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Abstract

Background: The tendency for organisms to be larger in cooler climates, the so-called Bergmann’s rule, has been
widely observed in endotherms, but it is debatable in ectothermic anurans. Altitudinal variations in body size, age,
and growth rate of the Sauter’s frog Rana sauteri were investigated with skeletochronology at six sites along the
altitudinal gradients from 330 to 2,320 m in subtropical Taiwan. The aims of this study were to determine whether
these life history traits vary with altitude and differ between males and females.

Results: The body size of male R. sauteri followed a converse Bergmann’s cline; the size decreased with increase in
altitude, while no significant altitudinal change was found for females. The size dimorphism was female-biased and
became greater at higher altitudes because of the altitudinal decrease in male size. Ages ranged between 1 and
5 years for males and 1 and 6 years for females. There was no significant difference in the age structures between
the two sexes, but both sexes had higher average ages at higher-altitude sites. According to von Bertalanffy’s
model, the growth coefficients decreased with increase in altitude for males but not for females. The annual growth
rates were greater for all age classes of females than males, suggesting that growth rate was a major factor
underlying body size patterns of both sexes.

Conclusions: Growth rate was a major factor underlying body size patterns in both sexes of R. sauteri. It could be
affected by not only altitudinal temperature gradient but also sex-biased life history traits and environmental factors.
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Background
Amphibians have moist naked skin sensitive to subtle
changes in surrounding environments, while humidity,
rainfall, and temperature have been recognized as the
major factors affecting their survival and reproduction
(Beattie 1987; Miaud et al. 1999; Ashton 2002). Many
endothermic vertebrates with larger body sizes live in
cold environments, the so-called Bergmann’s rule. It infers
that larger body size would have better ability of conserving
heat in cold climates which characterize high-latitude and
high-altitude regions (Macholán et al. 2008). However, up
to now, it still remains controversial whether Bergmann’s
rule is applicable to body sizes of ectothermic vertebrates
like amphibians (Ashton 2002; Adams and Church 2008).
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Environmental factors determine body size often through
their influences on life history traits related with body size
(Berven 1982; Miaud et al. 1999; Cvetković et al. 2009).
Adult body size of frogs may be affected by many factors
such as age at sexual maturity, growth rate, length of ac-
tivity period, longevity, food availability, and predation
(Iturra-Cid et al. 2010; Oromi et al. 2012; Manyak-Davis
et al. 2013). Also, the tendency of body size variation in
male may differ from that in female within species in the
frogs (Zhang et al. 2012; Liao et al. 2013). Altitudes and
latitudes may cause a similar temperature effect on am-
phibians (Morrison and Hero 2003; Sinsch et al. 2010), so
it would be necessary to reduce the latitudinal effect in in-
vestigating altitudinal effect on body size in amphibians.
Taiwan is situated between 22°N and 25°N in latitude

and 120°E and 122°E in longitude. Its topography consisted
of mountains and hills of which two thirds of its area are
above 1,000 m in altitude. The steep Central Mountain
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Range largely runs along the northeast-southwest axis
with the highest peak at nearly 4,000 m above sea level.
Rana sauteri is endemic to Taiwan (Frost 2014) and
breeds in lotic habitats. It is widely distributed in the
Central Mountain Range and its peripheral hills at alti-
tudes from 100 to 3,000 m (Lue et al. 1990; Chou and
Lin 1997). Its tadpoles possess an abdominal sucker
and an enlarged oral disc, living in fast-flowing streams
and grazing on periphyton (Chou and Lin 1997). It
provides us an excellent model for analyzing altitudinal
variation of its life history traits. Genetic divergences
of R. sauteri are correlated with horizontal geograph-
ical distributions but not with altitudinal distributions
(Tanaka-Ueno et al. 1998; Jang-Liaw and Lee 2009; Hsu
et al. 2011). In western Taiwan, R. sauteri shows an obvious
altitudinal cline in life history traits. As temperature de-
creases with increase in altitude, its breeding season shifts
from fall and winter (October to December) to late spring
(May), the breeding period is shortened, and the larval
period extends from 5 to 12 months (Lai et al. 2002, 2003).
Up to now, little information is available on altitudinal

variation in body size and age of anuran species in the
subtropical region. This study was intended to investi-
gate the altitudinal variation in body size, age structure,
and growth rate of six populations of R. sauteri from dif-
ferent altitudinal sites (330 to 2,320 m) at similar lati-
tude in southwestern Taiwan. The objectives were (1) to
examine whether body size and age structure varied with
altitude, (2) to compare the growth patterns between the
sexes at different altitudes, and (3) to examine whether
body size and age structure differed between the sexes
within the population.

Methods
Study area and sampling sites
We selected six sampling sites along the western slope
of the Central Mountain Range at altitudes from 330 to
2,320 m in the Alishan National Scenic Area in south-
western Taiwan (Table 1). The study area has an annual
precipitation of 2,500 to 4,500 mm with the rainy season
from May to September, while the precipitation in-
creases with altitude. The average monthly temperature
is 21.6°C with a range of 15.0°C to 27.1°C at the lowest
Table 1 Altitudes, breeding season, larval period, breeding ac

Sampling sites Latitude (N) Longitude (E) Altitude (m) Breedi

330 m 23°25′42″ 120°36′43″ 330 Octobe

630 m 23°26′54″ 120°38′53″ 630 Octobe

970 m 23°29′02″ 120°41′06″ 970 Octobe

1,380 m 23°28′55″ 120°42′55″ 1,380 Octobe

2,100 m 23°31′10″ 120°48′23″ 2,100 May to

2,320 m 23°30′27″ 120°49′04″ 2,320 May to

The values were taken from the six sampling sites in southwestern Taiwan.
site of 330 m in altitude and 11.6°C with a range of 6.2°C
to 14.6°C at the highest site of 2,320 m.

Sampling method
At each of the sampling sites, we set a 50-m transect strip
and caught monthly adult frogs along moving water areas
of ravine streams from March 2005 to December 2006. Dur-
ing the breeding season when calling males aggregated, we
visited 630-, 1,380-, and 2,320-m sites weekly and recorded
the numbers of frogs, freshly deposited egg masses, and lar-
val developmental stages to determine the period of breed-
ing activities (Morrison et al. 2004; Cvetković et al. 2009). A
total of 1,405 males and 145 females of R. sauteri were
caught during the study period.
We anesthetized the frogs with MS-222 (Kusano et al.

1995). For each individual, snout-vent length (SVL) and
hind limb length were measured to the nearest 0.1 mm
with digital calipers, and sex was determined according
to body size and the presence of the nuptial pad (Lai et al.
2003). We marked all individuals with the toe-clipping
method and then released them in situ. We also clipped
the three phalanges of the fourth toe of the left hind limb
and preserved them in a 10% neutral buffered formalin
water solution for at least 5 days for the skeletochronolo-
gical study (Sagor et al. 1998; Lai et al. 2005).

Skeletochronology
A total of 162 males and 90 females were used for skele-
tochronological analysis. We selected at least 15 females
and 15 males at each of the sampling sites for age deter-
mination with skeletochronology. Exceptions were those at
the 2,100-m and 2,320-m sites where a few adult females
were collected. The average SVLs of females and males
were not significantly different (t-test, all p > 0.05) between
the captured frogs and those latter selected for skeletochro-
nological analyses at each of the sampling sites.
The fixed phalanges were washed with tap water,

decalcified in 3% nitro acid for at least 3 h, and then
shook in dilution water overnight. For each of the phalanges,
the mid-diaphyseal part was cut into 10- to 20-μm-thick
transverse sections with a freezing microtome (Rozenblut
and Ogielska 2005). The sections were immediately stained
with Ehrlich’s hematoxylin for 15 min, rinsed with distilled
tivity period (AP), and number of Rana sauteri

ng season Larval period Males/females AP (weeks)

r to December October to February 120/35

r to December October to March 732/41 11

r to November October to March 169/24

r to November October to March 242/25 6

June Year round 54/8

June Year round 88/12 3



Hsu et al. Zoological Studies 2014, 53:62 Page 3 of 9
http://www.zoologicalstudies.com/content/53/1/62
water, mounted in a drop of 50% glycerol on a glass
microscope slide, and sealed with blank glue for skele-
tonchronological analyses. At least three clear sections
with smaller medullar cavities per specimen were photo-
graphed under a microscope with a CCD camera and
transferred to digital images on a computer screen.
The lines of arrested growth (LAGs) were counted to

estimate the age of each individual (Figure 1). Specimens
were examined independently by two observers. Each
slide with the label covered was read twice by the observers
(Morrison et al. 2004; Lai et al. 2005). The endosteal re-
sorption from the inner surface of the bone could com-
pletely destroy LAGs, resulting in age determination error
(Sagor et al. 1998; Rozenblut and Ogielska 2005). Following
the protocol of Lai et al. (2005), we compared the major
axis of the innermost LAG of each section with the mean
of juveniles’ LAG without resorption. When the major axis
of the innermost LAG of an adult was significantly greater
than the mean LAG of juveniles without resorption, we
considered that the resorption had occurred and a
LAG was added for that adult. Endosteal resorption of
the innermost LAG was observed in 38.9% of males
and 18.9% of females but did not affect the accuracy of
age estimation in this study. The major axes of all
LAGs were measured on the digital images with Motic
Images plus 2.0. False lines and double lines were
rarely observed, but we counted the double line as one
LAG (Olgun et al. 2005; Iturra-Cid et al. 2010).

Growth rate estimation
To describe growth rates and to compare the rates among
frogs among different altitudes, we used von Bertalanffy’s
model (von Bertalanffy 1938, 1957) with a nonlinear regres-
sion procedure: SVLt = SVLmax × (1 − e−kt + b), where SVLt
MC KL

Figure 1 A cross section of a phalange of Rana sauteri. Arrows
indicate the lines of arrested growth (LAGs). KL represents
Kastschenko line, the interface between endosteal and periosteal
zones. MC =marrow cavity.
is SVL at age t, SVLmax is estimated asymptotic SVL, k is a
growth coefficient relating to rate of decline in growth
when frogs attain the maximum SVL, and b is constant
(Miaud et al. 2001; Leclair et al. 2005; Lu et al. 2006; Ma
et al. 2009b). The starting point of the growth curve was set
at the metamorphosis. For this, we used the mean SVL
13.46 ± 0.72 mm (n = 37) of the tadpoles at Gosner stages
42 to 45 captured at the 630-m site. Annual growth rates
(R) were calculated as R = dSVL / dt = k × (SVLmax − SVLt)
(Cvetković et al. 2009; Ma et al. 2009a; Iturra-Cid
et al. 2010).

Statistical analyses
Sexual dimorphism index (SDI) (Lovich and Gibbons
1992) was used to describe the sexual size dimorphism
for each population. It was calculated with the formula:
SDI = (Mean length of the larger sex/Mean length of the
smaller sex) − 1. The SDI obtained was arbitrarily defined
as positive when females are larger than males. Student’s
t-test was used to test the significant level in difference
of body sizes between males and females in each of the
populations. Inter-populational comparisons of mean
SVLs were conducted with ANOVA. It was followed by
Bonferroni post hoc multiple comparisons when there
was a significant difference among populations in body
size. Age class distributions were compared between
two sexes with chi square test. For comparison of me-
dian ages among sites, we used the Kruskal-Wallis test
and followed by Dunnett’s post hoc multiple compari-
sons. The analysis of covariance (ANCOVA) was used
to detect whether the body size was still statistically
significant between the two sexes or among popula-
tions after the age covariate was removed. Normality
was checked by the Kolmogorov-Smirnov test when
parametric tests were used. All probabilities were two-
tailed, and the significant level was set at p < 0.05. The
software Statistica 7.0 (StatSoft Inc., Tulsa, OK, USA)
was used for the analysis.

Results
Breeding season and breeding activity period
We captured and marked 62 to 773 adult frogs (Table 1)
at the six sampling sites. Calling and aggregation of
mature adults were observed in early October at the
330-, 630-, 970-, and 1,380-m sites. Breeding seasons
ended in late November at the 970- and 1,380-m sites
but in December at the 330- and 630-m sites. However,
tadpoles were found in the streams from October to
following February at the four sites. At the 2,100- and
2,320- sites, the breeding season occurred from May to
June, but tadpoles were observed in the water all year
round. Breeding activity period decreased from 11 weeks
at the low-altitude sites to 3 weeks at the high-altitude
sites (Table 1). More than ten adult frogs could be found
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across the 50-m strip weekly at each site during the breed-
ing activity period.

Altitudinal variation in adult age and body size
The ages ranged between 1 and 5 years for males and
between 1 and 6 years for females. The predominant age
classes were 2 to 3 years (71% in the males and 63% in
the females). Male and female frogs at the 330-m site
did not exceed 3 years old, while no 1-year-old frog was
observed at the 2,100- and 2,320-m sites (Figure 2). The
median ages of both sexes significantly differed among
populations at the different altitudes (Kruskal-Wallis test:
males, H = 30.6, p < 0.01; females, H = 18.5, p = 0.02). Males
at the 2,100- and 2,320-m sites were significantly older than
those at the three sites below 1,000 m in altitude (Dunnett’s
post hoc test, p < 0.05). Females inhabiting at the 2,320-m
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Figure 2 Age distribution of adult Rana sauteri at six sampling sites.
site were also significantly older than those at the 330- and
630-m sites (Table 2).
Average SVLs of males differed significantly among

the six sites (F5,156 = 32.6, p < 0.01). Male at higher alti-
tudes were significantly smaller than those at lower al-
titudes (Bonferroni post hoc test, p < 0.01, Table 2), but
no significant difference was found between neighboring
sites. However, the average SVLs of females were not sig-
nificantly different among different altitudes (F5,84 = 1.37,
p = 0.244). ANCOVAs revealed that age had a significant
effect on body size for both males (F1,155 = 125.82, p < 0.01)
and females (F1,83 = 294.49, p < 0.01). After adjusted for age
difference, size differences in males among different sites
became more significant (F5,155 = 81.21, p < 0.01), with
significant differences found in 13 of 15 Bonferroni post
hoc comparisons. Female SVLs also exhibited significant
660-m site
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Gray bars represent males and white bars represent females.



Table 2 SVL, SDI, and estimated ages of adult Rana sauteri at six altitudinal sites

Sampling sites SVL (mm) SDI Mean age (year)

Males n Females n Males Females

330 m 43.85 ± 2.03 a 19 49.93 ± 3.01 18 0.139 2.32 ± 0.67 a 2.17 ± 0.71 a

630 m 42.02 ± 2.10 ab 26 50.09 ± 3.50 20 0.192 2.38 ± 0.80 a 2.25 ± 0.97 a

970 m 40.42 ± 2.29 bc 23 48.51 ± 3.09 17 0.200 2.30 ± 0.88 a 2.35 ± 1.00 ab

1,380 m 40.11 ± 2.68 c 28 51.17 ± 4.54 15 0.276 2.89 ± 1.10 ab 2.47 ± 1.19 ab

2,100 m 38.75 ± 1.51 cd 19 51.39 ± 3.26 8 0.326 3.37 ± 0.96 b 3.38 ± 1.06 ab

2,320 m 37.32 ± 2.03 d 47 50.91 ± 3.05 12 0.364 3.21 ± 0.83 b 3.75 ± 1.22 b

F5,156 = 32.62 F5,84 = 1.37 H = 30.563 H = 18.48

p < 0.001 p = 0.2439 p < 0.001 p = 0.0024

Values in descending order are mean ± SD. The means of SVLs of the populations were analyzed with ANOVA followed by Bonferroni’s post hoc test. The median
ages were compared with Kruskal-Wallis test followed by Dunnett’s post hoc test. Values sharing the same letters (a to d) were not significantly different (p > 0.05)
with post hoc pairwise comparisons. SVL, snout-vent length; SDI, index of sexual size dimorphism; n, sample size.
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Figure 3 Age-size relationship for the studied populations.
Growth curves best fitted to von Bertalanffy’s model for males (top)
and females (bottom) of Rana sauteri sampled at six altitudinal sites
in southwestern Taiwan. Vertical bars depict standard deviations.
Black circle, 330 m; white circle, 630 m; black square, 970 m; white
square, 1,380 m; black triangle, 2,100 m; white triangle, 2,320 m.
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difference among sites (F5,83 = 11.48, p < 0.01). Pairwise
comparisons showed that it was mainly due to smaller
female body sizes at the 970-m site than those at
higher-altitude sites (Bonferroni post hoc test, p < 0.01).

Sexual differences in adult age and body size
The age distribution was not significantly different
between the two sexes when all sites were combined
(χ2 = 9.02, p = 0.11) or each of the sites was examined
independently (Figure 2). The average SVL was
50.16 ± 3.49 mm (n = 90) for females and 39.93 ± 3.04 mm
(n = 162) for males, while the average SVL of females was
significantly larger than that of males at each site (t-test,
all p < 0.01). ANCOVAs revealed that the sexual size di-
morphism remained significant when the effect of age was
controlled. The SDI increased from 0.139 at the lowest-
altitude site to 0.364 at the highest-altitude site (Table 2),
resulted mainly from decreasing in male size with increase
in altitude.

Growth pattern
The average SVLs of both sexes increased with increase
in age (Figure 3). According to von Bertalanffy’s model,
the predicted asymptotic body size (Lmax) of females was
larger than that of males at each site (Table 3). The pre-
dicted asymptotic body sizes were higher than the max-
imum SVLs of males and females, suggesting that the
frogs could have a potential to grow even much larger.
The growth coefficient, k, that describes how quickly the
asymptote is reached had a lower value for both sexes at
high altitudes (2,100- and 2,320-m sites). The k values of
males tended to decrease with increase in altitude but
showed a great variability in females. The annual growth
rates for age classes of females were larger than those of
males (Table 4). For the males, annual growth rates at
low altitudes were usually larger than those at high alti-
tudes, but for the females, they were less consistent
among the altitudes. In general, annual growth rates of



Table 3 Growth parameters of von Bertalanffy’s model
for Rana sauteri at six altitudinal sites, southwestern
Taiwan

Sampling sites Males Females

SVLmax (mm) k b SVLmax (mm) k b

330 m 49.68 0.40 −1.25 60.23 0.30 −1.15

630 m 48.36 0.34 −1.28 63.61 0.27 −0.99

970 m 47.04 0.33 −1.23 55.98 0.43 −1.16

1,380 m 45.58 0.29 −1.29 63.40 0.33 −0.90

2,100 m 43.80 0.22 −1.43 73.53 0.15 −0.74

2,320 m 43.49 0.19 −1.35 64.75 0.18 −0.93
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both sexes gradually decreased with increase in age
(Table 4).

Discussion
The results showed that the body size variation in R. sauteri
at six altitudinal sites exhibited different patterns between
the sexes. The body size of males exhibited a converse
Bergmann cline with the individuals at higher altitudes be-
ing smaller than those at lower ones, while no consistent
altitudinal trend was found for females. Up to now, only a
few studies on amphibians reported the different sexual
trends in altitudinal variation in body size. Ashton (2002)
reviewed the body size variation in amphibians and in-
dicated that 23 of 34 species conformed to the pattern
expected by Bergmann’s rule, whereas 11 species ex-
hibited a converse of Bergmann’s cline. Recently, posi-
tive correlation between body size and altitude was
reported for Rana swinhoana (Lai et al. 2005), Rana
chensinensis (Lu et al. 2006; Ma et al. 2009b), Pleurodema
thaul (Iturra-Cid et al. 2010), Hyla annectans chuanxiensis
(Liao and Lu 2010), and Rana limnocharis (Liu et al. 2012),
whereas a converse Bergmann cline was reported for
Rana muscosa (Matthews and Miaud 2007), Nanorana
parkeri (Ma et al. 2009a), and Rana nigromaculata
(Liao et al. 2010). However, N. parkeri showed a
steeper altitudinal decrease in female size, whereas no
Table 4 Annual growth rates (R) of different age classes of Ra

R (mm/year)

Males

Ages 330 m 630 m 970 m 1,380 m 2,100 m 2,320 m

1 3.82 3.24 3.28 2.61

2 2.56 2.26 2.35 2.08 1.47 1.48

3 1.71 1.77 1.67 1.46 1.20 1.21

4 1.16 1.21 0.92 0.93 1.04

5 0.84 0.76 0.83

6

Mean 2.70 2.11 2.13 1.58 1.09 1.14

SD 1.06 0.88 0.90 0.76 0.31 0.28
clear altitudinal relationship was detected for males
(Zhang et al. 2012).
In this study, the different trends of body size in rela-

tion to altitudes between the two sexes of R. sauteri sug-
gested that the temperature gradient was not only the
factor affecting the body size variation in amphibians
(Cvetković et al. 2009). Various life history traits and envir-
onmental factors may also affect the variation. Liao and Lu
(2012) suggested that the starting size (metamorphic size),
annual growth rate, and the length of time individuals spent
on growing (age) could affect the body size of ectothermic
animals such as frogs. A given adult size could be achieved
through changing in any one of the above factors or their
combination. An individual which metamorphoses at a lar-
ger size had a better chance to survive in the following ter-
restrial stage and reach larger body size at sexual maturity
(Altwegg and Reyer 2003; Marangoni and Tejedo 2008).
Also, the growth rates usually differ before and after achiev-
ing sexual maturity. It is a general life history strategy for
ectothermic organisms that individuals tend to devote more
energy into growth before sexual maturity to reach larger
body sizes. When they reach maturity, the growth slows
down and more energy was devoted into reproduction
(Iturra-Cid et al. 2010; Sinsch et al. 2010). Harsher condi-
tions at higher-altitude sites in terms of food resource, cli-
mate, and activity period may constrain reproductive and
growth potentials of animals (Dmitriew 2011). Our study
showed that small metamorphic sizes and slow growth
rates at higher altitudes could result in smaller body sizes
for adult male frogs, inducing a converse Bergmann’s cline.
However, the ontogenetic trajectory of females may be dif-
ferent from that of males in anurans (Zhang and Lu 2013).
At higher altitudes, when females have longer life-span with
higher growth rate after sexual maturity and delay in
reproduction (Liao and Lu 2012), these will compensate
the low-temperature effects, resulting in no trend of obvi-
ous decrease in body size along the altitudinal gradients.
We found that R. sauteri at higher altitudes lived longer

than those at lower altitudes, similar to that observed in
na sauteri at six altitudinal sites

Females

330 m 630 m 970 m 1,380 m 2,100 m 2,320 m

4.22 4.87 4.93 6.08

3.14 3.66 3.68 4.30 3.90 3.30

2.33 2.99 1.86 3.32 3.31 2.64

2.17 1.56 2.16 3.04 2.40

1.60 2.50 2.12

1.57

3.23 3.42 3.01 3.49 3.19 2.41

0.95 1.14 1.59 1.79 0.58 0.64
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many species of anurans (Zhang and Lu 2012). Also, the
annual growth rates of males were larger at lower altitudes
than those at higher altitudes perhaps due to the longer ac-
tivity period at the low altitudes. There is a positive correl-
ation between the annual growth rate and the activity
period (Cvetković et al. 2009). Though the male R. sauteri
had higher mean age class at higher altitudes, the small age
difference among the sites and low average annual growth
rate after sexual maturity (1.2 mm/year after 2 years old)
could not reverse the trend of body size decrease with
altitude. Lai et al. (2002) showed that the mean SVLs
of metamorphosed froglets of R. sauteri were 14.42 mm
(n = 142) and 11.84 mm (n = 26) in Chitou (1,200 m) and
Mienyueh (2,300 m), respectively. The metamorphosed
body size was significantly smaller at the high altitudes
than those at low altitudes. The variation in metamor-
phosed body size, slight age difference, and low annual
growth rate might cause decreasing body sizes with in-
crease in altitude for male R. sauteri, depicting the
converse Bergmann’s cline.
Variation in growth rate has been observed in response

to various environmental factors, such as food availability,
predation risk, competition, and population density
(Dmitriew 2011). Predation risk usually induces the
variations of life history traits such as body size (Ashton
et al. 2000; Laurila et al. 2002; Manyak-Davis et al. 2013).
Male frogs exhibit conspicuous behaviors and are prone
to predators when they aggregate in large chorusing groups
during breeding (Tsiora and Kyriakopoulou-Sklavounou
2002). Furthermore, predation risk in terms of diversity and
density of predators should be greater at lower altitudes
than at higher altitudes (Morrison and Hero 2003). Also,
smaller males and juvenile frogs were more vulnerable to
predation (Zug 1993; Matthews and Miaud 2007). The re-
sults of such altitudinal and size differences in the predation
may increase the survival rate of males with larger body size
at low altitudes. However, more data are needed for con-
firmation. It may be stated that body size variation is a mor-
phological adaptation associated with escaping behavior in
response to predation (Dmitriew 2011). The population
sizes of R. sauteri at the six sites decreased with an increase
in altitude. Mark-recapture data analysis with the Jolly-
Seber method (Krebs 1999) produced the highest estimated
weekly population size of 577 frogs at the 630-m site, 224
frogs at the 1,380-m site, and 80 frogs at the 2,320-m site
(YSH, unpublished data). High population densities were
found at lower-altitude sites, and thus, frequent male-male
aggressions might confer mating advantage of large males
and enhanced the strength of sexual selection (Knell 2009).
Female body size, however, did not differ among popu-

lations across altitudes except at the 970-m site in which
females were significantly smaller than those at higher-
altitude sites. The annual growth rates of females had no
clear trend with altitude, but the mean growth rates
were larger than those of males. Female anuran fe-
cundity is known to correlate with body size, because
the anurans display indeterminate growth, leading to
faster growth rate and delayed reproduction for fe-
males (Monnet and Cherry 2002). The higher growth
rate after sexual maturity and longer lifespan at
higher-altitude site might result in Bergmann’s cline
(Liao and Lu 2012). However, though the high annual
growth rate might cause larger body size for the fe-
males, the small disparity in the mean ages among the
altitudinal sites might obscure the trend of body size
variation along the altitudinal gradients.
The decision how to allocate marginal resources into

reproduction and growth may have important effects on
associated life history parameters such as body size
(Lardner and Loman 2003). Changes in body compos-
ition at maturation may determine the outcome of
trade-offs between reproduction and survival or between
early and late reproductions (Dmitriew 2011). Amphib-
ians tend to invest less in reproduction towards higher
latitudes and prolong their growth periods (Morrison
and Hero 2003). In addition, it is energetically cheaper
to produce sperm than ova in anurans. Fecundity selec-
tion may favor larger females to increase the subse-
quence reproductive output at higher latitudes. The sex-
specific phenotypic variation exhibited by R. sauteri may
be associated with different sexes exposed to different
pressures along altitudinal gradients and reacting by
modifying their life histories in a different way.
Conclusions
The results of this study showed that the tendency of
body size variation in R. sauteri along altitudes exhibited
different patterns between the two sexes. For better sur-
vival and reproductive success, male and female animals
under different physiological constrains and reproduct-
ive investment strategies may develop different adaptive
characters in their life history traits to increase their fit-
ness. Even a similar environmental factor may impose
different selective pressure that shapes the life history
traits between the sexes (Ma et al. 2009b; Zhang et al.
2012; Liao et al. 2013). In this study, growth rate was a
major factor underlying body size patterns in both sexes of
R. sauteri and affected by not only altitudinal temperature
gradient but also sex-biased life history traits and environ-
mental factors.
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