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Abstract Invasive species often exhibit geographi-

cal variations in life history traits that may allow them

to successfully invade different environments. We

investigated geographical variation in body size and

sexual size dimorphism (SSD) of invasive bullfrogs in

southwestern China, by sampling two breeding pop-

ulations (descendants of a single source population)

inhabiting sites at low (1,412 m, Shiping) and high

(2,692 m, Luguhu) altitudes. Both populations exhib-

ited significant SSD, with females larger than males.

At high altitude, mean body size of both sexes and the

degree of SSD were significantly reduced; the reduc-

tion in mean body size with increasing altitude was

more pronounced in females, although not signifi-

cantly so. Female bullfrogs also showed a significant

decrease in average age at high altitude that may be a

major factor related to this pattern; average age of

male bullfrogs did not vary significantly with altitude.

Growth rate of both sexes was also lower at high

altitude. Our results provide the first evidence that

introduced bullfrog’s exhibit geographical variation in

morphology in invaded areas in response to different

environments, likely due to changes in climate.

Additional research is required to determine the

mechanism of this variation (i.e., physiological or

developmental plasticity, mortality rate, selective

pressure) and most importantly, to evaluate the

potential for variation in the impacts of introduced

bullfrogs on native ecosystems in China.

Keywords Invasion ecology � Life history traits �
Plasticity � Altitude � Rana catesbeiana

Introduction

Biological invasions are the subject of increasing

concern, as they pose a major threat to native

biodiversity and economics at a global scale (Pimentel

et al. 2005; Simberloff et al. 2005; Wilcove and Chen

1998). It has been suggested that the life history

plasticity of invasive species is an important factor in

promoting invasions (Lee 2002; Lodge 2004). Geo-

graphical differentiations in life history traits among

populations of invasive species are also particularly

interesting because of the relatively short time the
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species has been present in an area (Hänfling and

Kollmann 2002; Kollmann and Banuelos 2004).

Many successful invaders can be flexible in ecolog-

ical or evolutionary traits, enabling them to cope with

variation in environmental or geographical condi-

tions in the introduced area and establish self

sustaining populations (Rosecchi et al. 2001; Sakai

et al. 2001).

Successful invaders exhibit a high degree of

diversity in their life history traits, a characteristic

that has been observed across taxa (Alcaraz and

Garcia Berthou 2007; Alexander et al. 2009; Benejam

et al. 2008; Bohn et al. 2004; Lockwood 1999). In

contrast, the failure of some introduced species to

successfully invade has been attributed to their poor

ability to adapt to geographical gradients (Becker

et al. 2005). In general, nonindigenous species

decline as altitude increases, probably due to an

intensification of the severity of climatic conditions

(e.g., drought, cold, radiation; Daehler 2005). Con-

sequently, collection of life history information

across the range of an introduced species is crucial,

in order to determine the potential success and degree

of establishment (Bohn et al. 2004; Mooney and

Hobbs 2000). Furthermore, geographical variation in

morphology of an invasive species and the associated

implications should also be taken into consideration

when evaluating potential impacts on native commu-

nities (McGarrity and Johnson 2009).

The American bullfrog (Rana catesbeiana; here-

after referred to as the bullfrog) is listed among the

100 worst invasive alien species in the world by the

Invasive Species Specialist Group of the IUCN-

World Conservation Union (Lowe et al. 2000), and is

one of only three amphibians classified as such.

Bullfrogs are native to eastern North America, but

have been introduced into western North America,

the Caribbean, South America, Europe, and Asia,

with well-documented ecological impacts on native

species and ecosystems (Adams 1999; Boone et al.

2007; Kats and Ferrer 2003; Kiesecker et al. 2001;

Kupferberg 1997; Wang et al. 2007; Wu et al. 2005).

Although substantial research has focused on these

negative impacts and the factors predicting the

invasion success of bullfrogs (Ficetola et al. 2007;

Li et al. 2006), little information is available on

geographical variation in evolutionary and ecological

characteristics in invaded areas.

Body size and sexual size dimorphism (SSD) often

vary geographically, and are considered to be among

the most important evolutionary and ecological

characters that can be measured in animals, including

amphibians (Ashton 2002; Campbell and Echternacht

2003; Morrison et al. 2004). Variation in these traits

in an organism is the product of both evolution and

morphological plasticity (Travis 1994), and may be

influenced by a wide variety of abiotic and biotic

factors. In anurans, including bullfrogs, SSD is

related to variation in life-history strategies between

sexes, and large size may confer competitive or

reproductive advantages (Howard 1978a, b). As a

result, variation in body size and SSD of invasive

anurans may lead to variation in potential impacts on

native species and should be evaluated.

Like most anuran species, bullfrogs show a

marked SSD in their native range, with females as

the larger sex, due to a difference in population age

structure of males and females (Howard 1981;

Monnet and Cherry 2002; Shirose et al. 1993).

Bullfrogs also exhibit geographical variation in body

size in their native range, with body size decreasing

with increasing latitude (Bruneau and Magnin 1980).

Introduced bullfrogs in western Canada are known to

grow more rapidly and reach maturity earlier than

individuals from native populations in eastern Can-

ada, likely due to milder climatic conditions (Gov-

indarajulu et al. 2006). However, to our knowledge,

similar phenotypic plasticity in body size and SSD

among introduced bullfrog populations has not yet

been demonstrated.

Following the limited success of several early

efforts to introduce bullfrog farming in mainland

China around 1960, remnant bullfrog stocks from a

single source population were expanded in the 1980s

and used to establish additional farms across the

country (Zeng 1998; Xu et al. 2006). Escaped

bullfrogs from these farms have established feral,

breeding populations (Li and Xie 2004; Liu and Li

2009) and have successfully invaded southwestern

high-altitude areas (Liu and Li 2009). These complex

mountain environments are excellent model systems

for studying bullfrog responses to altitudinal variation

in climatic conditions. In the present study, we

collected data on body size, age, growth, and SSD of

adult bullfrogs from low and high-altitude popula-

tions, in order to evaluate geographical variation in
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these life-history characteristics in their introduced

range in China.

Materials and methods

Study area and field sampling

Our study area is situated in Yunnan province in the

plateau region of southwestern China, in an area with

a complex climate including tropical, subtropical,

temperate and boreal climates. Based on information

gleaned from local bullfrog farmers and local Aquatic

Culture Departments, we determined that introduced

bullfrogs have been established in the study area for

approximately 20 years, and descended from a single

source population which was introduced from Cuba.

The history of bullfrog farming in China (Fig. 2) is

comprised of three small-scale trials during the late

1950s and early 1960s, followed by a nationwide

expanded farming effort during the 1980s. The

earliest trials (1950s) failed due to limited supply of

food for the bullfrogs, and a subsequent successful

trial (1960s) was limited to government and university

aquaculture facilities in a few provinces due to the

limits of the planned economy in China at that time

(Chen 1993; Zeng 1998; Wu et al. 2004). By the early

1980s, economic reforms in China resulted in transi-

tion toward a market economy, promotion of the

aquaculture industry, and improved food supply for

bullfrog farming. At this time, bullfrogs descended

from the 1960s introduction from Cuba (Fig. 2) were

found in Hanshou county of Hunan (Institute of

Special Aquaculture Species of Hanshou County

Hunan Province, Departmant of Biology, Hunan

Normal University 1986; Ministry of Agriculture of

the P.R.C. 1996; Sun 1990; Zeng 1998). These

remnant stocks have since been expanded throughout

China for household farming, resulting in the suc-

cessful establishment of many feral populations

founded by individuals that escaped from holding

enclosures (Jiang 2008; Wu et al. 2004; Zeng 1998).

We sampled two introduced populations of bull-

frogs in Yunnan province (Fig. 1), from sites located

at low (Shiping) and high altitude (Luguhu) sites,

collecting a total of 147 adult frogs (Shiping:

n = 72–37 male, 35 female; Luguhu: n = 75–39

male, 36 female) from both sites during the summer

of 2008, by hand collecting, dip-netting, and electro

fishing at night (1,900–2,230 h). In order to describe

the degree of climatic variation between sites, we

compared historical monthly average data on mini-

mum and maximum temperatures (Fig. 3), collected

from the WorldClim database (1950–2000, spatial

resolution: 2.5 arc-minutes, available at http://

www.worldclim.org). We found a significant degree

of variation in temperature between sites; the high

altitude site (Luguhu) experiences much lower min-

imum (paired samples t tests; t = 20.443, df = 11,

P = 0.000) and maximum (t = 24.641, df = 11,

P = 0.000) temperatures. Due to the topography of

the area, our low and high-altitude sites were also

latitudinal separated; thus, climatic variation between

sites is likely due to the combined effects of altitude

and latitude.

Sex determination and morphometrics

We identified the gender of bullfrogs according to the

development of secondary sexual characters. We

identified males by the presence of yellow throat

pigment and swollen nuptial pads, or by observation

of reproductive behaviors such as defense of territo-

ries (Howard 1978a, b). If these characteristics were

lacking, we classified frogs as females. We measured

snout to vent length (SVL) of live specimens to the

nearest 0.02 mm with a vernier calliper and weighed

them to the nearest 0.01 g with an electronic balance.

Laboratory age estimation

We used skeletochronology to estimate the age of the

frogs. This technique has proven to be a reliable tool

for determining age of bullfrogs (Spear et al. 2009)

and a variety of other amphibian species (Castanet

et al. 1988; Halliday and Verrell 1988; Smirina

1994). We clipped the third phalanx of the fourth toe

of the hind foot of each frog for skeletochronological

age estimation. We embedded phalanx specimens in

paraffin for sectioning and stained sections with

Ehrlich’s haematoxylin to facilitate observation of

growth rings or lines of arrested growth (LAGs)

under the microscope. We determined the age of each

frog by counting the number of LAGs in multiple

phalanx sections; we took each LAG to represent

1 year of life. Although we were unable to validate

the skeletochronological method using specimens of

known age from the study area, this technique was

Geographical variation in body size and sexual size dimorphism 2039

123

http://www.worldclim.org
http://www.worldclim.org


first validated using bullfrogs (Schroeder and Baskett

1968), and has been used successfully to study other

ranids living at various elevations in mainland China

and Taiwan (Lai et al. 2005; Ma et al. 2009).

However, in older individuals, endosteal resorption

can obscure the innermost LAG and lead to misin-

terpretation of skeletochronological age. In order to

minimize the problem of LAG resorption, we

analyzed sections taken from a point just proximal

to the midpoint of the bone (intermediate phalanx).

To identify cases of LAG resorption, we calculated

the diameters of the innermost and the other visible

LAGs; LAG resorption was indicated when the

diameter of innermost visible LAG was [2 SD

greater than the group mean (Sagor et al. 1998).

Although LAG resorption is believed to only mini-

mally influence age determination (Gibbons and

McCarthy 1983; Miaud et al. 1999), we corrected

two specimens which were suspected to have resorp-

tion phenomena. Furthermore, the sharpness of LAGs

may also influence the estimation of frog age; we thus

removed three specimens which had faint LAGs.

Hence, we believe our age estimation based on

skeletochronology accurately portrays the true age

structure of these populations. We established the age

of each frog based on independent counts by two

observers of the number of LAGs in phalanx sections.

Statistical analysis

Skeletochronological age data were not normally

distributed (strong negative skew), and mathematical

transformations (e.g., logarithmic) failed to normalize

data. Therefore, we rank transformed age data and

used ANOVA to analyze the rank-transformed data;

this nonparametric equivalent of a two-way ANOVA

allowed us to compare average age between sexes

and altitudes and evaluate potential interactive effects

of these two factors.

Before comparing body size (SVL) between sexes

and altitudes, we used partial correlation analysis to

evaluate the relationship between body size and age

after controlling for site and sex, and found a

significant positive correlation between body size

and age (r = 0.848, df = 143, P = 0.000). There-

fore, we used ANCOVA with age as the covariate to

evaluate variation in SVL between sexes and alti-

tudes after controlling for the effects of age.

Fig. 1 Location of

American bullfrog (Rana
catesbeiana) populations

sampled at a low (Shiping,

N 23�420 E102�280

1,412 m) and b high

(Luguhu, N 27�420 E

100�510 2,692 m) altitude

sites in southwestern China
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Fig. 2 History of

American bullfrog (Rana
catesbeiana) farming trials

(history of extant

populations shown by bold
lines) in China, showing

source and timing of

introductions to the study

area in Yunnan province

Fig. 3 Comparison of

monthly minimum and

maximum temperatures at

low (Shiping, 1,412 m) and

high (Luguhu, 2,692 m)

altitude study sites in

southwestern China.

(Historical monthly average

data from 1950 to 2000)
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We estimated SSD of each age group (year) for

each population using the SDI index (Lovich and

Gibbons 1992), where SDI = [mean size of the larger

sex/(mean size of the smaller sex-1)]. This index has

the best statistical properties of all dimorphism

indexes that have been proposed (Smith 1999;

Stillwell et al. 2007). We also calculated sex ratios

(male:female) of each age group for each population.

We compared SDI and sex ratios between low and

high altitude sites using ANOVA. We did not include

age as a factor in the analyses due to the nature of the

data; there was only one SDI or sex ratio value per

age group per population (thus only n = 2 for each

age 9 altitude combination). In order to explore the

potential for interactive effects of age and altitude,

we followed ANOVA with nonparametric correlation

analyses and graphing.

We described and compared growth rates between

populations from low and high altitudes by fitting

growth equations with von Bertalanffy’s model (von

Bertalanffy 1957) using the equation SVLt = [SVL?

(1-b 9 e-kt)3], where SVLt is SVL at age t, SVL?

is the estimated asymptotic SVL, k is a growth

coefficient relating to how quickly SVL? is reached,

and b is a constant. We estimated asymptotic size

(SVL?), growth coefficients (k), and constants (b)

based on nonlinear regression of size-at-age data for

each sex at each site.

We performed all statistical analyses using SPSS

17.0 (SPSS Inc., 2008), and determined statistical

significance at the level of a = 0.05.

Results

Age and body size

Average age (Fig. 4) of female bullfrogs at our study

sites was significantly greater than that of males

(ANOVA; F[1,146] = 8.367, P = 0.004). Average age

of frogs from the low-altitude population was signifi-

cantly greater than that of frogs from the high-altitude

population (F[1,146] = 7.328, P = 0.008), but there was

not a significant interactive effect of sex and altitude

(F[1,146] = 0.565, P = 0.453). Bullfrog age was posi-

tively correlated with body size (SVL), even after

controlling for the effects of sex and altitude (Pearson

partial correlation = 8.387, df = 6, P = 0.211). After

controlling for the effect of age, bullfrogs exhibited

significant SSD (Fig. 4), with females as the larger sex

(ANCOVA; F[1,146] = 20.878, P = 0.000), and signif-

icant geographical variation in body size, with frogs at

the low-altitude site attaining greater average body size

(F[1,146] = 321.254, P = 0.000); however, there was

not a significant interactive effect of sex and altitude on

body size (F[1,146] = 3.640, P = 0.058).

Sex ratio and degree of SSD

Sex ratio (Fig. 5a) of bullfrogs did not vary signif-

icantly between low and high-altitude populations

(ANOVA; F[1,13] = 0.515, P = 0.487). Sex ratio of

Fig. 4 Sex-specific variation in body size (a) and average age

(b) and of American bullfrog (Rana catesbeiana) populations

sampled at low (Shiping, 1,412 m) and high-altitude (Luguhu,

2,692 m) sites in southwestern China. Closed and open circles
represent males and females, respectively; vertical bars
indicate standard error (±1 SE)
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bullfrogs was negatively correlated with age in both

low and high-altitude populations (Spearman rho;

Low = -0.849, P = 0.003; High = -0.873, P =

0.010), with the predominant sex shifting from male

to female, and graphical analysis did not suggest an

apparent interactive effect of age and altitude

(Fig. 5a).

The degree of SSD (SDI; Fig. 5b) of bullfrogs was

significantly greater in the low-altitude population

(ANOVA; F[1,13] = 9.473, P = 0.010), consistent

with the higher average female age seen in this pop-

ulation. We found no significant correlation between

SDI and age at either site (Spearman rho; Low =

-0.179, P = 0.702; High = 0.327, P = 0.474), sug-

gesting that interactive effects suggested by graphing

(Fig. 5b) are likely not significant.

Growth

We calculated the relationship between body size and

age for each sex in each population using von

Bertalanffy’s model (Table 1). Growth coefficients

(k), which describe how quickly the asymptotic size

(SVL?) is reached, had a higher value at lower than

at higher altitudes both for females and males. Also,

females had a larger asymptotic size than males at

both altitudes. For both sexes at both low and high

altitudes, the predicted asymptotic body sizes were

higher than the maximum observed SVLs, suggesting

that frogs could potentially grow even larger.

Fig. 5 Age-specific sex

ratio (a) and degree of SSD

(b; SDI index) of American

bullfrog (Rana catesbeiana)

populations sampled at low

(Shiping, 1,412 m, open
circles) and high (Luguhu,

2,692 m, filled circles)

altitude sites in

southwestern China. The

horizontal lines in the

figures represent a equal

abundance of both sexes

(1:1) in the population

sample, or b the median

degree of SSD (median SDI

value)

Table 1 Growth parameters of von Bertalanffy’s model for

American bullfrog (Rana catesbeiana) populations sampled at

low (Shiping, 1,412 m) and high (Luguhu, 2,692 m) altitude

sites in southwestern China

Altitude Sex SVL?
a 95% CI kb 95% CI

High Male 121.87 106.00–137.73 0.305 0.032–0.578

Female 136.13 105.63–166.63 0.175 0.014–0.365

Low Male 142.62 128.88–156.36 0.378 0.113–0.642

Female 154.04 135.41–172.67 0.294 0.055–0.533

a Asymptotic body size (SVL)
b Growth coefficient
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Discussion

Vertebrates often exhibit a geographical pattern of

variation in body size; body size may increase or

decrease with increasing latitude or altitude, and the

type and degree of variation can vary within a species

(Bergmann 1847; Ashton 2002; Ashton and Feldman

2003; Blanckenhorn and Demont 2004). Temperature

is generally accepted as one of the main selective

factors accounting for this pattern, particularly in

endotherms (Ashton 2002; Blackburn et al. 1999).

Geographical variation in SSD has also been docu-

mented in ectotherms, including anurans; however, the

mechanism of this variation is likely complex and

highly variable (Ashton 2002; McGarrity and Johnson

2009; Monnet and Cherry 2002; Morrison and Hero

2003; Rosso et al. 2005; Schauble 2004). Geographical

variation in body size is of particular interest because it

is an important measure of an organism’s fitness and

can affect many other physiological and life-history

traits (Stearns 1992; Gaston and Blackburn 2000;

Brown et al. 2004). It is critical to understand how

introduced species respond to the novel environments

they invade, and especially geographical trends asso-

ciated with their response, if we are to predict and

manage the impacts of invasive species.

This study provides the first report of geographical

variation in body size and SSD of invasive bullfrog

populations, and confirms that bullfrogs exhibit plas-

ticity of life-history traits in response to novel environ-

ments, as reported for other successful introduced

species (Alcaraz and Garcia-Berthou 2007; Bohn et al.

2004; Lockwood 1999). Our results indicate that

invasive bullfrogs in China have responded rapidly to

a high altitude environment with a decrease in the

female-dominated SSD, driven by a decrease in average

female body size with increasing altitude. We suggest

that this trend of decreasing SSD and female body size

of introduced bullfrogs is largely driven by an accom-

panying decrease in female age distribution.

Variation in body size among populations (or

between sexes) can often be attributed to differences

in population age structure. In the present study, both

average body size and average age of females were

greater at low altitude, suggesting that the geograph-

ical variation seen in female body size and SSD may

be the result of differences in age distribution between

the two populations. However, the geographical

difference in average body size of females remained

significant even after controlling for the effects of age,

suggesting that factors other than age also contribute

to this variation. Although average body size of males

was also greater at low altitude, male age distribution

did not differ significantly between populations; this

also suggests that other possible factors such as

growth or mortality rate may influence variation in

body size.

Differences in growth rate between our study

populations may also have been instrumental in

driving geographical variation in average body size.

Von Bertalanffy’s model showed that bullfrogs at low

altitude exhibit relatively high growth rates compared

with frogs from higher altitude (Table 1). Conse-

quently, the decrease in average bullfrog body size

with increasing altitude is probably the combined

result of reductions in both age (females) and growth

rate (both sexes). Geographical variation in growth

rate is likely attributable in large part to climatic

variation. Sites at lower altitudes experience a mild

climate and comparatively longer summers, which

allows for an extended period of activity, feeding,

and growth. In contrast, frogs inhabiting ponds at

higher altitudes are subjected to longer periods of low

temperature when water bodies are frozen and frogs

must remain in torpor; thus they have a shorter

activity period which results in reduced growth rates

(Hemelaar 1988; Ryser 1996). In addition, the

harsher climate (i.e., lower minimum temperature)

may be responsible for the reduction in average age at

higher altitudes, due to an associated increase in the

prevalence of cold-induced mortality.

Colonization history of an introduced species is

often an important driving force behind life-history

variation; traits are often the result of events during

an organism’s ancestry, rather than adaptations to

current conditions (Pearson et al. 2002). Observed

variation in ecological traits among populations that

have resulted from discrete introductions may merely

be the by-product of differences among source

populations, rather than a response to environment

or selective pressure. Introduced bullfrogs in China

(including our study populations) have descended

from a single source population; therefore the signif-

icant morphological variation among invasive bull-

frogs observed in the current study cannot be

attributed to colonization history.

It has been suggested that evaluation of variation

in the demographics of introduced species among
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regions, and the resultant variation in their impacts, is

critical to maximizing the effectiveness of control

efforts (Adams and Pearl 2007). Female bullfrogs are

highly fecund, producing large clutches of eggs that

increase in number exponentially with increasing

female body size (Howard 1978a). Our results

identify a geographical trend of decreasing SSD with

increasing altitude, driven by a pronounced decrease

in female size of invasive bullfrogs at high altitude.

Undoubtedly, this finding has important implications

for impacts of bullfrog invasion of southwestern

China, an amphibian conservation hotspot (Chen and

Bi 2007). Smaller female bullfrog size at high altitude

could result in lower reproductive output, which

could slow the rate of population increase and reduce

the impact on native species. A significant decrease in

mean body size might also reduce competition and

predation of native species by the invader. However,

the climate at higher elevations is harsher and there

are likely fewer resources; thus, successful establish-

ment of bullfrogs could have a greater impact on

native species at these sites. Additionally, the rapid

reduction in average mature body size of introduced

bullfrogs in response to the novel, harsher climate

might be accompanied by a tendency to allocate

resources to reproduction at a younger age (rather

than growth), thus enhancing their ability to establish

breeding populations at these potentially sensitive

sites. Therefore, we recommend these topics for

future research.
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