Volume 24 (January 2014), 17-23

BHS

Published by the British
Herpetological Society

FULL PAPER

Life-history variation among three populations of the
toad-headed lizard Phrynocephalus vlangalii along an elevation
gradient on the northeastern Tibetan Plateau
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Elevation and related environmental factors is a main factor for life-history variation in ectothermic species. To test if altitude
can explain variation in life-history traits in the toad-headed lizard Phrynocephalus vlangalii, we sampled gravid females from
three localities (Delingha: elevation 2910m, Daotanghe: 3367m; Maduo: 4257m) and measured parturition time, snout-vent
length (SVL) at sexual maturity, female body size and postpartum body condition, litter size, litter mass, relative litter mass
(RLM), size and mass of newborn offspring. Females gave birth between 25 July and 28 August, and females from lower
elevations were earlier than those from higher elevations. Female SVL at sexual maturity and mean SVL, litter size, litter mass,
relative litter mass and offspring size varied among populations, whereas female post-parturition body mass and offspring
mass remained invariant. Females from the highest elevation had a greater SVL at sexual maturity, mean SVL and abdominal
length. Both litter size and litter mass were positively correlated with female SVL. Females from the higher elevation localities
(Maduo and Daotanghe) had a lower RLM than those from the lowest elevation (Delingha). Furthermore, females from the
highest elevation produced fewer and larger (SVL but not mass) offspring than those from the other localities. Trade-offs
between offspring size and number were detected in Delingha and Daotanghe, respectively, but not in Maduo. At a given level

of litter size, offspring size was similar between Delingha and Daotanghe.
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INTRODUCTION

ife-history traits such as body size at sexual
maturity, reproductive investment, litter size and
offspring size can be regarded as investments into
future growth, reproduction and survival, which are
central aspects of animal ecology. For example, rates of
reproductive investment are expected to trade-off with
future survival and reproduction, thus having a large
contribution to the viability of populations in the face of
pressures such as predation and interspecific competition
(Roff, 2002). Additionally, offspring size is assumed to be
a fitness-related trait, because maternal investment per
offspring not only affects offspring size per se, but also
other size-related traits such as embryonic development,
juvenile physiology and performance (Ferguson & Fox,
1984; Sinervo, 1990; Roff, 1993; Einum & Fleming, 2000).
A main aim of life-history studies is to document
patterns of variation in life-history traits and to explain
the forces behind them (Zamora-Abrego et al., 2007).
Early life-history studies mainly focused on interspecific
variation (Dunham et al., 1988; Bauwens & Diaz-Uriarte,
1997; Zamora-Abrego et al., 2007), before intraspecific

variation of life-history traits within one species garnered
more attention (Adolph & Porter, 1993; Tinkle et al.,
1993; Du et al., 2005; Ji & Wang, 2005; Qualla et al.,
2009; Zuffi et al., 2009; Wang et al., 2011). Variation in
life-history traits may arise from inherent restrictions
(such as allometric, design and phylogenetic effects) and
phenotypic plasticity induced by environmental factors
(Stearns, 1992; Jordan & Snell, 2002). Both genetic and
environmental sources were identified as important
determinants of intraspecific life-history variation
(Bernardo, 1994; Niewiarowski, 1995), with altitude
(Rohr, 1997), latitude (Wilson & Cooke, 2004; Du et al.,
2005), food availability (Dunham, 1978; Bonnet et al.,
2003) and thermal regimes (Beaupre, 1995; Zuffi et al.,
2009) being most important for the latter. However,
our knowledge about causal mechanisms of life-history
variation is still limited (Forsman & Shine, 1995; Wapstra
& Swain, 2001).

Being ectothermic species, lizard life-history traits are
highly dependent on habitat conditions, and elevation
and related environmental factors contribute largely to
intraspecific geographical variation (Adolph & Porter,
1993; Rohr, 1997; Jin & Liu, 2007). Although data on
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Table 1. Female life-history traits of Phrynocephalus vlangalii from the three populations. Data are expressed as
meanxSE, number and range. Comparisons among populations are performed by using one-way ANOVA (for SVL and
RLM) or one-way ANCOVA (for other variables, with maternal SVL as the covariate). Means corresponding to population

abbreviations with different superscripts differ significantly (Tukey’s test, a= 0.05, a>b>c show a size gradient).

. Populations Statistical Multiple

Variable .

DLH DTH MD analyses comparisons

Maternal 55.74+0.49,67 57.010.43,52 58.41+0.39,66 F, 15,=9.69; DLH®, DTH?,
SVL (mm) 43.70-63.71 50.30-66.42 50.1-65.45 p<0.001 MD?

Maternal TL (mm) 52.43+0.41,67 45.,96+0.33,52 52.55+0.41,66 F,15,=136.46, DLH?, DTH¢,
43.2-62.3 38.6-54.32 43.00-63.65 p<0.001 MDP

Abdominal length 29.68+0.45,57 29.74+0.34,52 32.2140.32,66 F2 171:9'37' DLH®, DTH®,
(mm) 21.71-35.86 24.10-33.50 25.60-37.50 p<0.001 MD?

Maternal ante- 9.53+0.25,67 8.9040.22,50 9.52+0.24,65 F2‘178=17.76, DLH?, DTH®,
partum mass (g) 5.17-13.91 6.34-13.61 5.21-15.85 p<0.001 MD®

Maternal Post- 6.13+0.16,67 6.190.16,50 6.58+0.17,65 F, 1,,=0.94, DLH?, DTH?,
partum mass (g) 2.94-8.48 4.60-9.53 3.75-11.29 p=0.39 MD?

. . 3.97+0.13,67 2.7440.10,51 3.154£0.11,66 F =71.05, DLH?, DTH®,
Litter size 2,180 b
2-6 2-5 1-5 p<0.001 MD

Litter mass(g) 2.81+0.10,67 2.05+0.76,50 2.40+0.09,65 F,1,5=58.9, DLH?, DTH®,
g 1.18-4.79 1.33-3.58 0.59-4.05 p<0.001 MDP

Offspring 24.48+0.07,67 24.831+0.11,50 25.8710.08,65 Fz,178=20.49, DLH®, DTH®,
SVL (mm) 20.70-27.30 19.80-27.65 22.23-29.00 p<0.01 MD?

Offspring 0.71+0.01,67 0.75+0.01,50 0.76%0.01,65 F, 178=2.17, DLH?, DTH?,
Mass (g) 0.40-0.93 0.37-1.04 0.45-1.0 p=0.12 MD?

RLM (g) 0.46+0.013,67 0.33+0.009,50 0.36+0.013,65 F,1,s=30.16, DLH?, DTH?Y,
& 0.27-0.73 0.18-0.48 0.10-0.69 p<0.001 MD®

intraspecific geographical variation in life-history traits
are available elsewhere, there are few detailed studies
on reptiles on the Tibetan plateau (Zhang et al., 2005;
Jin & Liu, 2007). Phrynocephalus vlangalii is a small
Chinese toad-headed viviparous sand lizard which shows
a broad altitudinal distribution range (2700 to 4600m,
Jin & Liu, 2007). Females from higher elevations were
previously shown to produce fewer and larger offspring
with lower amounts of reproductive investment than
those from low elevations (Jin & Liu, 2007). To strengthen
our understanding on variation in life-history traits, we
compare an extended set of life-history traits from three
different elevations.

MATERIALS AND METHODS

Sampling sites

We collected adult P. viangalii from three localities
(Delingha, DLH: 2910 m, 37°07'43”N and 97°24'54"E;
Daotanghe, DTH: 3367 m, 36°18'41”N and 101°02'05"E;
Maduo, MD: 4257 m, 34°44'54"N and 98°07'27"E) in
Qinghai Province, northeast Qinghai-Tibetan Plateau
of China, during their breeding season (June—August)
in three consecutive years (2010-2012). Microhabitats
for P. vlangalii were similar across the three localities,
comprising scrub and desert terrain. Temperature data
from China’s meteorological data sharing service show
decreasing temperature with increasing elevation.
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Lizards sampling and housing

We obtained a maximum of 25 gravid P. vlangalii females
from each locality every year (DLH: n=22/25/20 for
2010/2011/2012; DTH: n=18/19/15; MD: n=19/23/24).
Gravid females from each locality were obtained
approximately one week beforethe onset of reproduction.
All lizards were caught by hand, and then brought to
Lanzhou University, Gansu (northwestern China). Females
and males from each locality were housed in 70cm x
50cm x 40cm indoor terraria (maximally eight females/
terrarium). Each terrarium contained a water dish, a food
dish, rocks and 10 cm sand. Supplementary heating was
provided by a 60W light bulb suspended 100 mm above
the sand, between 0800 and 1800 hours. Lizards were
fed with Tenebrio molitor larvae, and water containing
vitamins and minerals. The terraria were checked at least
three times per day to record offspring born. Newborn
specimens were fed with small mealworms.

Data collection

Lizards were weighed (+0.01g), measured (+0.01mm)
and marked individually by toe-clipping. Females were
weighed every day at noon to record the antepartum
body mass. We also recorded snout-vent length (SVL), tail
length (TL), and body mass of both postpartum females
and their offspring, as well as litter size. Reproductive
investment (relative litter mass, RLM) was calculated
as litter mass divided by the female postpartum mass



(Shine, 1980). We also recorded mean offspring SVL
(MOSVL) and mean offspring mass (MOM) for each litter.
Female body condition was estimated as the residual
of the female post-partum mass regressed against SVL
(following Van Damme et al., 1992). Offspring body
condition was estimated as the residual of the mean
offspring mass regressed against mean offspring SVL.
Relative fecundity was calculated by using the residuals
derived from the regression of litter size on female SVL
(Olsson & Shine, 1997; Ji & Wang, 2005; Zhang et al.,
2005).

All data were tested for normality (Shapiro-Wilk
W-test) and homogeneity of variances (Bartlett’s F-test)
using SPSS v.13.0. Some data were transformed to
achieve parametric test conditions. Life-history traits
did not significantly vary between years (detailed data
not shown), and data between years were pooled. We
employed linear regressions to quantify the correlation
between each trait, elevation and female SVL. We
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quantified the divergence among the populations via
the reproductive characters of females by conducting
analyses of variance (ANOVA). We used analysis of
covariance (ANCOVA) to correct for female SVL in
comparisons among populations when variables were
correlated with female SVL. We used partial correlation
analysis and Tukey’s tests (multiple comparisons) to
analyse the corresponding data.

RESULTS

Elevational variation of parturition time and female
body size

Females gave birth between 25 July and 28 August.
Females from Delingha (25 July to 17 August) were
approximately one week earlier than those from
Daotanghe (1 August to 22 August), and two weeks
earlier than those from Maduo (10 August to 28 August).
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Fig. 1. Relationships between female size and litter size (A), litter mass (B), mean offspring mass (C) and mean offspring

SVL (D) in three populations of Phrynocephalus viangalii.
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There was a significant difference in pregnant female
SVL among populations (ANOVA, F, 15,=9-69, p<0.001),
with females from Delingha being smaller than those
from Daotanghe and Maduo (Tukey’s test, p<0.001in both
cases) which did not differ from each other (Tukey’s test,
p>0.05). The SVL of the smallest reproductive females
from Delingha, Daotanghe and Maduo populations were
43.70, 50.30 and 50.10 mm, respectively (Table 1).

Female abdominal length was positively correlated
with SVL (r?=0.44, F, ,,=137.27, p<0.0001). There was a
significant difference in relative female abdominal length
among populations (ANCOVA, female SVL as covariate, le
11=9.37,p<0.001). The slope of female abdominal length-
SVL relationship was consistent among populations (F,
16=1.80, p=0.17). Females from Maduo had a relatlvely
larger abdominal length compared to females from
Delingha and Daotanghe (Tukey’s test, both p<0.001),
while females from Delingha and Daotanghe did not
differ from each other (Tukey’s test, p>0.05, Table 1).
Female post-parturition mass was positively correlated
with female SVL (r?=0.44, F, 1=142.47, p<0.001). The
difference in female post-parturition mass among
populations was not significant when female SVL was
corrected for (ANCOVA: F, 15=0.94, p=0.39, Table 1). The
slope of the female post-parturition mass versus female
SVL did not differ significantly among populations (le
156151, p=0.18).

Elevational variation of litter size and litter mass
Both litter size and litter mass were positively correlated
with female SVL (litter size, r?=0.188, F, 5,=42.10,
p<0.001; litter mass r?=0.309, F1 180=80.51, p<0. 001)
(Fig. 1A, B). We used ANCOVA with female SVL as
a covariate to study the difference in litter size and
litter mass among the three populations. There were
significant differences in litter size/SVL and litter mass/
SVL relationships among populations (ANCOVA for all,
litter size, F, 150=71.05, p<0.001; litter mass, F, 176=28.9
, p<0.001), and the slope of these relationships was
consistent (litter size F, . =1.368, p=0.257; litter mass,
2176-2 01, p=0.14). Slze adjusted mean litter size and
litter mass was larger for lizards from Delingha than for
Daotanghe and Maduo, whereas they were almost the
same in the latter two populations (Table 1). Litter size
was not correlated to the female postpartum mass when
the SVL was controlled using a partial correlation analysis
(DLH, r=0.016, n=64; DTH, r=0.006, n=47; DLH, r=0.11,
n=62; all, p>0.05).

RLM was not significantly correlated with female SVL
(r*=0.019, F, 15=3-58, p=0.06). RLM varied significantly
among populations of P. viangalii (ANOVA, F, 1,4=30.16,
p<0.001). RLM was greater for lizards from Delingha than
for those from Daotanghe and Maduo (Tukey’s test, both
p<0.001), whereas RLM in the latter two populations
were almost identical (Tukey’s test, p>0.05, Table 1).

Elevational variation of offspring size and mass

Mean offspring SVL was positively correlated with female
SVL in Delingha (r?=0.07, F, =4.90, p=0. 03); however,
similar significant relationships were not found in the
Daotanghe and Maduo (Daotanghe, r’=0.02, F, 5=0-97,
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Fig. 2. Trade-off between size-corrected litter size and
offspring size (SVL) in populations of P. vlangalii.

p=0.33; Maduo, r’=0.05, F, ¢=3.19, p=0.08) (Fig. 1D).
Mean offspring mass was positively correlated with
the female SVL in Maduo (r?=0.13, FL =9:30, p=0.003),
but no significant correlation was found in Delingha
(r’=0.06, F, ¢=3.92, p=0.052) and Daotanghe (r*=0.03,
F, ,4=1.34, p=0.25, Fig. 1C). When pooling the data of all
populations, both offspring size and offspring mass are
positively associated with female body size (offspring
SVL, r?=0.328, F1, 150=21.70, p<0.001; offspring mass
r’=0.291, F, 15,=16.65, p<0.001). Offspring mass was
positive correlated with female body condition in each
population (DLH, r’=0.147, Fl, 16s=11.24, p=0.001; DTH,
r=0.147, F, ,,=8.50, p=0.005; DLH, r’=0.132, F, ,=9.54,
p=0.003).

Mean offspring SVL and mean offspring mass varied
significantly among populations (ANOVA, MOSVL F,
125=28.16, p<0.001; MOM, F,  =4.17, p=0.017). When
takingfemale SVLintoaccount, differencesin offspring SVL
remained significant (ANCOVA, F, 175=20.49, p<0.001),
but offspring mass differences disappeared (ANCOVA, F,
s=2-17,p=0.12, Table 1). The slope of these relationships
did not vary among populations (MOSVL, F, 175=0-94,
p=0.47; MOM, F, . .=0.57, p=0.57). Mean offspring SVL
was larger for Maduo than for Delingha and Daotanghe
(Tukey’s test, both p<0.001), while mean offspring SVL
of the latter two populations did not differ (Tukey’s test,
p>0.05).

Mean offspring mass increased with offspring
SVL (r?=0.60, F, 15=274.90, p<0. 001). Offspring body
condition differed significantly among populations (F,
175=19.26, p<0.0001, Table 1). Offspring from Maduo had
a larger SVL and a lower relative mass than those from
Delingha and Daotanghe (Tukey’s test, both p<0.001).

Offspring SVL decreased with increasing relative
fecundity when the data was combined for the three
populations (r?=0.134, F, 15=27.85, p<0.001), suggesting
a trade-off between egg size and fecundity in P. viangalii.

Such a significant relationship was not found when only



considering the Maduo population (r’=0.007, F, =045,
p=0.51, Fig. 2). There were no significant differences in
offspring SVL between Delingha and Daotanghe when
relative fecundity was kept as constant (ANCOVA, F,
11.=2.39, p=0.125), suggesting no differences in the
trade-off between litter size and offspring size for these

two populations.
DISCUSSION

A main result of our study is that female parturition
dates are delayed with increasing elevation. The date
of emergence from hibernation is earlier at lower
elevation, and the time between emergence and
ovulation can determine egg-laying or parturition dates
(Seigel & Ford, 2001; Ji & Wang, 2005; Lin et al., 2012).
A critical temperature is further needed for embryonic
development (Medina et al., 2009). At low elevations,
lizards may reach the critical temperature earlier than at
high elevation, developing faster. In this study, parturition
inthe Daotanghe population occurred approximately one
month after the date reported by Zhang et al., (2005) for
the same location. This is likely due to an earlier capture
date (early May) followed by a longer maintenance in the
laboratory with ample food supply and at temperatures
which were higher than in the field.

Mean and minimum female SVL differed among the
three populations of P. vlangalii and increased with
elevation. This is likely due to delayed maturity and thus
a larger size at maturity at higher elevation (see also
Shine & Charnov, 1992; Adolph & Porter, 1996; Rohr,
1997; Wapstra & Swain, 2001; Ji & Wang, 2005), which
is seen as an adaption for cold environments because
litter size increases with body size (Shine & Schwarzkopf,
1992; Rohr, 1997; Roff, 2002). We also found a positive
relationship between female body size and reproductive
investment. In reptiles, physiological factors inhibit
reproduction of animals below a certain size and energy
is predominantly allocated to growth at small body size
(Shine, 1977; Rohr, 1997). Size at maturity is generally
a consequence of natural selection (Tinkle, 1969; Tinkle
& Ballinger, 1972) or resource allocation towards local
environments (Damme et al., 1989; Van Damme et al.,
1991; Tinkle et al., 1993).

Variation in the reproductive traits examined across
our three localities was in line with Jin & Liu (2007).
Low-elevation females produced larger litters with
smaller offspring and had a significantly higher relative
litter mass (RLM) than females from higher elevations.
Litter and offspring size and mass were correlated with
female body size both among and within populations.
The geographic variation in reproductive output could
therefore be caused by the observed geographic
variation in maternal body size, as reported in other
reptile species (Fitch, 1985; Vitt & Colli, 1994; Du et al.,
2005). We however still found significant population
differences in most reproductive traits when accounting
for maternal size, which might be due to genetic and/
or environmental differences (food availability, thermal
regimes or predation pressures; Tinkle & Ballinger, 1972;
Niewiarowski, 2001; Du et al., 2005; Ji & Wang, 2005).
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In intraspecific comparisons of squamate reptiles,
differences in reproductive investment are accompanied
by significant changes in RLM (Sinervo, 1990; Du et
al., 2005; Jin & Liu, 2007). Differences in RLM among
the three populations of P. vlangalii indicated that
reproductive investment might be more constrained
at high elevation, as has previously been observed by
Jin & Liu (2007). Previous studies on squamate reptiles
showed that food availability can result in changes of
litter size and RLM (Shine & Schwarzkopf, 1992; Rohr,
1997; Seigel & Ford, 2001). Therefore, small litter size
and low RLM for P. vlangalii from high elevations might
be caused by local resource limitations, in addition to a
less favourable thermal environment which constraints
intraspecific variation in life-history traits through the
relationships between metabolic rate and temperature
(Grant & Dunham, 1990; Adolph & Porter, 1993; Rohr,
1997). Lizards from high elevation experience a longer
inactive period over winter and presumably have shorter
daily and seasonal activity periods than those from low
elevations. Since high elevation females tend to have a
decreased foraging and digestion time, and may have
a limited amount of energy available for reproduction,
they would have less total offspring mass and litter size
than low altitude females.

Previous studies on reptiles showed that pre-
vitellogenic body condition is crucial to initiate
vitellogenesis of ovarian follicles, and poor pre-
vitellogenic body condition often leads to reduced
investment in reproduction (Seigel & Ford, 1991; Ji &
Wang, 2005; Ji et al., 2007). Post-partum body condition
may be influenced by condition prior to vitellogenesis,
maternal reproductive investment, and food availability
during vitellogenesis. Hence, post-partum body condition
was not a determinant of litter size. In each population,
offspring mass was positively correlated with female
body condition, but litter size was uncorrelated to female
body condition. In other words, females in a better post-
partum body condition produced heavier offspring, but
did not produce a larger number of offspring relative to
their own body size.

We found that offspring from the three populations
had almost the same mass but differed in SVL which
was larger for the Maduo population. This contradicts
the prediction that larger offspring should be produced
at higher elevation where offspring growth and/or
survival are low (Ferguson et al., 1980; Begon & Parker,
1986; Forsman & Shine, 1995; Rohr, 1997; Wapstra
et al., 2001), although similar patterns were already
revealed for other species (Ji & Wang, 2005; Lin et al.,
2012). Fecundity selection might constrain the efforts of
females to increase investment into individual offspring,
and a larger SVL might increase survival rates at high
elevation. Our data somewhat contradict Jin and Liu’s
(2007) conclusion that offspring mass increases with
altitude. This may be due to their use of scaled embryos
that were removed from females for analysis, which
might have been at different stages of development.

The trade-off between offspring size and number is
assumed to be due to energy and volume constraints
(Olsson & Shine, 1997; Doughty & Shine, 1998; Ji & Brana,
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2000; Du et al., 2005; Ji & Wang, 2005). We indeed found
negative correlations between offspring size and relative
fecundity for the Delingha and Daotanghe populations
when SVL was held constant, although Zhang et al. (2005)
failed to find such a relationship for individuals from
the same location which were held in captivity for long
periods. However, we failed to find such a relationship for
the Maduo population. Individual densities of P. viangalii
in Maduo are lower (personal observation), which might
result in more resources being available. A relatively large
SVL at small RLM might also reduce volume constraints.

To conclude, our study suggests that the observed
differences in life-history parameters among populations
are due to elevation, although habitat-related
correlates cannot be excluded to be responsible for
our observations. Future studies should increase the
sample size to multiple populations in combination
with ‘common garden experiments’ with standardised
environmental conditions.

ACKNOWLEDGEMENTS

We thank the National Climate Data Center for providing
the historical climatic data. We thank W. Zhao and F.J.
Fang for their assistance in laboratory and field, and
especially thank Lauren Grabstanowicz at Northern
lllinois University for improving the language style. S.Y.
Chao provided help during field work. The work was
supported financially by one grant from the NSF of China
and by fund number 200807300013, a Doctoral Scientific
Fund Project of Lanzhou University of China.

REFERENCES

Adolph, S.C. & Porter, W.P. (1993). Temperature, activity, and
lizard life histories. American Naturalist 142, 273-295.
Adolph, S.C. & Porter, W.P. (1996). Growth, seasonality, and
lizard life histories: age and size at maturity. Oikos 77, 267—

278.

Bauwens, D. & Diaz-Uriarte, R. (1997). Covariation of life-history
traits in lacertid lizards: a comparative study. American
Naturalist 149, 91-111.

Beaupre, S.J. (1995). Comparative ecology of the mottled rock
rattlesnake, Crotalus lepidus, in Big Bend National Park.
Herpetologica 51, 45-56.

Begon, M. & Parker, G.A. (1986). Should egg size and clutch size
decrease with age? Oikos 47, 293-302.

Bernardo, J. (1994). Experimental analysis of allocation in
two divergent, natural salamander populations. American
Naturalist 143, 14-38.

Bonnet, X., Naulleau, G., Shine, R. & Lourdais, O. (2003).
Short-term versus long-term effects of food intake on
reproductive output in a viviparous snake, Vipera aspis.
Oikos 92, 297-308.

Damme, R., Bauwens, D., Castilla, A.M. & Verheyen, R.F. (1989).
Altitudinal variation of the thermal biology and running
performance in the lizard Podarecis tiliguerta. Oecologia 80,
516-524.

Doughty, P. & Shine, R. (1998). Reproductive energy allocation
and long-term energy stores in a viviparous lizard
(Eulamprus tympanum). Ecology 79, 1073-1083.

22

Du, W.G., Ji, X, Zhang, Y.P,, Xu, X.F. & Shine, R. (2005). Identifying
sources of variation in reproductive and life-history traits
among five populations of a Chinese lizard (Takydromus
septentrionalis, Lacertidae). Biological Journal of the
Linnean Society 85, 443—453.

Dunham, A.E. (1978). Food availability as a proximate factor

influencing individual growth rates in the iguanid lizard
Sceloporus merriami. Ecology 59, 770-778.

Dunham, A.E., Miles, D.B. & Resnick, D.N. (1988). Life history
pattern in Squamate reptiles. In: Biology of the Reptilia,
441-522. Gans, G., Pough, F.H. (eds). New York: Alan R. Liss.

Einum, S. & Fleming, I.A. (2000). Highly fecund mothers
sacrifice offspring survival to maximize fitness. Nature 405,
565-567.

Ferguson, G.W., Bohlen, C.H. & Woolley, H.P. (1980). Sceloporus
undulatus: comparative life history and regulation of a
Kansas population. Ecology 61, 313-322.

Ferguson, G.W. & Fox, S.F. (1984). Annual variation of survival
advantage of large juvenile side-blotched lizards, Uta
stansburiana: its causes and evolutionary significance.
Evolution 38, 342-349.

Fitch, H. (1985). Variation in clutch and litter size in New World
reptiles. University of Kansas Museum of Natural History,
Miscellaneous Publications 76, 1-76.

Forsman, A. & Shine, R. (1995). Parallel geographic variation
in body shape and reproductive life history within the
Australian scincid lizard Lampropholis delicata. Functional
Ecology 9, 818-828.

Grant, B.W. & Dunham, A.E. (1990). Elevational covariation in
environmental constraints and life histories of the desert
lizard Sceloporus merriami. Ecology 71, 1765-1776.

Ji, X. & Brana, F. (2000). Among clutch variation in reproductive
output and egg size in the wall lizard (Podarcis muralis)
from a lowland population of northern Spain. Journal of
Herpetology 34, 54—60.

Ji, X., Du, W.G., Lin, Z.H. & Luo, L.G. (2007). Measuring temporal
variation in reproductive output reveals optimal resource

allocation to reproduction in the northern grass lizard,
Takydromus septentrionalis. Biological Journal of the
Linnean Society 91, 315-324.

Ji, X. & Wang, Z.W. (2005). Geographic variation in reproductive

traits and trade-offs between size and number of eggs of
the Chinese cobra (Naja atra). Biological Journal of the
Linnean Society 85, 27-40.

Jin, YT. & Liu, N.F. (2007). Altitudinal variation in reproductive
strategy of the toad-headed lizard, Phrynocephalus vlangalii
in North Tibet Plateau (Qinghai). Amphibia-Reptilia 28,
509-515.

Jordan, M.A. & Snell, H.L. (2002). Life history trade-offs and
phenotypic plasticity in the reproduction of Galapagos lava
lizards (Microlophus delanonis). Oecologia 130, 44-52.

Lin, L.H., Mao, F,, Chen, C. & Ji, X. (2012). Reproductive traits of
the gray ratsnake Ptyas korros from three geographically
distinct populations. Current Zoology 58, 820-827.

Medina, M., Gutierrez, J., Scolaro, A. & Ibargliengoytia, N.

(2009). Thermal responses to environmental constraints in
two populations of the oviparous lizard Liolaemus bibronii
in Patagonia, Argentina. Journal of Thermal Biology 34,
32-40.

Niewiarowski, P.H. (1995). Effects of supplemental feeding and
thermal environment on growth rates of eastern fence


http://www.ingentaconnect.com/content/external-references?article=0029-8549()130L.44[aid=7980339]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()85L.27[aid=9353267]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()85L.27[aid=9353267]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()91L.315[aid=10208250]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()91L.315[aid=10208250]
http://www.ingentaconnect.com/content/external-references?article=0022-1511()34L.54[aid=5371423]
http://www.ingentaconnect.com/content/external-references?article=0022-1511()34L.54[aid=5371423]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()71L.1765[aid=2713275]
http://www.ingentaconnect.com/content/external-references?article=0269-8463()9L.818[aid=7678856]
http://www.ingentaconnect.com/content/external-references?article=0269-8463()9L.818[aid=7678856]
http://www.ingentaconnect.com/content/external-references?article=0173-5373()28L.509[aid=10208249]
http://www.ingentaconnect.com/content/external-references?article=0173-5373()28L.509[aid=10208249]
http://www.ingentaconnect.com/content/external-references?article=0014-3820()38L.342[aid=5289827]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()61L.313[aid=2048881]
http://www.ingentaconnect.com/content/external-references?article=0028-0836()405L.565[aid=528576]
http://www.ingentaconnect.com/content/external-references?article=0028-0836()405L.565[aid=528576]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()59L.770[aid=5721569]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()85L.443[aid=9531548]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()85L.443[aid=9531548]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()79L.1073[aid=9458886]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()79L.1073[aid=9458886]
http://www.ingentaconnect.com/content/external-references?article=0030-1299()47L.293[aid=10208251]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()149L.91[aid=760772]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()149L.91[aid=760772]
http://www.ingentaconnect.com/content/external-references?article=0030-1299()92L.297[aid=4855909]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()143L.14[aid=27910]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()143L.14[aid=27910]
http://www.ingentaconnect.com/content/external-references?article=0018-0831()51L.45[aid=1943307]
http://www.ingentaconnect.com/content/external-references?article=0030-1299()77L.267[aid=7599663]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()142L.273[aid=1886976]
http://www.ingentaconnect.com/content/external-references?article=0029-8549()80L.516[aid=7678829]
http://www.ingentaconnect.com/content/external-references?article=0029-8549()80L.516[aid=7678829]

lizards, Sceloporus undulatus. Herpetologica 51, 487-496.

Niewiarowski, P.H. (2001). Energy budgets, growth rates, and
thermal constraints: toward an Integrative approach to the
study of life-history variation. The American Naturalist 157,
421-433.

Olsson, M. & Shine, R. (1997). The limits to reproductive output:
offspring size versus number in the sand lizard (Lacerta
agilis). The American Naturalist 149, 179-188.

Qualla, C.P, Shine, R., Donnellan, S. & Hutchinson, M. (2009).
The evolution of viviparity within the Australian scincid
lizard Lerista bougainvillii. Journal of Zoology 237, 13-26.

Roff, D.A. (1993). The evolution of life histories: theory and
analysis. London: Chapman & Hall.

Roff, D.A. (2002). Life history evolution. Sunderland: Sinauer
Associates.

Rohr, D.H. (1997). Demographic and life-history variation in two
proximate populations of a viviparous skink separated by
a steep altitudinal gradient. Journal of Animal Ecology 66,
567-578.

Seigel, R.A. & Ford, N.B. (1991). Phenotypic plasticity in the
reproductive characteristics of an oviparous snake, Elaphe
guttata: implications for life history studies. Herpetologica
41, 301-307.

Seigel, R.A. & Ford, N.B. (2001). Phenotypic plasticity in
reproductive traits: geographical variation in plasticity in a
viviparous snake. Functional Ecology 15, 36—42.

Shine, R. (1977). Reproduction in Australian elapid snakes II.
Female reproductive cycles. Australian Journal of Zoology

25, 655-666.

Shine, R. (1980). “Costs” of Reproduction in Reptiles. Oecologia
46, 92-100.

Shine, R. & Charnoy, E.L. (1992). Patterns of survival, growth,
and maturation in snakes and lizards. American Naturalist
139, 1257-1269.

Shine, R. & Schwarzkopf, L. (1992). The evolution of reproductive
effort in lizards and snakes. Evolution 46, 62—75.

Sinervo, B. (1990). The evolution of maternal investment in

lizards: an experimental and comparative analysis of egg

size and its effects on offspring performance. Evolution 44,

279-294.

Stearns, S.C. (1992). The Evolution of Life Histories. New York:
Oxford University Press.

Tinkle, D.W. (1969). The concept of reproductive effort and its
relation to the evolution of life histories of lizards. American

Life history of a toad-headed lizard

23

Naturalist 103, 501-516.

Tinkle, D.W. & Ballinger, R.E. (1972). Sceloporus undulatus: a
study of the intraspecific comparative demography of a
lizard. Ecology 53, 570-584.

Tinkle, D.W., Dunham, A.E. & Congdon, J.D. (1993). Life
history and demographic variation in the lizard Sceloporus
graciosus: a long-term study. Ecology 74, 2413-2429.

Van Damme, R., Bauwens, D., Brafia, F. & Verheyen, R.F. (1992).
Incubation temperature differentially affects hatching
time, egg survival, and hatchling performance in the lizard
Podarcis muralis. Herpetologica 48, 220-228.

Van Damme, R., Bauwens, D. & Verheyen, R.F. (1991).
The thermal dependence of feeding behaviour, food
consumption and gut-passage time in the lizard Lacerta
vivipara Jacquin. Functional Ecology 5, 507-517.

Vitt, L.J. & Colli, G.R. (1994). Geographical ecology of a
Neotropical lizard: Ameiva ameiva (Teiidae) in Brazil.
Canadian Journal of Zoology 72, 1986—2008.

Wang, Y., Weihong, J., Zhao, W., Yu, N. & Liu, N. (2011).
Geographic variation in clutch and egg size for the lizard
Phrynocephalus przewalskii (Squamata: Agamidae). Asian
Herpetological Research 2, 97-102.

Wapstra, E. & Swain, R. (2001). Geographic and annual variation
in life-history traits in a temperate zone Australian skink.
Journal of Herpetology 35, 194-203.

Wapstra, E., Swain, R., O’Reilly, J.M. & Montgomery, W. (2001).
Geographic variation in age and size at maturity in a small
Australian viviparous skink. Copeia 2001, 646—655.

Wilson, B.S. & Cooke, D.E. (2004). Latitudinal variation in rates
of overwinter mortality in the lizard Uta stansburiana.
Ecology 85, 3406—-3417.

Zamora-Abrego, J.G., Zuiiga-Vega, J.J. & de Oca, A.N.M. (2007).
Variation in Reproductive Traits within the Lizard Genus
Xenosaurus. Journal of Herpetology 41, 630-637.

Zhang, X.D., Ji, X., Luo, L.G., Gao, J.F. & Zhang, L. (2005). Sexual
dimorphism and female reproduction in the Qinghai toad-
headed lizard Phrynocephalus vlangalii. Acta Zoologica
Sinica 51, 1006-1012.

Zuffi, M.A.L., Gentilli, A., Cecchinelli, E., Pupin, F., et al. (2009).
Geographic variation of body size and reproductive patterns
in continental versus mediterranean asp vipers, Vipera
aspis. Biological Journal of the Linnean Society 96, 383—391.

Accepted: 16 August 2013


http://www.ingentaconnect.com/content/external-references?article=0024-4066()96L.383[aid=9152705]
http://www.ingentaconnect.com/content/external-references?article=0022-1511()35L.194[aid=7651893]
http://www.ingentaconnect.com/content/external-references?article=0008-4301()72L.1986[aid=1258834]
http://www.ingentaconnect.com/content/external-references?article=0269-8463()5L.507[aid=1116552]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()74L.2413[aid=1116550]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()53L.570[aid=6926301]
http://www.ingentaconnect.com/content/external-references?article=0014-3820()44L.279[aid=954935]
http://www.ingentaconnect.com/content/external-references?article=0014-3820()44L.279[aid=954935]
http://www.ingentaconnect.com/content/external-references?article=0014-3820()46L.62[aid=1116548]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()139L.1257[aid=28086]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()139L.1257[aid=28086]
http://www.ingentaconnect.com/content/external-references?article=0029-8549()46L.92[aid=4760669]
http://www.ingentaconnect.com/content/external-references?article=0029-8549()46L.92[aid=4760669]
http://www.ingentaconnect.com/content/external-references?article=0004-959x()25L.655[aid=3405002]
http://www.ingentaconnect.com/content/external-references?article=0004-959x()25L.655[aid=3405002]
http://www.ingentaconnect.com/content/external-references?article=0269-8463()15L.36[aid=6697683]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()149L.179[aid=28357]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()157L.421[aid=8721351]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()157L.421[aid=8721351]
http://www.ingentaconnect.com/content/external-references?article=0021-8790()66L.567[aid=7547957]
http://www.ingentaconnect.com/content/external-references?article=0021-8790()66L.567[aid=7547957]
http://www.ingentaconnect.com/content/external-references?article=0018-0831()51L.487[aid=10208257]

