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We used skeletochronology to determine the ages of 249 (93 females, 108 males and 48 juveniles) odorous frogs (Odorrana 
grahami) from four locations covering an altitudinal span of 1030–1860 m in Sichuan Province, western China. We found 
distinct lines of arrested growth (LAGs) from excised toe bone for 242 individuals, and each LAG was assumed to represent one 
year of age. In disagreement with Bergmann’s rule, body size of four O. grahami populations did not change clinally along the 
830 m altitudinal gradient. Average adult SVL and age differed significantly among populations in females, but not in males. For 
both sexes, age did not predict body size. When removing the effects of age, we found significant inter-population differences 
in body size only for males. Post-metamorphic growth rates in males were highest from the lowest altitude, whereas growth 
rates of females were highest at high altitudes. Our findings suggest that, apart from age, ecological factors such as trophic 
resources or predation further shape body size differences between populations and sexes.
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INTRODUCTION

Patterns of geographical variation in body size are 
an important topic in evolutionary ecology. One of 

the most well-known generalizations for body size is 
Bergmann’s rule, which predicts that, within species or 
among closely related species, body size increases with 
decreasing ambient temperature (Bergmann, 1847; 
Rensch, 1938; Mayr, 1956). This can be explained by 
the fact that larger surface-to-volume ratios facilitate 
heat loss, whereas small ratios facilitate heat retention 
(Bergmann, 1847). This rule attracted considerable 
attention over the last 160 years (Mayr, 1956; Blackburn 
et al., 1999; Gaston et al., 2008; Watt et al., 2010; Meiri, 
2011), with the general applicability remaining vigorously 
debated. For ectotherms, several studies have both 
confirmed Bergmann’s rule (Ashton, 2002; Olalla-Tárraga 
& Rodríguez, 2007; Ficetola et al., 2010) and provided 
evidence against it (Mousseau, 1997; Partridge & Coyne, 
1997; Walters & Hassall, 2006).

Evidence for the prevalence of Bergmann clines in 
amphibians is still controversial, with a trend that most 
anurans follow Bergmann’s rule with regard to latitude 
and altitude whereas urodeles tend to follow follow 
a reverse pattern (Lindsey, 1966; Ashton, 2002; Olalla-
Tárraga & Rodríguez, 2007; Pincheira-Donoso et al., 
2008; Ficetola et al., 2010). Adams and Church (2008) 
found that three Plethodon species displayed a significant 
negative correlation between body size and temperature 

consistent with Bergmann’s rule, whereas 37 out of 40 
other species did not exhibit a pattern consistent with 
this prediction.

Mean air temperature related to latitude and 
altitude affect the geographical variation in body size 
of amphibians because they influence age and growth 
rate (Miaud et al., 1999; Lu et al., 2006; Ma et al., 2009a; 
Cvetković et al., 2009; Iturra-Cid et al., 2010). Most 
studies suggest that lower mean temperatures at higher 
altitude results in slower growth and later age at sexual 
maturity, and therefore larger body size (Lu et al., 2006; 
Liao and Lu 2010a, b; Liao et al., 2010), although this is 
not universal (e.g., Ma et al. 2009b). The odorous frog 
(Odorrana grahami) is a species inhabiting montane 
regions (1150–3200 m altitude) in Sichuan, Yunnan 
and Guizhou (southwestern China) and the Hoang Lien 
Son National Park in northern Vietnam (Fei et al., 2005; 
Frost, 2010). Egg-laying occurs in June during explosive 
breeding events (following Wells, 1977). Here our goal 
was to describe body size and age across an 830 m 
altitudinal gradient. We were particularly interested 
in testing whether the observed pattern of body size 
variation conforms to Bergmann’s rule.

MATERIALS AND METHODS

Study area and sampling methods
The study area was located in Ningnan County in western 
China. The annual average precipitation in the county 
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is 960 mm, and mean annual temperatures show a 
systematic decline with increasing altitude (Table 1; data 
obtained from the Ningnan County Weather Office).

We caught 249 frogs by hand during several nights 
between June and August in 2010 and 2011. Specimens 
were collected at four sites (towns) with altitudes 
ranging from 1030 to 1860 m (Table 1). We sexed each 
individual by direct observation of the secondary sexual 
characteristics (i.e. the vocal sacs in adult males and the 
ova in adult females) and measured body size (the snout-
vent length: SVL) using a vernier calliper with an accuracy 
of 0.1 mm. We removed the first two phalanges of the 
longest toe and stored them in 10% neutral buffered 
formalin for skeletochronology. 

Age determination
We estimated individual age by skeletochronological 
methods (see Castanet & Smirina, 1990; Li et al., 2010). 
The skin and muscle tissues of each digit were removed 
and the remaining bones were decalcified in 5% nitric 
acid for 48 hours. We then washed the decalcified digits 
in running tap water for 24 hours and stained them for 
180 min in Harris’s haematoxylin. Subsequently, we 
dehydrated the stained bones through successive ethanol 
stages for 1 hour. Cross-sections (13 µm in thickness) 
of the phalanx with the smallest medullar cavity and 
the thickest cortical bone were selected and mounted 
on glass slides. Mid-diaphysis sections were chosen for 
observation of the number of lines of arrested growth 
(LAG) under a microscope, and we photographed the best 
sections using a Motic BA300 digital camera mounted on 
a Moticam2006 light microscope at ×400 magnification. 
LAGs were assessed by two people, assuming that each 
LAG corresponds to an annual arrest of individual growth 
during overwintering (November–February). All fingers 
were collected from 16 June to 10 August, i.e. after 
five months of emergence from hibernation, and we 
therefore added 0.5 years to the age determined through 
LAGs. False and double lines were defined following the 
suggestion of Sinsch et al. (2007). Endosteal resorption 
of long bones starts from the inner surface of the bone, 

enlarging the marrow cavities and eroding a portion 
of LAGs when frogs have completed their hibernation 
(Rozenblut & Ogielska, 2005). We compared the diameter 
of the smallest juvenile cross-section (one year old 
without resorption) with the diameter of the resorption 
line of adults to confirm endosteal resorption following 
Castanet and Smirina (1990). 

Growth estimate
Growth was estimated according to von Bertalanffy’s 
(1957) model regularly used for amphibians (e.g., Lu et 
al., 2006; Ma et al., 2009a; Liao et al., 2011). We adopted 
the equation St=Smax (1-e-kt+b), where St is body size at age 
t, Smax is the estimated asymptotic maximum size, k is a 
growth coefficient and b is a constant. The growth rate 
can then be calculated as R=dS/dt=k (Smax-St).

Statistical analysis
All statistical analyses were performed using SPSS v.15.0. 
We used Kolmogorov-Smirnov tests to test whether 
variables within each group were normally distributed. 
We applied Student’s t-tests to test for differences in body 
size and age between males and females within each 
population when applicable. We used one-way ANOVA 
to test differences in age across the populations. For each 
sex, differences in average body size among populations 
were tested using general linear models (GLMs), treating 
SVL as a dependent variable and population as factor. To 
investigate whether population differences in mean SVL 
could be explained by age differences, age was included as 
a covariate in a separate model. The correlation between 
body size and age was evaluated using linear regression. 
All values are shown as mean±SD, and statistical tests 
were two-tailed. 

RESULTS

Of the 249 individuals (93 females, 108 males 
and 48 juveniles), a series of narrow concentric 
hematoxylinophilic lines separated by wider layers of 
paler background with sparsely distributed osteocytes 

Table 1. Resources, locations, mean annual temperatures and altitudes of Odorrana grahami sampled from four 
localities in western China. Mean annual temperature data results from Ningnan County Weather Office.

Sites Latitude 
(north)

Longitude 
(east)

Altitude
(m)

Mean annual 
temperature (°C)

No. of 
females

No. of 
males

No. of 
juveniles

Wuyi 27°11.24′ 102°38.50′ 1030 19.1 28 28 1
Tianwan 27°10.13′ 102°36.40′ 1590 17.2 15 28 4
Xiyao 26°52.73′ 102°49.73′ 1630 16.7 23 17 4
Masang 27°15.49′ 102°37.82′ 1860 15.7 27 35 39

Altitude (m) Males Females t p Males Females t p

1030 70.8±4.2 85.0± 3.2 5.42 <0.001 3.5±1.1 3.6±0.9 0.40 0.69

1590 69.2±9.5 67.8±15.4 0.90 0.37 3.3±1.1 3.6±1.4 0.36 0.72

1630 69.4±6.7 82.8±15.4 3.43 0.001 3.3±1.3 3.6±1.1 0.68 0.50

1860 67.2±5.8 69.5±8.7 1.41 0.17 3.1±1.0 2.8±1.0 0.21 0.23

Table 2. Differences in mean body size (mm) and age (yrs) between males and females within each Odorrana grahami 
population at different altitudes using Student’s t- tests. Values in descending order are mean±SD. 
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in cross-sections of phalanges were observed in 242 
individuals (Fig. 1). False and double lines were rarely 
observed. Based on the comparison between the 
diameters, we did not find complete resorption of the 
innermost LAG for any individual. Incomplete resorption, 
observed in 6.5% (6 of 93) of females and in 8.3% (9 of 
108) of males, did not affect age determination.

Average age did not differ between males and females 
within each population (Table 2; Student’s t-test: p>0.05). 
Adult average age was significantly different among 
the four populations in females (one-way ANOVA: F3, 

89=3.33, p=0.02), but not in males (F3, 103=0.69, p=0.60). 
Differences between pairs of populations based on post 
hoc multiple comparisons (Fisher’s LSD) are shown in 
Table 3. When breeding for the first time, frogs were 2.5 
years old for both sexes in all the four populations. The 
highest attained age was 5.5 years for males and females 
in all populations with the exception of 7.5 years for 
males at 1590 m altitude. 

Average adult SVL differed between males and 
females for populations at 1030 m and 1630 m altitude, 
but not between 1590 m and 1860 m (Table 2). Average 
SVL differed significantly among the four populations in 
females (F3, 90=10.51, p<0.001), but was unrelated with 
altitude. For males, SVL did not differ among populations 
(F3, 105=1.53, p=0.21). Multiple comparisons indicated 
that body size was similar between any two populations 

in males (post hoc test, all p>0.19). For females, body size 
at the 1030 m and 1630 m sites were similar (p=0.55) and 
significantly larger than at 1590 m and 1830 m (p<0.001). 
After removing the influences of age, differences in SVL 
still remained in females (ANCOVA: F3, 105=8.51, p<0.001) 
but not in males (F3, 89=1.45, p=0.23). Age did not affect 
SVL among the populations in both sexes (males, F3, 

105=1.56, p=0.22; females, F3, 89=2.35, p=0.13). Within each 
age class, males did not differ in size among populations 
(Fig. 2; 2.5 year class, F3, 51=2.97, p=0.06; 3.5 year class, 
F3, 18=0.62, p=0.61; 4.5 year class, F3, 15=0.11, p=0.95; 5.5 
year class, F2, 4=0.35, p=0.73), but females were different 
(2.5 year class, F3,37=5.68, p=0.003; 3.5 year class, F3, 15=0. 
90, p=0.46; 4.5 year class, F3, 16=4.80, p=0.02; 5.5 year 
class, F1, 3=14.20, p=0.03). 

For both sexes, we found no correlation between 
adult body size and age for the 1030 m and the 1860 
m sites, and a positive correlation for the 1590 m and 
the 1630 m sites (Table 4). The von Bertalanffy model 
demonstrated that females were generally larger than 

Fig. 1. Four selected examples of hematoxylin-stained 
cross-sections of the phalangeal bone in Odorrana 
grahami. A) a 1.5-yr old male; B) a 2.5-yr old female; C) 
a 3.5-yr old female; D) a 4.5-yr old male) Arrows indicate 
the lines of arrested growth (LAG). KL, ML, FL and DL 
represent Resorption Line, Metamorphosis Line, False 
Line and Double Line. Scale bar: 200 μm.

Altitude (m) 1590 1630 1860

Males Females Males Females Males Females

1030 0.372 0.977 0.519 0.850 0.156 0.007
1590 0.890 0.894 0. 016 0.673
1630 0.578 0.023

Table 3. Age differences between pairs of populations based on post hoc multiple comparisons (Fisher’s LSD).

Fig. 2. Body length by age of Odorrana grahami from 
four study sites. The 1030 m, 1590 m, 1630 m and 1830 
m sites are represented by close squares, open squares, 
close circles and open circles, respectively. Vertical bars 
are standard errors. Sample size is given beside the 
average.

Age (yrs)
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males throughout the life cycle for all populations. Males 
had a higher growth rate than females within each 
population except at 1590 m altitude (Table 5). 

DISCUSSION

We found that skeletochronology allowed us to assess 
individual ages of the subtropical frog O. grahami. Food 
availability in winter may affect the formation of lines of 
arrested growth (Morrison et al., 2004). For O. grahami, 
the hibernation begins in early November and lasts until 
later February (Fei et al., 2005). The clear LAG formation 
likely resulted from the fact that physiological functions 
of the frogs were depressed by low environmental 
temperature during the hibernation period. 

For most anurans, females are larger than males 
(Monnet & Cherry, 2002; Kupfer, 2007; Liao et al., 2010; 
Liao & Lu, 2011a, b; Liu et al., 2011; Mao et al., 2012; Liu 
et al., 2012; Lou et al., 2012). Sexual size dimorphism may 
be a consequence of differences in age and/or growth 
rate (Wells, 2007). For four O. grahami populations, age 
differences did not result in sexual size dimorphism. At the 
1030 m and the 1630 m sites, females had significantly 
larger body size than males, suggesting that sexual size 
dimorphism results from the differential growth rates. 
At 1590 m and 1830 m altitude, a non-significant sexual 
size dimorphism was the result of similar growth rates 
for both sexes. 

Patterns for geographical body size variation in 
amphibians remain controversial (Olalla-Tárraga & 
Rodríguez, 2007; Adams & Church, 2008), and both 
Bergmann’s rule as well as the opposite of it have been 
reported (Acker et al., 1986; Cvetković et al., 2009; Ma et 
al., 2009b). In contrast with Bergmann’s rule, we found no 
clinal variation of body size of O. grahami with altitude. 
A similar longevity observed in the four populations 
did not result in larger body size in higher altitudes for 
both sexes, inconsistent with evidence to support that 
indeterminate growth and increased longevity leads to 
larger body size in cold climates (Cvetković et al., 2009). 
Significant differences in body size among populations 

were observed in females, but not in males, providing 
evidence that sexes may respond differently to climatic 
variation or maternal investment (Ficetola et al., 2010). 
Romano and Ficetola (2010) also found influences of 
genetic structure and local factors (i.e. type of oviposition 
site) on the ecogeographic variation of body size. 

Body size of adult amphibians is determined by size 
at metamorphosis, growth rate and growth duration (Lu 
et al., 2006; Liao & Lu, 2011b). In most anuran species, 
large eggs often lead to large metamorphs and in turn 
large adults (Crump, 1984, Dziminski & Roberts, 2006). 
Anurans living in colder conditions often produce larger 
eggs, in order to allocate the limited resources to fewer 
individual offspring (Roff, 2002; Morrison et al., 2004). 
For O. grahami, data on altitudinal variation in egg size 
and size at metamorphosis are unavailable.

Average age in anurans tends to increase with altitude 
(Lu et al., 2006; Ma et al., 2009b; Liao & Lu, 2011b; 
Liao & Lu, 2012). For O. grahami, individuals from high 
altitudes were smaller than those at low altitudes, but 
did not differ in average age. Life-history theory predicts 
that delayed maturation allows devoting more energy to 
somatic growth (Kozłowski et al., 2004), and in anurans 
often contributes to average age and thus body size in 
colder environments (Miaud et al., 1999; Lu et al., 2006; 
Ma et al., 2009a). However, this does not seem to be 
the case for O. grahami, for which the proportion of 
individuals at minimal maturation age was similar at all 
sites.

In males, growth rates at 1030 m were highest, a fact 
which should be linked to higher temperature at lower 
altitudes, as observed elsewhere (Duellman & Trueb, 
1986; Hemelaar, 1988; Miaud et al., 1999; Eaton et 
al., 2005). However, body size of females at given ages 
differed between populations. The populations at 1590 m 
and 1860 m altitude are subject to occasional harvesting 
for food, and the fact that harvesting is likely selective 
towards large individuals might have influence on both 
the age structure as well as the selective pressures 
imposed upon these populations.

Altitude (m) Males Females
Regression equation F df r2 p Regression equation F df r2 p

1030 Y=65.0+1.63X 5.6 27 0.18 0.026 Y=55.4+8.13X 12.7 27 0.53 0.001
1590 Y=69.0+0.08X 0.02 26 0.00 0.960 Y=81.6.5-3.79X 1.8 14 0.12 0.205
1630 Y=73.2-1.16X 1.9 16 0.07 0.292 Y=86.4-1.01X 0.1 22 0.01 0.739
1860 Y=53.2+3.71X 14.5 32 0.32 0.001 Y=50.7+6.71X 12.7 23 0.37 0.002

Table 4. Linear regression analyses of body size (mm) on age (years) within each Odorrana grahami population sampled 
from four different altitudes.

Altitude (m) Males Females

Smax k b Growth rate Smax k b Growth rate

1030 73.1 44.74 65.51        79.92 98.9 0.68 0.32 12.81
1590 69.9 1.39 -0.85     4.53 88.7 0.38 -0.43 6.97
1630 69.4 6.22 -9.64     41.85 69.4 6.22 -9.64 24.32
1860 72.0 2.61 1.84        30.47 72.8 3.45 24.0 29.49

Table 5. Growth parameters of von Bertalanffy’s model (St=Smax (1-ekt+b)) for Odorrana grahami populations sampled 
from four different altitudes. Definitions of the parameters are given in the text.
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Ecological factors such as trophic regimes and 
predation or competition may further explain differences 
in body size between populations. Indeed, environmental 
factors such as precipitation and humidity (Ashton, 2002) 
or food availability have been shown to affect geographic 
variation in body size (Miaud et al., 2001; Chown & Klok, 
2003; Meiri et al., 2007). In our study, high-altitude 
populations are subjected to lower temperatures, and 
may further be exposed to factors such as reduced 
food availability, slower metabolic properties and lower 
competition and predator risk. That they were not 
characterized by larger body size might be due to shorter 
activity periods which reduce their net growth (Sinsch et 
al., 2010; Oromi et al., 2012). 
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