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Abstract

Environmental changes along an altitudinal gradient can facilitate the differentiation of life-history features in ectothermic species, but little
attention has been devoted to the reciprocal influence of altitude and alpine slope directionality on life-history variation. According to life-history
theory, increased environmental stress causes a change in reproductive allocation from number to quality of offspring, as well as a stronger
trade-off between size and number of offspring. To clarify the influence of environmental pressures on the life-history features of the Qinghai
toad-headed lizard Phrynocephalus viangalii along an altitudinal cline, we surveyed late pregnant females from 3 populations of low (2,600
m), middle (3,400 m), and high (3,600 m) elevations in the Dangjin Mountain of Gansu, China from July to October 2019, and compared their
inter-population differences in maternal body size, reproductive characteristics, offspring growth, and locomotor performance. Because of lower
temperatures, higher humidity, and lower light intensity caused by slope aspect and altitude, the middle-altitude region experienced stronger
environmental stress than the high- and low-altitude regions. Our results showed that females were larger at middle- and high-altitude sites
and smaller at the low-altitude site, following Bergmann'’s rule. We also found that females from low-altitude population gave birth earlier than
those from the middle and high altitudes. Our results showed a shift in the offspring size-number trade-off of P viangalii in response to colder
and harsher environments, with lizards from the alpine steppe (i.e. the middle- and high-altitude habitats) producing fewer but larger offspring
than those from the warm steppe (i.e. the low-altitude habitat). Low-altitude juveniles grew faster than high-altitude ones, but at the same rates
as middle-altitude juveniles. This result demonstrates that the growth of P viangalii was associated with temperature and light intensity. Our
findings contribute to enhancing our understanding of the altitudinal variation in life-history features of plateau ectotherms and their phenotypic

plasticity or local adaptation.
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Among-population changes in life-history features, such as
body size, reproduction, and offspring growth, are common
in animals that have wide latitudinal or altitudinal distribu-
tion ranges (Fitch 1985; Forsman and Shine 1995; Wapstra
and Swain 2001; Ji et al. 2002; Iraeta et al. 2013; Lu et al.
2018b). Environmental stress can be a major driver of life-his-
tory variation, which may be the consequence of species resist-
ance and adaptation to specific stress (Einum and Fleming
1999; Rasanen et al. 2008). Because environmental stresses
in various habitats lead to disparities in maternal disposable
resources, life-history theory suggests that females must opti-
mally allocate their resources between present and future
reproduction, as well as between reproduction, growth, and
maintenance (Williams 1965; Stearns 1992). Consequently,
variation in life-history features is significant to understand-
ing how animals respond to different environmental stresses.

One of the important topics in studies of animal life his-
tory is the trade-off between size and number of offspring,
which may influence the maternal reproductive output deter-
mined by allocable energy resources (Stearns 1992; Roff

1993; Charnov and Downhower 1995). Life-history theory
predicts that animals often give birth to fewer but larger off-
spring, indicating a trade-off of offspring size vs. number, to
cope with increasing environmental pressure (Charnov and
Downhower 1995; Ljungstrom et al. 2016). Because of the
reproductive advantage over smaller females, natural selec-
tion favors larger females (Brafia 1996; Olsson et al. 2002).
Females also tend to produce as many offspring of high
quality or large size as possible to increase their reproduc-
tive output, because larger offspring have a greater chance
of surviving in harsh environments (Stearns 1992; Liao et
al. 2014). However, females cannot increase both the num-
ber and size of offspring because the amount of resources at
their disposal is always limited (Roff 1993). Thus, females
choose to produce larger but fewer offspring, or smaller but
more offspring, which largely reflects the strategies adopted
under different environmental stresses (Ji and Wang 20035).
To date, how shifts in the trade-off of offspring size-number
among different populations are driven still remain a question
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worthy of further investigation, especially under different
environmental pressures.

For juveniles, growth rate is a critical component of their
life-history (Stearns 1992), and strongly influences their size
at maturity and survival rates (Sorci et al. 1996; Clobert et
al. 2000; Du et al. 2012). However, the growth of some liz-
ards is indeterminate and requires alternative strategies to
evolve, because it is vulnerable to proximal environmental
forces (Dunham 1978; Sinervo and Adolph 1994; Lorenzon
et al. 2001). For example, food shortages may promote the
growth of lizards in the presence of food, or reduce their
activities in harsh environments (Iraeta et al. 2006, 2008).
Thus, variation in juvenile growth rates has been interpreted
as an adaptive strategy in different populations of the same
species (Lorenzon et al. 2001; Niewiarowski 2001). Although
cold conditions or food scarcity can inhibit juvenile growth,
some species may evolve genetically-based phenotypes that
grow quickly in order to compensate for this deficiency
(Blanckenhorn 1991; Arnett and Gotelli 1999; Jonassen et
al. 2000; Ficetola and De Bernardi 2005). The reasons for
variation in juvenile growth are not well understood, so it is
necessary to study the juvenile growth rate in different popu-
lations of the same species.

Life-history evolution under stressful circumstances can
be better understood by studying populations at different
altitudes (Kozlowska 1971; Howard and Wallace 1985).
For instance, owing to environmental conditions like lower
temperatures, stronger seasonality, shorter reproductive sea-
sons, and more volatile food resources, ectotherms at high
altitudes tend to increase investment in each offspring, as a
tactic to improve the survival rate of offspring (Berven 1982;
Morrison and Hero 2003). In fact, among diverse reptiles,
high-altitude populations are characterized by fewer and
larger offspring, while low-altitude populations have more
and smaller offspring (Jin and Liu 2007; Li et al. 2014).
However, some research has shown that high-altitude lizards
produce more and smaller offspring than low-altitude ones
(Tang et al. 2012). Furthermore, some studies have found
that reptile juveniles grow faster at high altitudes (Iraeta et al.
2006,2013; Lu et al. 2018a, 2018b; Hu et al. 2019), whereas
others have found that high-altitude juveniles grow slower
(Sinervo and Adolph 1989; Sorci et al. 1996). Notably, these
research results on growth of juvenile across altitudes are also
inconsistent. Meanwhile, light-environment is an important
component of lizard thermoregulation which is different from
temperature, and lower light can prevent lizards from achiev-
ing optimal body temperature (Sievert and Hutchison 1988,
1989; Refsnider et al. 2018). Therefore, comprehensive data
sets from different populations of ectothermic reptiles are
essential for comprehending the common pattern of covaria-
tion among life-history features, and the relationship between
life-history features and ecological factors.

The Qinghai toad-headed lizard Phrynocephalus vlangalii,
a viviparous agamid endemic to China, is widely distributed
in the northeastern Qinghai-Tibetan Plateau, with a broad
altitudinal distribution range of 2,000-4,500 m (Wake et al.
1994; Zhao 1997). Altitudinal-related changes in life-history
features in this lizard species have attracted increasing atten-
tion from researchers (Jin and Liu 2007; Jin et al. 2007; Li
et al. 2014; Lu et al. 2018a). A previous study reported that
the body size of adult P. vlangalii decreased with increasing
altitude (Jin et al. 2007), but 3 other recent studies showed
that females at high altitudes were larger than those at low
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altitudes (Jin and Liu 2007; Li et al. 2014; Lu et al. 2018a).
Two studies reported that females of P. wlangalii at high
altitudes produced fewer and larger offspring than those at
low altitudes (Jin and Liu 2007; Li et al. 2014), but Lu et al.
(2018a) also found that newborns of high-altitude females
were smaller than those of low-altitude females. Obviously,
the results of these studies are inconsistent. We noticed that
there was not only a large altitudinal gradient but also a
large latitudinal gradient between the geographical localities
of these lizard populations selected for the studies. Because
of the controversy in altitudinal patterns of the life-history
features, the underlying proximate causes of the altitudinal
change remain elusive for this plateau lizard. Patterns of var-
iation in life-history features of a plateau ectothermic lizard
might be further clarified among geographically close altitu-
dinal populations.

In this study, we captured late pregnant females of the
Qinghai toad-headed lizard at 3 altitudinal sites on a high-
elevation mountain, and reared them at each collection site.
We compared their inter-population differences in maternal
body size, reproductive characteristics, offspring growth and
locomotor performance. We hypothesized that geographi-
cally close populations of the Qinghai toad-headed lizard in a
high mountain would show different reproductive strategies
along an altitudinal gradient because of large environmental
changes. We then predicted that females of P. viangalii at high
altitudes would be larger, and produce fewer but larger off-
spring, than those at low altitudes due to colder and harsher
environments. The objective was to clarify the variation of
life-history features in a Qinghai-Tibet Plateau lizard along
an altitudinal cline.

Materials and Methods

Study site and species

This study was conducted at 3 sites of low (2,600 m), mid-
dle (3,400 m), and high (3,600 m) elevations in the middle
Dangjin Mountain (39°18’-25'N, 94°14’-16’E) with an
altitudinal range of 2,300-3,750 m, Aksay County, Gansu
Province, China, during July—October of 2019. The low- and
middle-altitude sites are located in the warm steppe area
at the mountain’s northern foot and the alpine steppe area
near the mountain’s northern peak respectively, whereas the
high-altitude site is located in the alpine steppe area near
the mountain’s southern peak. The warm steppe vegetation
is mainly composed of Achnatherum splendens, Carex spp.,
Ephedra sinica, Haloxylon ammodendron, Leymus secalinus,
Poa annua, Stipa capillata, S. breviflora, Sympegma regelii,
while the alpine steppe vegetation consists mainly of A. splen-
dens, Krascheninnikovia compacta, Leontopodium nanum,
Rhodiola quadrifida, Roegneria nutans, S. capillata, S. pur-
purea. The mean annual temperature is < 3.9 °C with an aver-
age minimum of -9 to =20 °C in January and an average
maximum of 11 to 16 °C in July. Annual precipitation ranges
from 19 to 176 mm, with most rain falling between May and
September (Han et al. 1999).

The Qinghai toad-headed lizard generally inhabits arid
and semi-arid grasslands with sparse vegetation. Sexual
dimorphism of this lizard species in morphological traits is
evident in adults, the largest male being 70.2-mm snout—
vent length (SVL) and the largest female being 82.8 mm SVL
(Zhang et al. 2005). The females produce a single litter per
breeding season from June to August, with a litter size of
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2-6 young (Zhang et al. 2005; Li et al. 2014). The life-his-
tory characteristics of different populations of this species
have great variability. In terms of reproductive character-
istics, populations at different altitudes also make corre-
sponding changes due to changes in ecological factors like
as temperature and food resources (Jin et al. 2007; Li et al.
2014; Lu et al. 2018b).

Sampling and breeding

According to previous research, female P. vlangalii give birth
from 25 July to 28 August; populations from lower altitudes
have litters earlier than those from higher altitudes (Li et al.
2014). In the field, the lizards were palpated around the abdo-
men to determine their pregnancy status. We collected 170
late-pregnant females of the 3 lizard populations in the low
(69 %), middle- (30 %) and high- (71 %) altitude sites from 21
July to 15 August, and then transferred each lizard to plastic
storage bins (67 x 49 x 40 cm) installed at the local altitude site
in the field. After being caught, female lizards were measured
by experimental instruments, and immediately marked and
numbered on their backs with a black marker pen. Females
were then toe-clipped for permanent individual identifica-
tion (Hao et al. 2021). Any females that shed their skin were
marked again for better visual identification. Each bin housed
1 gravid female. Half of the plastic storage bin was covered
with 10- to 15-cm-thick sandy soil, and the other half was
covered with eggs paper trays, so that the lizard could adjust
its body temperature autonomously by natural sunlight. One
half of the box lid was removed and replaced with bird nets
to ensure air circulation and defense against predators. After
the litters were born, they stayed in the same bin with their
mother. The lizards were fed approximately 5-6 mealworms
and drinking water every day, and newborns were fed with
small mealworms ad libitum.

Data collection

Each captured female lizard was measured for SVL using dig-
ital vernier calipers (PD-151, Pro’sKit) accurate to 0.01mm,
and the body mass (BM) was measured with an electronic
balance (ES-08B, Hochoice) accurate to 0.01 g. Plastic storage
bins were checked at least twice per day to record any newly
born offspring. When newborns were found, we recorded the
approximate litter time of their mothers and measured post-
partum BM and SVL. Then we measured the neonate BM and
SVL, and recorded litter size and litter mass.

When offspring were 2 weeks old, we measured their BM
and SVL again. Sprint speed is often used as a proxy of ani-
mal fitness (Hoskins et al. 2017; Gonzalez-Morales et al.
2021a). Then we measured their sprint speeds on a wooden
track (100 cm x 15 cm x 20 cm) in the field. The bottom of
the track was a rough cork board, which can provide suita-
ble traction for the lizards. The wooden track is divided into
eight 10 cm long sections separated by horizontal strips of
contrasting colors. During a sprint trial, the lizard was intro-
duced from 1 end, and the researcher used a brush to touch
the tail and stimulate the lizard to run away. Sprint trials were
recorded with a digital video camera (DCR-SR220E, SONY).
Subsequently, we used the software PotPlayer to analyze
the videos, and took the fastest speed of each subject run-
ning through a 20 cm interval as the maximum sprint speed.
Before each lizard was tested, we used an electronic thermom-
eter (UNT T325, Shenzhen Meter Instruments) to measure
their cloacal temperature.
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In addition, we recorded the temperature, humidity, and
light intensity of the environment every half hour at the 3
altitudinal sites by Onset HOBO Temperature/Relative
Humidity/Light/External Data Logger (U12-012, HOBO)
from 23 July to 15 September.

Statistical analyses

In this study, we used Julian Day to represent the litter time
for data analysis (January 1st of the current year is the first
day of Julian Day, arranged in recursive order). Relative litter
mass was an indicator of the lizard’s reproductive investment,
calculated as the ratio of litter mass to maternal post-par-
tum BM (Dupoué and Lourdais 2014). We used Shapiro-Wilk
tests, Bartlett tests and the glht function in the multcomp
package to determine normality, homogeneity of variance,
and homogeneity of the slope of the data. For the analysis of
environmental factors, we used Kruskal tests to compare dif-
ferences in temperature, humidity, and light intensity among
the 3 altitudinal sites. The PMCMRplus package was used
for each pairwise comparison test between environmental lev-
els. We used chi-square tests to analyze the inter-population
difference in the reproductive success rate of gravid females.
The reproductive success rate is calculated as the percentage
of lizard mothers giving birth to normal litters and gravid
females collected. One-way ANOVAs were used to compare
the inter-population differences in female SVL and BM, litter
time, and relative litter mass. One-way ANCOVA was used
to determine inter-population difference in litter mass with
female SVL as a covariate. The Permutation test method in
the ImPerm package was used to compare the inter-popula-
tion differences in litter size with female SVL as a covariate.
Tukey HSD tests were used for each pairwise comparison test
between levels. Growth rate of offspring SVL and BM was cal-
culated using In(measurement /measurement, )/(date, — date,).
Linear mixed models, with maternal identity as a random fac-
tor, were used to compare the inter-population differences in
neonate SVL and neonate BM with maternal SVL as a covari-
ate, offspring growth rates with initial SVL as a covariate, and
offspring locomotor performance with initial SVL and cloacal
temperature as covariates. All data were expressed as mean =
SE. All data was analyzed in R (v.3.6.3).

Results

Environmental factors

Among the 3 sites, there were significant differences in
mean daily temperature (3> = 509.01, P < 0.001), humidity
(x* = 256.18, P < 0.001), and light intensity (x> = 40.92, P
< 0.001). The low-altitude site had higher temperature and
lower humidity than the high- and middle-altitude sites,
with no difference between the middle-altitude site of the
north slope of the mountain and the high-altitude site of the
south slope (Figure 1). The low-altitude site was noticeably
warmer and drier compared to the middle- and high-altitude
sites. However, the light intensity at the middle-altitude site
of mountain’s north was generally weaker than that at the
low-altitude site of mountain’s north and the high-altitude
site of mountain’s south (Figure 1).

Female body size and reproductive traits

In total, there were 50 (72.5%), 23 (76.7%), and 61 (85.9%)
females giving birth in the low-, middle-, and high-alti-
tude populations, respectively, showing no interpopulation
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Figure 1. Daily average temperature, humidity and light intensity at the 3 sites
in the Dangjin Mountain of Gansu, China. Mean values with different letters aft
significantly different (Kruskal test).

difference in the reproductive success rate (x> = 3.895, df =
2, P = 0.143). There were significant differences in the female
body size measured by SVL (Initial: F, ,, = 3.67, P < 0.05;
post-partum: F, ;;, = 5.00, P < 0.05) and BM (Initial: F,
8.75, P < 0.001; post-partum: F, , = 5.47, P < 0.05) among
the 3 altitudinal populations of P. vlangalii (Figure 2, Table 1).
Specifically, the SVL was larger in middle- than low-altitude
populations (Figure 2A), and the BM was heavier in middle-
and high-altitude populations than in low-altitude population
(Figure 2B).

Litter periods of the low-, middle-, and high-altitude popu-
lations of P. vlangalii lasted 29 d (from 30 July to 27 August),
25 d (from 28 August to 21 September), and 44 d (from 22
August to 4 October), respectively. There was a significant
difference in litter time among 3 populations (F, ,, = 246.9, P
< 0.001). Low-altitude females gave birth earlier than middle-
and high-altitude females (Figure 3).

After the influences of maternal size were statistically
removed, the litter size differed significantly among the 3 pop-
ulations of P. vlangalii (P < 0.01), with fewer litters produced
by females from the middle-altitude population than in low-
and high-altitude populations; in contrast, there was no dif-
ference among populations in litter mass (P = 0.398; Table 1).
Consequently, the reproductive effort (measured as relative
litter mass, RLM) also did not differ among the 3 altitudinal
populations (P = 0.167; Table 1). After the influences of mater-
nal identity and female body size were statistically removed,
we discovered that neonate body size measured by both SVL
and BM was largest for the middle-altitude population, and

of low (2,600 m), middle (3,400 m), and high (3,600 m) elevations
er the names of the 3 altitudinal sites in the legends are statistically

smallest for the low-altitude population, with the high-alti-
tude population in between (Table 1). Therefore, females of
P. vlangalii from the middle-altitude population gave birth
to larger and fewer offspring than those from the low- and
high-altitude populations. Additionally, females from the
high-altitude population gave birth to larger offspring than
those from the low-altitude population, although their litter
size was not significantly fewer than that of the low-altitude
population (Table 1).

Growth rate and locomotive performance of
offspring

Initial body size of newborn lizards differed among the 3
altitudinal populations (Table 1). Their growth rates by body
length (SVL) also significantly differed among the 3 popula-
tions (F, ;. = 4.68, P < 0.05), but there was no difference in
growth rate by mass (BM) (F, ., = 2.54, P = 0.085; Figure
4). The SVL growth rates of offspring in the low-altitude
population were significantly faster than offpsring from the
high-altitude population (Figure 4, Table 1). However, offps-
ring locomotive performance measured by sprint speed did
not differ among the 3 populations (F =0.90, P = 0.409,
Figure 4, Table 1).

2,84.28

Discussion

Variation in maternal body size is common among ectotherm
populations inhabiting different elevations, although the
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Figure 2. Initial and postpartum snout-vent length and body mass of adult female Qinghai toad-headed lizards Phrynocephalus viangalii, from the 3
populations along an altitudinal gradient of low (2,600 m), middle (3,400 m), and high (3,600 m) in the Dangjin Mountain of Gansu, China. Data are
showed as means + 1SE. Mean values with different capital or small letters above the error bars are statistically significantly different (Tukey's test).
Sample sizes for the low-, middle-, and high-altitude populations were 50, 23, and 61, respectively.

Table 1. Life-history features of female Phrynocephalus viangalii from the three populations along an altitudinal gradient of low (2,600 m), middle (3,400
m), and high (3,600 m) in the study area

Variable Altitudinal populations Statistical analyses
Low Middle High

Initial maternal SVL (mm) 54.35 = 0.44> (50) 56.66 = 0.66* (23) 55.57 £ 0.51> (61) F, 5, =3.67,P=0.028
Post-partum SVL (mm) 54.74 + 0.43b (50) 57.42 + 0.66° (23) 56.03 = 0.50° (61) F,, = 5.00, P = 0.008
Initial maternal BM (g) 8.18 + 0.19% (50) 9.63 = 0.38*(23) 9.31 = 0.24* (61) F, 5, =8.75,P <0.001
Post-partum BM (g) 5.39 = 0.12° (50) 6.18 = 0.23% (23) 5.85+0.15 (61) E,,, = S47,P =0.005
Litter size 3.00 = 0.14* (50) 2.52 = 0.19° (23) 2.92 = 0.11* (61) F, 5, =5.64,P =0.005
Litter mass (g) 2.36 = 0.12 (50) 2.41+0.17 (23) 2.47 +0.11 (61) F, ;= 0.93,P =0.398
Relative litter mass 0.42 = 0.02 (50) 0.45 = 0.02 (23) 0.40 = 0.03 (61) F, 5 =1.81,P=0.167
Neonate SVL (mm) 24.41 = 0.15¢ (74) 25.70 + 0.16° (45) 25.13 = 0.18° (55) Ey 000 = 8:55, P < 0.001
Neonate BM (g) 0.79 = 0.01¢ (74) 0.95 = 0.022 (45) 0.88 = 0.02° (55) F, 4545 =9.42, P < 0.001
Offspring growth in SVL (mm/d) ~ 0.0067 = 0.0005* (74)  0.0041 = 0.0004 (45)  0.0038 = 0.0005" (55)  F,. . =4.68, P =0.012
Offspring growth in BM (g/d) 0.0153 = 0.0011 (74) 0.0110 = 0.0011 (45) 0.0131 = 0.0010 (55) F, o4 =2.54, P = 0.085
Offspring sprint speed (m/s) 0.63 = 0.03 (66) 0.34 = 0.02 (36) 0.42 = 0.02 (56) F._ . =0.90,P = 0.409

2,84.28

Values are showed as mean = 1SE, sample size is shown in parentheses. Comparisons among the 3 populations were performed using one-way ANOVA
for maternal SVL (snout-vent length) and BM (body mass), relative litter mass, Permutation tests for litter size, and one-way ANCOVA for litter mass
with maternal SVL as the covariate. Linear mixed models, with maternal identity as a random factor, were used to detect the inter-population differences
in neonate SVL and neonate BM with maternal SVL as a covariate, offspring growth rates with initial SVL as a covariate, and offspring sprint speed with
initial SVL and cloacal temperature as covariates. Mean values matching different variables with different superscript letters are statistically different

(Tukey’s test).
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populations in the legends are statistically significantly different (Tukey's test).

magnitude and pattern of these differences changes between
species (Ashton and Feldman 2003; Pincheira-Donoso et al.
2008). High-altitude populations have larger body size than
low-altitude ones in some species (Chown and Klok 2003;
Zamora-Camacho et al. 2014a), while the opposite is also true
in others (Mousseau 1997; Jin and Liu 2007; Jin et al. 2007,
Bock et al. 2009; Gonzalez-Morales et al. 2021b). Consistent
with our prediction, our results indicated that adult female P.
vlangalii had larger body size at the middle- and high- than
low-altitude areas due to colder and harsher environments
in the former (Figures 1 and 2). One possible interpretation
for this pattern (i.e. larger body size in colder environments)
is that females from high altitudes may be under selection to
grow bigger to optimize fecundity (Charnov and Downhower
1995; Brania 1996; Cox et al. 2003). However, our data do
not support this view. High- and middle-altitude females
had larger body sizes than low-altitude females (Figure 2),
but there was no significant difference in their reproductive
investments (measured as RLM; Table 1). Another possibil-
ity is that the ratio of surface area to volume decreases with
an increase in body weight, thus slowing heat exchange with
the environment. Bergmann’s rule explains why large-scale
patterns of change in body size develop as a result of envi-
ronmental influences (Bergmann 1847). Altitudinal change in
female body size among the 3 lizard populations in this study
follows Bergmann’s rule, and this theory has also received
support in ectotherms (Sacchi et al. 2007; Pincheira-Donoso
et al. 2008; Zamora-Camacho et al. 2014a).

Temperature affects embryonic development. At least up to
a certain point, embryonic growth is faster at high rather than
low temperatures (Muth 1980; Shine 1983). We found that
Qinghai toad-headed lizards inhabiting the low-altitude area

gave birth earlier than those in the middle- and high-altitude
areas (Figure 3). As a result of the lower ambient tempera-
tures, embryos in high latitudes or altitudes grow at a slower
rate than those at lower latitudes or altitudes (Mathies and
Andrews 1995), and our results follow this rule. On the other
hand, at lower altitudes, the date of emergence from hiberna-
tion is earlier for reptiles, and the time between emergence and
ovulation can influence their egg-laying or parturition dates
(Ji and Wang 2005; Lin et al. 2012). In this study, we also
noticed that low-altitude lizards emerged from hibernation
around mid-April, while high-altitude lizards emerged around
mid-May, which is consistent with the above situation.
Life-history theory predicts that animals should optimally
allocate limited resources between number and size of off-
spring (Stearns 1992; Roff 1993). With increasing envi-
ronmental stress, females should produce fewer but larger
offspring to improve their chances of surviving in harsh envi-
ronments (Charnov and Downhower 19985; Liao et al. 2014;
Ljungstrom et al. 2016). Our results showed a shift in the
offspring size-number trade-off of P. vlangalii in response to
colder and harsher environments, with lizards from the alpine
steppe (i.e. the middle- and high-altitude habitats) producing
fewer but larger offspring than those from the warm steppe
(i.e. the low-altitude habitat) (Table 1). The observed variation
in the trade-offs of offspring size-number among populations
may be the result of female resource allocation influenced
by environmental factors such as temperature, humidity and
light intensity (Roff 2002). Middle- and high-altitude females
thus produced larger offspring than low-altitude females to
enhance the survival chances of offspring under higher envi-
ronmental stress caused by lower temperatures and higher
humidity (Figure 1 and Table 1). Furthermore, because of
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Figure 4. Growth and locomotor performance of the offspring of Qinghai toad-headed lizards Phrynocephalus viangalii, from the 3 populations along an
altitudinal gradient of low (2,600 m), middle (3,400 m), and high (3,600 m) in the Dangjin Mountain of Gansu, China. Data are showed as means + 1SE.
Mean values with different letters above the frame are statistically significantly different (Tukey's test). Sample sizes of offspring measured for body
growth from the low-, middle-, and high-altitude populations were 74, 45, and 55, and for locomotor performance were 66, 36, and 56, respectively.

lower light intensity, middle-altitude females of P. vlangalii
had higher environmental stress than high-altitude females,
resulting in fewer but larger offspring (Figure 1 and Table 1).

Our results also showed that the fitness (measured by sprint
speed) of P. vlangalii offspring did not differ among the 3
populations (Figure 4), indicating that all their offspring have

the same good performance of adapting to local environments
after the offspring size-number trade-off. The sprint speed of
lizards is affected by biotic and abiotic factors, such as limb
length, body color, temperature and so on (Zamora-Camacho
et al. 2014b; Gonzalez-Morales et al. 2021a). High-elevation
lizards in a low thermal-quality habitat can achieve high



Yu et al. - Altitudinal variation in lizard life-history features

optimum body temperatures through a number of thermoreg-
ulatory strategies, thus maximizing their speed performance
(Zamora-Camacho et al. 2015). Whether the Qinghai toad-
headed lizards at high altitude have similar thermoregulatory
strategies to maximize their speed performance is worthy of
further study.

Our study suggests that the growth of P. viangalii was asso-
ciated with temperature and light intensity, with the offspring
in the low-altitude population having faster growth rate
than that in the high-altitude population, with no difference
between the middle-altitude population of the mountain’s
north slope and the high-altitude population of the moun-
tain’s south slope (Figures 1 and 4). The most important eco-
logical factors that influence lizard growth are considered
to be temperature and food quality (Iraeta et al. 2006). Due
to thermal constraints on body temperatures, the length of
time during which a lizard’s body temperature is adequate
for activity should be positively associated with its growth.
The growth rate of lizards can be improved by increasing the
total time of lizards at the temperatures of supporting activ-
ities (Sinervo and Adolph 1994; Sears 2005). Higher ambi-
ent temperatures at the lower altitude areas may result in
longer daily and seasonal activities of lizards, and therefore
likely faster growth rates and longer growing periods (Sears
2005; Zamora-Camacho et al. 2013). In our study, high- and
low-altitude juveniles of P. vlangalii follow this feature, but
not for middle-altitude juveniles (Figures 1 and 4). Solar radi-
ation increases with increasing elevation (Heinl et al. 2013).
However, the light intensity at the middle-altitude region in
this study was weaker than that at low- and high-altitude
regions (Figure 1), and was caused by the slope aspect of the
mountainous terrain. Thus, middle-altitude region experi-
enced greater environmental stress due to lower temperature,
higher humidity and lower light intensity. Although we did not
explicitly investigate the availability of food resources in the
3 regions, we may assume from temperature and light inten-
sity that primary productivity is lower in the middle-altitude
region. Under directional selection, different environmental
pressures may favor different genotypes (Irschick and Meyers
2007). Fast-growing genotypes are commonly discovered
in those resource-poor environments causing slow growth
(Blanckenhorn 1991; Arnett and Gotelli 1999; Jonassen et al.
2000; Ficetola and De Bernardi 2005). Temperate juveniles of
the eastern water skink Eulamprus quovyii, for instance, grow
quicker than tropical counterparts under same laboratory
conditions (Caley and Schwarzkopf 2004). Therefore, mid-
dle-altitude lizards may have evolved fast-growing genotypes
that resulted in faster growth rates in offspring under condi-
tions of enough artificial food.

In the end, our results support the idea that the inter-pop-
ulation change in life-history features of P. vlangalii is an
adaptive response to environmental stress. The environmen-
tal pressure gradually increases with the increase of altitude
at a mountain, but its inverse gradient may also be affected
by the slope aspect of mountain. Due to the difference of alti-
tude and slope aspect, the middle-altitude region in this study
experienced more severe environmental stress than the high-
and low-altitude regions. Our results indicated that female P.
vlangalii had larger body size at the middle- and high- than
low-altitude areas due to colder and harsher environments.
Our results also showed a shift in the offspring size-number
trade-off of P. vlangalii in response to colder and harsher
environments, with lizards from the alpine steppe producing
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fewer but larger offspring than those from the warm steppe.
In addition, neonates in the middle-altitude regions with
harsher environment had higher potential SVL growth rate.
The findings of this study can contribute to enhancing our
understanding of the altitudinal variation in life-history fea-
tures of plateau ectotherms and their phenotypic plasticity or
local adaptation.
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