continue
in this century (Pachauri et al. 2014; Wang et al. 2016). A
previous study showed that ectotherms in arid mid-latitude
zones have narrow thermal-safety margins, and therefore,
are at risk from future climate warming (Clusella-Trullas
et al. 2011). Our study further suggests that the risk of
desert ectotherms to climate warming differs among spe-
cies, with higher risk for those species having narrower
thermal-safety margins. The two Eremias lizards had nar-
rower thermal-safety margin than P. przewalskii (Table 3).
In addition, the two Eremias lizards were experiencing
potentially lethal operative temperatures when on the
bare ground during the mid-day period (Fig. 3). To avoid
the lethal high temperatures, they moved more frequently
between sun and shade patches to reduce active time in the
sun patches (Figs. 1, 2). In contrast, P. przewalskii experi-
enced less thermal stress, because they had higher heat tol-
erance (CT,,,,), higher thermoregulatory accuracy (lower
dyp), and milder thermal environment (lower d,) when com-
pared to the two Eremias lizards (Table 2). Therefore, it is
reasonable to predict that, if all else is equal, the Eremias
lizards would be more vulnerable to climate warming than
P. przewalskii. Nonetheless, it is noteworthy that other fac-
tors, such as species interaction, may complicate the fate of
species under the context of global warming. For example,
the competition for shade patches between these lizards is
expected to occur under the scenario of global warming, as
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found in tropical forest lizards (Huey et al. 2009; Huey and
Tewksbury 2009; Kearney et al. 2009).

In future studies, it would be important to evaluate and
unify the different definitions of TSM that have been pro-
posed in previous studies (Heatwole 1970; Deutsch et al.
2008; Huey et al. 2009; Clusella-Trullas et al. 2011). For
example, TSM was defined as the difference between a spe-
cies’ thermal tolerance and its ambient or body temperature
(Heatwole 1970; Sunday et al. 2014). However, the utili-
zation of thermal resources and body temperature of ecto-
therms may be affected by behavioral thermoregulation and
physiological plasticity (Angiletta 2009; Gunderson and
Stillman 2015). Then, how behavioral thermoregulation
and physiological plasticity would affect the TSM of a spe-
cies? Can we take these phenotypic plasticities into account
when defining TSM? For example, all else being equal,
the enhancement of 7, or CT,,,, induced by behavioral
or physiological adjustment may increase the TSM. Such
evaluations are important, because a clear and consistent
definition of TSM would make the data comparable and
greatly improve the usage of TSM in thermal physiology of
ectotherms.

In conclusion, lizards with a divergent use of micro-
habitats have different thermal behavior and physiology,
which might help them to coexist in a small area. Given
these interspecific difference in thermal biology, these spe-
cies are likely to be exposed to different risks in the context
of climate warming. Therefore, understanding the thermal
biology of coexistent species is a critical step to explore in-
depth, how species respond to environmental change (e.g.,
both physical and biological environments, such as climate
and competition).
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