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Abstract Extreme high temperatures are occurring more
frequently with ongoing anthropogenic climate warming,
but the experimental tests of the effects of high tempera-
tures on terrestrial vertebrates in natural conditions are rare.
In this study, we investigated the effects of extreme high
temperatures on female reproduction and offspring traits of
multi-ocellated racerunners (Eremias multiocellata) kept in
field enclosures in the desert steppe of Inner Mongolia. Our
studies indicate that high temperatures significantly affect
the gestation period and reproductive output of females and
the offspring sex ratio, but have little impact on offspring
body size and mass. More interestingly, we found that the
effect of extreme high temperatures on female reproduc-
tive output was not consistent between two consecutive
years that differed in precipitation. Low precipitation may
aggravate the impact of climate warming on lizards and
negatively affect the survival of lizards in the desert steppe.
Our results provide evidence that temperature interacts
with precipitation to determine the life history of lizards,
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and they suggest that a drier and hotter environment, such
as the future climate in arid mid-latitude areas, will likely
impose severe pressure on lizard populations, which are
an important component of the food web in desert areas
around the world.

Keywords Eremias multiocellata - Lizard - Reproductive
output - Thermal environment - Water

Introduction

Ongoing anthropogenic climate warming is undisputable.
The global mean surface temperature increased by about
0.85 °C during the last century, and further warming is pre-
dicted to occur this century (Pachauri et al. 2014). Climate
warming is accompanied by more frequent extreme tem-
peratures (Easterling et al. 2000; Meehl and Tebaldi 2004;
Perkins et al. 2012; Seneviratne et al. 2014), and has per-
vasive effects on the physiology, life history traits, phenol-
ogy, and distribution of species, and therefore on biodiver-
sity, community structure, and ecosystem function (Dillon
et al. 2010; Memmott et al. 2007; Ohlberger 2013; Parme-
san 2006; Root et al. 2003). Despite wide recognition and
increasing scientific evidence for the profound impact of
climate warming on biological systems, gaps still exist in
our knowledge of how climate warming affects animal life.

Previous studies have mainly focused on the effects of
increasing mean ambient temperature on the survival and
reproduction of animals, with much less focus on extreme
temperatures (Bradshaw and Holzapfel 2006; Easterling
et al. 2000). The current and forecasted climate warming,
however, encompasses other aspects of climate change,
such as an increasing frequency of extreme temperatures,
alteration of the diurnal temperature range (Adler and
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Drake 2008; Choi et al. 2009; Sun et al. 2007; Vose et al.
2005), and altered precipitation patterns (IPCC 2013).
Recent studies have suggested that the changes in the
magnitude and frequency of extreme temperatures modify
many physiological and life history traits, such as thermal
tolerance, growth rate, and reproduction, and thus are eco-
logically as important for the performance and local per-
sistence of certain species as increasing mean temperatures
(Angilletta 2009; Bauerfeind and Fischer 2014; Hoffmann
et al. 2002; Jentsch et al. 2007; Smith 2011). The impact of
extreme temperatures on organisms thus needs to be stud-
ied to comprehensively understand the impact of climate
warming.

Experiments that identify how temperature affects the
physiology and life history traits of animals have largely
been carried out in the laboratory rather than in the field
(Angilletta 2009; Du and Shine 2015; Johnston and Ben-
nett 1996). This is especially true for vertebrates, presum-
ably due to the logistic difficulty of providing realistic
environmental conditions for relatively large animals. The
simplified thermal environment of the laboratory prevents
the results of these studies from being extrapolated to field
populations that experience fluctuating climatic conditions
(Triggs and Knell 2012). Experimental field studies on the
effects of climate factors (e.g., temperature, precipitation,
and oxygen) on organisms are, therefore, needed to under-
stand the mechanisms underpinning the possible impact of
climate warming on biological systems (Parmesan 2006;
Wernberg et al. 2012; Wolkovich et al. 2012).

Experimental manipulation of multiple factors may pro-
vide insight into the synergistic effects of climate warm-
ing on biological systems (Rosa and Seibel 2008; Zittier
et al. 2013). Climatic factors other than temperature change
are associated with climatic warming (Adler et al. 2008;
Thompson et al. 2015). For example, changes in precipita-
tion in the context of climate warming are complex, both
temporally and spatially (Meehl et al. 2007; Qian et al.
2007; Sun et al. 2007). The interaction between precipi-
tation and temperature change is likely to be significant
(Bonebrake and Mastrandrea 2010), but the impact of this
interaction on organisms is largely unknown.

The response of reproductive traits to climate warming
is fundamental to the biological effects of global warming,
because reproductive success determines the recruitment of
offspring and therefore population dynamics and viability.
Lizards provide an excellent model to study the influence
of climate warming on reproduction, because their behav-
ior and physiology are highly dependent on environmental
temperatures. Climate change may not only affect female
reproductive output, including offspring number and size,
but also influence embryonic development and the phe-
notypes of offspring (e.g., Chamaille-Jammes et al. 2006;
Dubey and Shine 2011; Lu et al. 2013; Ma et al. 2014;
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Marquis et al. 2008). More critically, climate change has
caused population decreases and species extinction in liz-
ards, and more local and global extinctions of this kind are
expected in the future (Sinervo et al. 2010).

In this study, we experimentally increased temperatures
in field enclosures and investigated the effect on female
reproduction and offspring traits in a viviparous lizard,
the multi-ocellated racerunner (Eremias multiocellata),
in a desert steppe region of Inner Mongolia. This desert
species provides a model system to study the effects of
extreme high temperatures on reproductive traits for the
following reasons. First, staying cool is critical for ecto-
therms in desert areas, because they are vulnerable to
high ambient temperatures in areas with sparse vegetation
cover and where the times and places suitable for activity
are constrained (Kearney et al. 2009). Second, ectotherms
in arid mid-latitude zones are most at risk from future
climate warming owing to the low thermal safety margin
(Clusella-Trullas et al. 2011). Third, this arid region has
become hotter and drier since 1950 (Fig. S1), and this
may have a severe impact on local lizard populations. We
conducted our experiments during two consecutive years,
and hypothesized that the high temperatures produced by
the experimental conditions would have the overall nega-
tive effects on female and offspring traits. More specifi-
cally, we expected that (1) the racerunners from the high-
temperature treatment group would have a shorter gestation
period and breed earlier than those from the control group,
because high temperatures may result in faster embryonic
development in viviparous lizards (Ji et al. 2006; Tang et al.
2012); (2) the females from the high-temperature treatment
group would produce fewer or smaller neonates than the
control group owing to the energy constraints imposed by
high temperatures (Du et al. 2000; Qu et al. 2011); and (3)
high temperatures would skew the offspring sex ratio of the
racerunners, because temperature affects sex determination
in this species (Tang et al. 2012).

Materials and methods
Study site and experimental animals

The field experiments were conducted at Ordos Key
Research Station for Field Observation of Ecological Envi-
ronments on Sandy Grasslands, China. The field station is
located in the Shierliancheng countryside, Jungar Banner,
Inner Mongolia, China (40°12/17"N, 111°07'43"E; eleva-
tion 1036 m). In this cold semiarid desert steppe region, the
air temperature and heat-wave frequency during the three
summer months (June, July, and August) increased from
1951 to 2014, whereas the Palmer Drought Severity Index
(PDSI) decreased during the same period, suggesting that
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this area is becoming both warmer and drier (Fig. S1). A
heat wave is defined as a spell of three or more days on
each of which the maximum shade temperature reaches
or exceeds 32.2 °C (Glickman 2000). The PDSI is based
on precipitation, temperature, and the available water con-
tent (AWC) of the soil (Fieldhouse and Palmer 1965) and
was calculated using the scPDSI software ver. 2.0 (avail-
able at http://greenleaf.unl.edu). This index provides a
realistic metric of relative periods of drought and exces-
sive soil moisture (Wells et al. 2004; Table S1). Climate
data, including air temperature, precipitation, and AWC,
were collected from China’s meteorological data-sharing
service system (http://cdc.cma.gov.cn/). This region is pre-
dominantly sandy grassland with low-to-moderate levels of
sparse vegetation dominated by Artemisia ordosica.

The multi-ocellated racerunner (E. multiocellata), a
small viviparous lizard inhabiting desert and semiarid
areas, is one of the most common lizards at our study site
(Zeng et al. 2014; Zhao et al. 1999). Previous studies of this
species have indicated that female reproductive traits and
offspring phenotypes not only differ among populations,
but are also affected by maternal thermal environments
(Li et al. 2011; Tang et al. 2012). Females produce more
male offspring when kept under high constant temperatures
above 32 °C, and more female offspring at 25 °C, suggest-
ing that this lizard may be a temperature-dependent sex
determination (TSD) species with a pivotal temperature of
approximately 29 °C (Tang et al. 2012; Zhang et al. 2010).

Experimental design

We buried steel sheeting in the sand (0.2 m depth) to build
20 round enclosures (1.8 m diameter, 0.4 m high) situated
at random locations in the natural habitat of the racerun-
ner (Fig. S2). The enclosures were randomly divided into
two groups. The high-temperature conditions were created
by covering the enclosures with transparent plastic film,
whereas the control enclosures were only covered with bird
nets to eliminate avian predation. The transparent plastic
film covering the high-temperature enclosures was pierced
with round holes (3 cm in diameter) every 30 cm to facili-
tate the exchange of air and moisture between the enclo-
sures and the environment.

Experiments were conducted in 2013 and 2014. Because
the lizards are not only active on the ground surface but
also burrow to a depth of 10-20 cm underground during the
reproductive season (personal observation), we recorded
the temperatures with i-Buttons (Dallas Semiconductor,
Dallas, Texas, USA) both at the soil surface and at a 10-cm
depth underground in three enclosures in each treatment to
compare the thermal regimes between the high-tempera-
ture treatment and the control during the experiment. The

highest soil-surface temperature each day in the high-tem-
perature enclosures was about 60 °C, which is similar to
the extreme temperatures previously recorded at the study
site (Fig. S3). We also collected climate data, including air
temperature, precipitation, wind speed, and relative humid-
ity at our study site in June 2013 and 2014 from China’s
meteorological data-sharing service system (http://cdc.cma.
gov.cn/).

Gravid female racerunners were collected by hand in
the late May 2013 (n = 54) and 2014 (n = 52). We meas-
ured snout-vent length (SVL, to 0.01 mm) and body mass
(BM, to 0.001 g), and then randomly assigned two or three
females to each enclosure on 1 June. Food (mealworms
and crickets dusted with additional vitamins and miner-
als) was provided daily ad libitum. The experiments lasted
for 30 days (the entire month of June), covering the main
period of gestation in this species (Zhao et al. 1999). On
30 June, we collected the females (n = 28 in both 2013 and
2014) from the enclosures with multiple recapture sessions
(>5) and brought them back to our laboratory in the Ordos
field station. There was no sign of lizards escaping from
enclosure, so we assume that those females were not recov-
ered and died during the treatments.

Reproductive traits and offspring phenotypes

Females collected from the field enclosures were main-
tained in small cages (310 x 210 x 180 mm) with a sub-
strate of sand and two small pieces of brick as shelters. The
cages were exposed to the natural light regime of the field
station, and a 60-W incandescent light bulb was suspended
5 cm above each cage to allow thermoregulation by the
females from 8:00 to 12:00. Food (mealworms and crickets
dusted with additional vitamins and minerals) was provided
daily ad libitum. Each cage contained two females and was
checked once per day for neonates, and four times per day
following the first parturition. We collected and measured
the SVL (1 mm) and BM (0.01 g) of neonates within a few
hours after birth; we calculated the birth date as x days,
where x is the number of days between the beginning of the
treatment and parturition, the litter size as the number of
neonates, and the litter mass as the total mass of neonates
produced by a female. The SVL and BM of the postpar-
tum females were measured again, and the females were
then released at the sites, where they were collected. The
neonates were kept in the cages and were sexed by observ-
ing the preanal scales. Males have large, square, regularly
distributed preanal scales, while female preanal scales are
small, round, and scattered (Fig. S4). We confirmed the via-
bility of sexing using this between-sex morphological dif-
ference by dissecting some hatchlings and identifying their
gonads.
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All experiments in this study were performed under
approval (I0Z14001) from the Animal Ethics Committee at
the Institute of Zoology, Chinese Academy of Sciences.

Statistical analysis

All analyses were performed with the SPSS statistics soft-
ware (version 22.0). We tested the normality of distribu-
tions and the homogeneity of all variances in the data with
the Kolmogorov—Smirnov test and Bartlett’s test prior to
the analysis. For the observations in the field enclosures,
the repeated-measure ANOVAs were used to detect differ-
ences in mean daily temperatures at the soil surface and at
a 10-cm depth between treatments. A 2 x 2 frequency table
was used to determine differences in the percentages of sur-
viving and breeding females between the high-temperature
treatment and control groups.

Factorial ANOVAs were used to test the differences in
the initial SVL and BM of females receiving thermal treat-
ment, with year and surviving status as the fixed factors.
Female body condition was quantified with residual scores
from the linear regression of log, -transformed BM to log,-
transformed SVL (Schulte-Hostedde et al. 2005). Because
postpartum body condition was strongly correlated with
the initial body condition (R2 =0.707, P <0.001), we used
two-way ANCOVAs to determine the between-treatment
and between-year differences in postpartum body condi-
tion, with the initial body condition as the covariate.

Mixed-model ANOVAs were used to determine the
effects of high temperature and year on female reproduc-
tion and on most neonate traits. Mixed-model ANCOVAs
were used to determine the effects of high temperature and
year on neonate SVL and BM, with maternal initial SVL
and BM as the covariate, since neonate SVL values were
significantly correlated with maternal SVL (R* = 0.473,
P = 0.001) and BM (R? = 0.307, P = 0.044) values. Prior
to ANCOVAs, our analyses indicated that the data met the
assumption of homogeneity of regression slopes among
treatments. Enclosure number was introduced as a random
factor to avoid pseudoreplication of individuals within an
enclosure. Litter means of the neonate SVL and BM were
used for the analysis to avoid the pseudoreplication of indi-
viduals within a litter. Mixed-model ANOVAs were further
used to test for differences in female reproductive traits and
neonate traits between the high-temperature treatment and
control groups in each year.

Results
The soil-surface temperatures (F; g = 650.79, P < 0.001)

and 10-cm depth temperatures (F, g = 268.99, P < 0.001)
inside the enclosures were higher in the high-temperature
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Fig.1 Thermal environment experienced by gravid females of E.
multiocellata during field experiments in June 2013 and 2014, includ-
ing temperatures (a) at the soil surface and (b) 10 cm underground.
Values are expressed as mean £ SE

treatment group than in the control group (Fig. 1). The
soil-surface temperatures were slightly higher in 2014 than
in 2013, but this difference was not statistically different
(Fl,s = 2.38, P = 0.16; Fig. 1a). However, the temperatures
10 cm underground were significantly lower in 2013 than
in 2014 (Fig= 12.40, P < 0.01; Fig. 1b), probably because
the precipitation in 2013 (96.1 mm) was about twice that
in 2014 (49.9 mm). Accordingly, the water vapor pressure
was somewhat higher in 2013 than in 2014 (Table S2).
Wind speed and relative humidity, by contrast, were similar
in 2 years (Table S2).

The percentage of surviving females did not differ
between the high-temperature treatment group and the con-
trol group in either 2013 (x> = 1.76, P = 0.18) or 2014
()(2 = 0.43, P = 0.51) (Fig. 2a). The percentage of breed-
ing females was a little lower in the high-temperature treat-
ment group than in the control group in 2014 (x*> = 4.556,
P < 0.05), but not in 2013 (x> = 1.51, P = 0.22) (Fig. 2b).
In addition, there were no between-year differences in the
percentages of survival (x> = 1.24, P = 0.27) or breed-
ing (x> = 1.17, P = 0.28) for females in the control group.
For the high-temperature treatment group, however, the
percentage of breeding females was significantly lower in
2014 than in 2013 (x*> = 5.38, P < 0.05), although the per-
centage of surviving females did not differ between 2 years
(x> =0.29, P = 0.59) (Fig. 2).
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Fig. 2 Percentages of (a) surviving and (b) breeding females of E.
multiocellata from field enclosures with different thermal treatments

The initial SVL and BM values of the females did
not differ either between thermal treatments or between
years, but differed significantly between surviving and
non-surviving females (Table 1; Fig. 3). Further analy-
sis in each year indicated that surviving females were
larger and heavier than non-surviving females in 2014
(SVL: Fy 4 = 42.00, P < 0.0001; BM: F| 3 = 34.63,
P < 0.0001), but not in 2013 (SVL: F| 50 = 0.32, P = 0.57;
BM: F| 50 = 0.155, P = 0.70) (Fig. 4). Moreover, breed-
ing females had worse postpartum body conditions in 2014
than in 2013 (F », = 13.42, P = 0.001), although thermal
treatment did not affect the postpartum body condition of
females (F 5, = 0.001, P = 0. 97) (Fig. 5).

The high-temperature treatment significantly affected
female birth date, litter size, litter mass, and neonate sex
ratio, but not neonate SVL or BM (Table 2). Neither birth
date nor any of the measured traits of neonates differed
between 2 years (Table 2). Further analysis in each year
indicates that the high-temperature treatment did not affect
any reproductive traits with the exception of 2013 when it
stimulated earlier parturition (Table 3). In 2014, however,
gravid females from the high-temperature treatment group
gave birth earlier and produced litters with more male neo-
nates than in the control group, although offspring body size
and mass did not differ between the two groups (Table 3).

Discussion

Our study found that extreme high temperatures signifi-
cantly affected the gestation period and reproductive output
of racerunner females as well as the offspring sex ratio, but

Table 1 Factorial ANOVA

. Dependent variable Independent variable F value P value
results for the initial SVL
anCIZtBM l\;altues qfhfilllnale Lf Initial SVL Thermal treatment F| g3 =0.155 0.695
:;l:atiﬁzrelt,ayzglr‘?/ ;nd szgzsing Year Fig3=0.003 0.958
status as fixed factors Surviving Flgg = 17921 <0.001
Thermal treatment * year Fig3=0.184 0.669
Thermal treatment * surviving F g3 =15.028 0.027
Year * surviving F o3 =25.275 <0.001
Thermal treatment * year * surviving Fig3=15518 0.021
Initial BM Thermal treatment F g =1.204 0.275
Year Fog=1.445 0.232
Surviving F o3 =15.740 <0.001
Thermal treatment * year Fg3=0.423 0.517
Thermal treatment * surviving F| 93 =0.506 0.478
Year * surviving Fog=11.248 0.001
Thermal treatment * year * surviving F g =1.957 0.165

Significant differences (P < 0.05) are indicated in bold

SVL snout—vent length, BM body mass
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Fig. 3 Initial (a) snout-vent length and (b) body mass of female E.
multiocellata from field enclosures with different thermal treatments.
Values are expressed as mean £ SE

had little impact on offspring size and mass. More inter-
estingly, the effect of extreme high temperatures on female
reproductive output was not consistent between the experi-
ments in the two consecutive years (years that differed in
precipitation). Compared with the control group, females
from the high-temperature treatment group produced fewer
offspring and more males in the dry year, but not in the wet
year. These results are generally consistent with our predic-
tions of the effects of warming on female reproduction and
hatchling traits. Below, we explain how these predictions
were confirmed using the evidence from our experiments.
Female racerunners that experienced higher tempera-
tures had a shorter gestation period, confirming our first
prediction. A similar pattern of thermal dependence for
gestation has also been reported in other viviparous lizards
(Tang et al. 2012; Wang et al. 2014), as well as for ovipa-
rous species (Lu et al. 2013; Ma et al. 2014). The physi-
ological basis underlying this pattern is that higher body
temperatures may accelerate the development of embryos
inside the female’s body cavity (Deeming 2004; Du and
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Shine 2015). This may underpin the observed phenomenon
that climate warming has changed the phenology of marine,
freshwater, and terrestrial animals, with earlier breeding
associated with the rise in temperatures (Parmesan 2006,
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Table 2 Mixed-model ANOVA or ANCOVA results for birth date
and neonate traits of female E. multiocellata, with enclosure number
as a random factor

Variable Thermal treat- Year Interaction
ment
Birth date Fi)5=18748, F ,5=0.853, F;,5=0.032,
P < 0.001 P =0.364 P =0.859
Litter size F,5=35.901, Fi55=10.325, F;,5=0.047,
P =0.023 P=0.573 P =0.830
Litter mass F 55 =1.560, Fy,5=0378, F),5=0.010,
P=10.011 P =0.544 P =0.920
Neonate SVL F,,=0.007, Fi5,=0.788, F,,,=0.019,
P=0.936 P=0.384 P =0.892
Neonate BM F 54 =0.048, Fi5,=0212, F,, =0.268,
P =0.827 P =0.649 P =0.609
Neonate sex ratio  F 5 = 7.918, Fi5=1383, F),5=1.962,
P =0.008 P =10.251 P=0.174

Initial SVL and BM values of females were used as the covariate to
determine the effect of high temperature and year on neonate SVL
and BM, respectively. Significant differences (P < 0.05) are indicated
in bold

SVL snout—vent length, BM body mass

2007; Root et al. 2003). In addition, offspring produced
earlier may benefit from the additional time they receive
for gaining energy and seeking shelter for winter survival,

which can increase fitness in ectothermic animals (Olsson
and Shine 1997; Rodriguez-Diaz et al. 2010; Warner and
Shine 2007). Nonetheless, these benefits of earlier breeding
may not always convey a selective advantage under global
warming. For example, earlier hatching may sometimes
lead to trophic mismatch; a lack of synchrony between ani-
mal hatching and food availability could decrease growth
and survival rates (McKinnon et al. 2012).

Females from the high-temperature treatment group
had smaller litter sizes and, therefore, fewer offspring than
those from the control group, which is consistent with our
second prediction. This may indicate that females from the
high-temperature treatment group faced a higher mortal-
ity of embryos, given that high extreme temperatures are
harmful for embryonic development and even lead to the
death of embryos in lizards as well as other reptiles (Du
and Ji 2003, 2006; Birchard and Deeming 2004; Bell et al.
2013). Previous studies on life history responses to experi-
mental warming have yielded contradictory results. Some
investigations have found that reproductive life history
may change in response to temperature variation (Costan-
tini et al. 2010; Lu et al. 2014; Ma et al. 2014), but oth-
ers have found that it does not (Ji et al. 2006; Lu et al.
2013; Telemeco et al. 2010). This may reflect species-
specific responses to experimental warming, or different
experimental treatments associated with the magnitude of

Table 3 Reproductive traits

) N - ; Variable Treatment Statistical significance
of E. multiocellata in warming
experiments in 2013 and 2014 Control High temperature
2013
N 7 16
Birth date (day) 13.88 +1.25 5.78 £0.83 Fi10=29.105, P <0.001
Litter size 4.13 £0.44 3.224+0.29 Fi19=2909,P=0.119
Litter mass (g) 2.34+0.20 1.86 +0.13 Fy0=4.197, P =0.068
Neonate SVL (mm) 28.49 + 0.90 28.57 £0.45 F19=0.012,P=0.914
Neonate BM (g) 0.56 £ 0.04 0.59 +£0.03 F,4=0.801, P=0.388
Neonate sex ratio (male %) 41.57 £ 10.0 55.86 = 7.10 Fy10=0.808, P =0.386
2014
N 14 6
Birth date (day) 11.6 +1.40 6.0+ 1.90 Fi19=15.382,P =0.043
Litter size 41+0.20 2.6+0.70 Fy10=6.675,P = 0.027
Litter mass (g) 236 +0.13 1.40 £ 0.32 Fy0=28224,P=0.017
Neonate SVL (mm) 29.50 +0.39 29.30 £ 0.57 F9=0.082, P =0.782
Neonate BM (g) 0.58 £0.03 0.53 £0.04 F9=0.884, P =0.376
Neonate sex ratio (male %) 4443 £5.6 80.30 £ 18.6 Fy 19 =16.806, P = 0.003

Values are expressed as mean £ SE. Mixed-model ANOVAs were used to test for differences in female
reproductive traits and neonate traits between the high-temperature treatment groups and control groups in
each year, with enclosure number as a random factor. The initial SVL and BM values of females were used
as the covariate to determine the effect of high temperature and year on neonate SVL and BM, respectively.
Significant differences (P < 0.05) are indicated in bold

SVL snout—vent length, BM body mass
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changes in the thermal environment mimicked by these
studies. The fitness cost of energy constraints is faced in the
field by populations of lizards and other animals in the con-
text of global warming. For example, Sceloporus lizards in
Mexico are vulnerable to local extinction, probably because
they are forced to restrict their activity by more than 4 h per
day due to climate warming and, therefore, experience a
restricted net energy gain (Sinervo et al. 2010).

As we expected, extremely high temperatures skewed
the offspring sex ratio, with more males observed in the
high-temperature treatment group. This is consistent with
results from constant-temperature experiments on other
populations of this species (Tang et al. 2012; Zhang et al.
2010). These studies demonstrated that female racerun-
ners produce male-skewed litters at high temperatures,
but female-skewed litters at low temperatures, with a piv-
otal temperature of approximately 29 °C (Tang et al. 2012;
Zhang et al. 2010). The offspring sex of many oviparous
reptiles, including tuatara, all crocodiles, most turtles, and
some lizards, is determined by the temperatures expe-
rienced by the growing embryo (Valenzuela and Lance
2004). These species of reptiles with TSD are particularly
vulnerable to climate warming, because climate warm-
ing may skew the sex ratio of the offspring, and hence the
population sex ratio (Janzen 1994). Recently, TSD has been
found in several species of viviparous reptiles, including
the racerunner (Robert and Thompson 2001; Tang et al.
2012; Zhang et al. 2010). Although maternal thermoregu-
lation in these viviparous species may buffer the tempera-
ture variation experienced by the growing embryos to some
degree (Huey and Tewksbury 2009; Kearney et al. 2009),
the offspring sex ratio may be skewed by climate change
in natural populations (Wapstra et al. 2009) as well as by
extreme temperatures, as in this study. Our results further
highlight the potentially severe impacts of climate warming
on TSD reptiles, a critical issue that has attracted intense
concern in ecological studies, and in animal conservation in
the last few decades, because skewed sex ratios may impact
the reproduction of the next generation and hence the popu-
lation dynamics (Ihlow et al. 2012; Janzen 1994; Mitchell
et al. 2008; Valenzuela and Lance 2004).

More interestingly, the effects of extreme high tem-
peratures on female reproduction and offspring sex were
significant in 2014, but not in 2013. A smaller proportion
of larger females gave birth in 2014, and they produced
a smaller litter with more male neonates (Figs. 2, 4). The
between-year differences in mean and maximum tem-
peratures were not statistically significant, and may not be
the main reason for the different effects. More likely, the
between-year difference in climate warming effects was
due to precipitation, which was higher in 2013 than in
2014. First, although soil-surface temperatures did not dif-
fer between the two years, underground soil temperatures
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were lower in 2013 than in 2014 due to the between-year
difference in precipitation (Fig. 1). In 2013, lizards might
have been able to explore underground thermal opportuni-
ties to achieve suitable body temperatures, which can allevi-
ate the impact of high-temperature treatment, as shown in
the laboratory warming experiment (Fig. S2). Such thermal
opportunities largely decreased in 2014, however, due to
the increase in underground soil temperature. For example,
during the active period of the lizards—from 8:00 to 18:00
each day—in 2013, 43 % of the 10-cm depth soil tempera-
tures were over 29 °C, which is the pivotal temperature for
TSD in this species (Tang et al. 2012; Zhang et al. 2010).
In 2014, by contrast, this increased to 54 %. Second, field
investigations have demonstrated that the precipitation may
affect the reproductive output and, therefore, the population
size of animals, including reptiles (Dobkin et al. 1987; Lor-
enzon et al. 2001; Madsen and Shine 2000). Third, water
constraints during pregnancy can directly decrease offspring
size and survival (Marquis et al. 2008), or indirectly affect
offspring number by influencing food availability for rep-
tiles (James and Whitford 1994). In addition, a macro-physi-
ological analysis predicts that temperature may interact with
precipitation to determine the response of squamate reptiles
to climate change (Clusella-Trullas et al. 2011). Experimen-
tal tests of the interaction between temperature and precipi-
tation on life history are rare, however. Our experimental
results provide evidence that temperature interacts with pre-
cipitation to determine the life history of lizards. The effect
of extreme high temperatures on female reproduction and
offspring traits was more pronounced in the dry year than
in the wet year, which suggests that low precipitation may
aggravate the impact of climate warming on lizards.

Our results have important implications for animal con-
servation in arid mid-latitude areas undergoing climate
warming. Our study region has experienced increasing
temperatures, extreme high temperatures, and decreas-
ing rainfall over the last 65 years (Fig. S1), and this trend
is expected to continue in the future at other mid-latitude
regions similar to our study site (Adler et al. 2008; Meehl
et al. 2007). The negative impact of extreme high tem-
peratures on lizard reproduction would reduce recruitment
and, therefore, the sustainability of lizard populations in
the desert steppe of our study site. More severely, the drier
environment in this area would render the survival of the
lizards even more difficult. Given that lizards are the prin-
cipal vertebrates of the arid region and a critical component
of local food webs (Pianka 1986), the decrease or disap-
pearance of lizard populations due to climate warming
would lower the regional biodiversity. Ectothermic animals,
such as lizards, should, therefore, receive more attention in
future studies if we are to understand how climate warming
affects animals and influences the conservation of biodiver-
sity under global warming in arid mid-latitude areas.
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