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Abstract: While developmental plasticity can facilitate evolutionary diversification of organisms, the effects of water levels as an 
environmental pressure on tiger frogs remains unclear. This study clarifies the relationship by studying the responses of tiger frog 
(Hoplobatrachus chinensis) tadpoles to simulated hydroperiods (i.e., constant low water levels, constant high water levels, increasing 
water levels, decreasing water levels, rapid changes in water levels and gradual fluctuations in water levels) in a laboratory setting. 
ANOVA analysis showed that none of the water level treatments had any significant effect on the total length, body mass, or 
developmental stages of H. chinensis tadpoles half way through development (11 days old). Tadpoles raised in rapidly fluctuating 
water levels had protracted metamorphosis, whereas tadpoles raised under low and gradually fluctuating water levels had shortened 
metamorphosis. None of the water level treatments had a significant effect on the snout-vent length (SVL) or body mass of H. 
chinensis tadpoles at Gosner stage 42, or on the body mass of tadpoles at Gosner stage 45. However, the tadpoles raised in high 
levels and rapidly fluctuating water levels, significantly larger SVL at Gosner stage 45, while ones under gradually fluctuating water 
levels had smaller SVL than the other groups. Time to metamorphosis was positively correlated with body size (SVL) at 
metamorphosis in H. chinensis tadpoles. H. chinensis tadpoles under constant low water level had the highest mortality rate among 
all the treatments (G-test). Moreover, ANOVA and ACNOVA (with body length as the covariate) indicated that water levels had no 
significant effect on either the morphology (i.e. head length, head width, forelimb length, hindlimb length and body width) or the 
jumping ability of juvenile H. chinensis. These results suggest that the observed accelerated metamorphosis and high mortality of H. 
chinensis tadpoles under decreasing water level treatment was driven by density-induced physical interactions among increasing 
conspecifics. 
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Developmental plasticity is the ability of a given 
genotype to give rise to different phenotypes when 
reared in different environmental conditions, and it can 
increase fitness of certain populations in variable 
environments (Fusco & Minelli, 2010; West-Eberhard, 
2003). The intensity developmental plasticity is 
correlated with both biological factors, such as food 
availability (Enriquez-Urzelai et al, 2013), pressure from 
predators (Hossie & Murray, 2012; Relyea, 2002) and 
population densities (Browne et al, 2003; Newman, 1994; 
Semlitsch & Caldwell, 1982; Tejedo & Reques, 1994), 
and non-biological factors, such as water temperature 
(Newman 1989), hydrological periods (Amburgey et al, 
2012; Loman, 2002; Row & Dunson, 1995; Ryan & 
Winne, 2001) and the hydroperiod duration (Johansson 

et al, 2005; Newman, 1992; Tejedo & Reques, 1994). 1 
One example of developmental plasticity is the 

adaptation of tadpoles to temporary changes in their 
environment (Newman, 1992). Amphibians usually 
choose to reproduce in temporary water bodies such as 
puddles and ditches, which are likely to dry up. 
Amphibian larvae must metamorphose and grow quickly 
in order to migrate out of ponds before they evaporate 
(Altwegg & Reyer, 2003; Johansson et al, 2005). Some 
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tadpoles respond to changes in their aquatic environment 
by either expediting development when puddles are 
drying or protract it when ponds are replenished (Hyla 
pseudopuma, Crump, 1989; Rana temporaria, Loman, 
1999; Scaphiopus couchii, Newman, 1989; Pelodytes 
punctatus, Richter-Boix et al, 2006a; Pelobates syriacus, 
Székely et al, 2010; Rana esculenta, Semlitsch & Reyer, 
1992; Rhinella spinulosa, Márquez-García et al, 2009). 
However, expedited development may result in a high 
tadpole mortality rate (Laurila & Kujasalo, 1999; Loman 
& Claesson, 2003; Rudolf & Rödel, 2007), 
comparatively smaller body sizes (Altwegg & Reyer, 
2003; Reques & Tejedo, 1997) and decreased jumping 
ability (Richter-Boix et al, 2006b).  

The tiger frog (Hoplobatrachus chinensis) is a 
Class II National Protected Species and uses temporary 
ponds, such as those found on farmland and the 
surrounding ditches, to propagate (Fan et al, 2012; Lin & 
Ji, 2005). In Lishui, the breeding season of tiger frog is 
from May to September, the first half of which is the 
raining season (May to June), followed by the hottest 
time of year (July to September). However, rainfall is 
often unpredictable, being low in frequency and high in 
precipitation. As a result, water levels during the tiger 
frog’s breeding season are both uni-directional with 
either gradient increase or decrease, and bi-directional 
with fast or slow fluctuations.  

This study measured the developmental phenotypic 
plasticity of tiger frog tadpoles in response to six 
different changes in water level under laboratory settings. 
Three data points were measured： (1) time taken for 
tadpoles to metamorphose and body size at time of 
metamorphosis under different water levels, (2) time of 
phenotypic plasticity, based on the length of time for 
morphology and the developmental stages of tadpoles, 
and (3) impact of water levels on mortality and jumping 
ability of juvenile frogs.  

MATERIALS AND METHODS 
Experimental animals 

Experimental adult tiger frogs were obtained from 
the Laboratory of Herpetology, Lishui University. One 
hundred and eighty eggs were randomly selected from 
five clutches laid on the same day and were incubated in 
a plastic container (70 cm × 50 cm × 40 cm, length × 
width × height) with water (20 cm), until individuals 
reached Gosner stages 26−27 (Gosner, 1960). The 

environmental conditions in the laboratory were 
(14L:10D) photoperiod with a water temperature of 
28±1℃.    
 
Experimental design  

In the wild, temperature, precipitation and size of 
water body organically affect each pond’s hydroperiod, 
so six different water level treatments were devised to 
simulate the natural environment. In treatment 1 
(constant low) and treatment 2 (constant high), water 
levels were maintained at 30 mm and 100 mm during the 
experiment, respectively. In treatment 3 (increase), the 
water level was originally set at 30 mm, and then 
increased by 5 mm every 48 hours until a maximum 
volume of 100 mm was reached. In treatment 4 
(reduction), the water level was originally set at 100 
mm, and then reduced by 5 mm every 48 hours until a 
minimum volume of 30 mm was reached. In treatment 
5 (fast fluctuation), the water level was originally set 
at 100 mm, and then was adjusted repeatedly (during 
each cycle, water level was reduced to 30 mm after 48 
hours, and then increased to 100 mm after another 48 
hours). In treatment 6 (slow fluctuation), water level 
was originally set at 100 mm, and then adjusted 
repeatedly (during each cycle, the water levels were 
reduced to 30 mm after 120 hours, and then increased 
to 100 mm after another 120 hours). Tadpoles were 
randomly assigned to each treatment with 5 replicates 
each (one tail-nipped replicate of each treatment was 
reserved to replace the dead individuals) (6 
treatments×5 replicates×8 animals/ container=240 
tadpoles total). Tadpoles were fed with bullfrog 
pellets (protein) once daily. 

During the experiment (approximately 50 days), the 
outdoor area was equipped with a transparent weather 
shed and bug net, and the evaporation loss of every 
container was compensated twice daily. Every 48 hours, 
water was completely replaced with de-chlorinated tap 
water. Moreover, the containers were also rearranged to 
minimize temperature differences. HOBO temperature 
data loggers (USB, U12-006) were read hourly to track 
the water temperatures of the six treatments. Tadpoles 
were checked daily and dead ones were replaced with 
similar sized, tail-nipped ones from the reserved replicate 
of each treatment (tail-nipped individuals were not 
included in statistical analysis). Time of metamorphosis 
was defined as both forelimbs emerged (Gosner stage 
42). After morphological measurements, the 
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metamorphosed individuals were housed in plastic bowl 
(opening diameter=150 mm) with 1mm mesh covering 
until tails were reabsorbed (Gosner stage 45).  

 
Morphological measurements  

Prior to the experiment, 15 tadpoles (Gosner stage 
26−27) were randomly selected. Their initial body mass 
and length (snout to tip of the tail) were 20.93±0.89 
(16.00−26.00) mg and 13.20±0.21 (11.86−14.55) mm. 
respectively. Individuals body mass, body length and 
development stage were determined on the days of 11th 

age (August 13), the forelimbs emergence (Gosner stage 
42), and the tail reabsorbed (Gosner stage 45). For 
tadpoles, the total length was measured (TL), whereas 
juvenile frogs at Gosner stage 42−45 the length from 
snout to vent (SVL) was measured. Tadpoles (including 
individuals at Gosner stage 42) were placed on a Petri 
dish with size standard on the bottom, and photographed 
by digital camera (Sony DSC-T100) from above, and 
then their morphology was analyzed by ImageJ 1.44p 
software (±0.01 mm). Developmental stages were 
determined with anatomical microscope (Nikon XTS30) 
following the table proposed by Gosner. Digital caliper 
was read for the head width, head length, body width, 
SVL, forelimb length and hindlimb length of juvenile 
frogs (Gosner stage 45) (Lin & Ji, 2005). Tadpoles were 
placed on dry surface water with blotting paper and then 
weighed by electronic scale (Sartorius, ±0.001 g). Time 
of metamorphosis was defined as the days from the 
beginning of experiment to the time the forelimbs 
emerged (Gosner stage 42). Survival rate was defined as 
the percentage of individuals that survived over the total 
sample number.  

 
Leaping distance measurements  

Ten to 15 minutes were allowed for the juvenile 
frog to acclimate the indoor environment (25±1℃). 
Then individuals with limbs soaked with 1% green 
edible pigment solution were motivated to jump on the 
white skip resistant paper by the gentle touch of a twig. 
At least 10 jumps were required for each individual. 
Jumping distance was defined as the distance between 
two successive hindlimb marks, and the longest 
distance was measured using a ruler (± 0.01 cm) 
(Köhler et al, 2011). 
 
Statistical analysis  

All statistical analysis was conducted in Statistica 

5.0. All variables were tested for normality and 
homogeneity using the Kolmogorov-Smirnov test and 
F-max test, respectively. Linear regression, one-way 
ANOVA, one-way ANCOVA and Turkey’s post hoc test 
were used to evaluate the differences in the variables and 
slope homogeneity among different treatments. 
Nonparametric analysis was conducted using a G-test. 
All results were expressed as mean±SE, with α=0.05 
taken as statistically significant.  

RESULTS 
Development at 11 days old  

ANOVA analysis indicated that water levels had no 
significant effect on total length (TL) (F5,194=0.47, 
P=0.798), body mass (F5,194=0.88, P=0.497), or 
developmental stages (F5,194=2.03, P=0.076) of 11-day-
old tadpoles (Figure 1).  

 
Figure 1 Effect of water levels on the total length, body mass 

and Gosner stage of H. chinensis tadpoles on the 11th day of age 
1: Constant low; 2: Constant high; 3: Increasing; 4: Reduction; 5: Fast 
fluctuation; 6: Slow fluctuation. 
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Survival rate, time to metamorphosis and size at 
metamorphosis  

G-test results indicated that water levels had a 
significant effect on the survival rate of individuals at 
Gosner stage 42 (G=12.87, df=5, P<0.05), but not on 
the ones at Gosner stage 45 (G=6.54, df=5, P>0.20). 
The survival rate of individuals at Gosner stage 42 
(G=83.77, df=1, P<0.001) and Gosner stage 45 (G= 
70.23, df=1, P<0.001) in constant low water level (trea-
tment 1) were both significantly lower than the other 
treatments (Figure 2).   

 

Figure 2 Effect of water levels on the survival rate of  
H. chinensis tadpoles at Gosner stage 42 and 45 

1: Constant low; 2: Constant high; 3: Increasing; 4: Reduction; 5: Fast 
fluctuation; 6: Slow fluctuation. 

 
One-way ANOVA analysis indicated that water 

level had a significant effect on time to metamorphosis 
(F5,127=3.02, P<0.013; 1b, 2ab, 3ab, 4ab, 5a, 6b). For 
individuals in the fast fluctuation treatment, time to 
metamorphosis was accelerated, whereas for individuals 
under constant low and slow fluctuation treatment, time 
to metamorphosis was shortened (Figure 3). 

 ANOVA analysis showed that water levels had 
significant effect on the SVL, but not on the body mass 
of juvenile frogs at Gosner stage 45 (SVL: F5,105=3.25, 
P<0.009; 1 ab, 2 a, 3 a, 4 ab, 5 ab, 6 b; body mass: F5,105=2.18, 
P=0.062), nor on the SVL nor body mass of ones at 
Gosner stage 42 (SVL: F5,124=0.90, P=0.483; body mass: 
F5,127=1.11, P=0.359) (Figure 4). When treatments 1 to 6 
were taken as variables, the time to metamorphosis and 
size at metamorphosis (SVL) were significantly 
positively correlated (r2=0.86, F1,4=25.10, P<0.008) 
(Figure 5).   

 
Morphological features and jumping ability of 
juvenile frogs  

ANCOVA analysis with SVL as covariant showed  

that there was no significant effect of water levels on 
juvenile frogs’ (Gosner stage 45) head length (F5,104=1.34, 
P=0.263), head width (F5,104=1.40, P=0.229),   

 

Figure 3 Effect of water levels on the time to metamorphosis 
of H. chinensis tadpoles 

1: Constant low; 2: Constant high; 3: Increasing; 4: Reduction; 5: Fast 
fluctuation; 6: Slow fluctuation; Different superscripts indicate significant 
difference (Tukey’s test, α=0.05, a>b). 

 
Figure 4  Effect of water levels on the snout-vent length (SVL) 
and body mass of juvenile H. chinensis at Gosner stage 42 and 45  
1: Constant low; 2: Constant high; 3: Increasing; 4: Reduction; 5: Fast 
fluctuation; 6: Slow fluctuation; Different superscripts indicate significant 
difference (Tukey’s test, α=0.05, a>b). 
 
forelimb length (F5,104=1.24, P=0.297), hindlimb length 
(F5,104=0.44, P=0.818) or body width (F5,104=0.44, 
P=0.818). ANOVA analysis (F5,102=0.88, P=0.499) and 
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ANCOVA analysis with SVL as covariant (F5,101=0.66, 
P=0.658) indicated that water levels had no significant 
effect on the jumping abilities of juvenile frogs (Gosner 
stage 45) (Figure 6). 

 

Figure 5 Correlation between average time and snout-vent 
length (SVL) at metamorphosis with different water levels 

 

Figure 6 Effect of water levels on the jumping abilities of 
juvenile H. chinensis at Gosner stage 45  

1: Constant low; 2: Constant high; 3: Increasing; 4: Reduction; 5: Fast 
fluctuation; 6: Slow fluctuation. 

DISCUSSION 
Environmental heterogeneity plays a pivotal role in 

the evolution of biological phenotypic plasticity (Sultan 
& Spencer, 2002). Natural selection favors animals with 
the most suitable phenotype for interacting with their 
environment, and variations in phenotype, and the 
corresponding genotype, exist to adapt to a specific 
environment (Via & Lande, 1985; Whitlock, 1996). 
Indeed, the temporary ponds many amphibians choose to 
spawn or tadpoles use to grow are typical examples of 
environmental heterogeneity.     

 
Time to metamorphosis and size at metamorphosis 

Amphibians are characterized by a phenotypic 
plasticity both in time to metamorphosis and in size at 

metamorphosis, especially for species’ that breed and 
develop in temporary ponds (H. pseudopuma, Crump, 
1989; Scaphiopus hammondii, Denver et al, 1998; R. 
spinulosa, Márquez-García et al, 2009; S. couchii, 
Newman, 1989; Richter-Boix et al, 2011; Bufo 
americanus, Wilbur, 1987). The present study indicated 
that water levels can significantly influence the time to 
metamorphosis of tiger frog tadpoles. The shortest 
metamorphosis time was recorded for tadpoles under 
constant low and gradually fluctuating treatments, which 
supports previous research (Denver et al, 1998; Loman, 
1999; Newman, 1989; Richter-Boix et al, 2006b; Spieler, 
2000; Wilbur, 1987). However, different phenomena 
were observed in H. pseudopuma, Pleurodema dipolister, 
and Rhinella granulose tadpoles (Crump, 1989; Maciel 
& Juncá, 2009). Rapidly fluctuating water levels 
treatment is the closest approximation to the natural 
environment of tiger frog tadpoles, and the longest 
metamorphosis period was recorded under this treatment. 
The researchers believe that this is a result of long-term 
population adaptation.  

The size at metamorphosis in amphibians could be 
affected by the development rate (Newman, 1992; 
Wilbur & Collins, 1973). Our results showed that 
although water level had no effect on the size of tadpoles 
at Gosner stage 42, relatively smaller and bigger body 
sizes were recorded under constant low and constant 
high water levels, respectively. For tadpoles at Gosner 
stage 45, individuals under constant high and increasing 
water levels had relatively larger SVL, whereas 
individuals under gradually fluctuated water level 
treatment were comparatively small (Figure 4). Under 
different water levels, the time to metamorphosis and 
size at metamorphosis were significantly positively 
correlated. These findings are consistent with earlier 
reports. For example, S. hammondii tadpoles that live in 
permanent ponds can protract metamorphosis and are 
larger than those in temporary ponds (Morey & Reznick, 
2000). Moreover, tadpoles of many species of Pelobates 
can accelerate their development migrate before a pond 
dries, but they have a smaller body size (Denver et al, 
1998; Newman, 1989; Pfennig et al, 1991).        

A series of studies show that the developmental 
responses of amphibian tadpoles to drying habitats were 
induced by changes to a series of environmental factors, 
such as an increase in water temperature (Gotthard & 
Nylin, 1995; Newman, 1992; Tejedo & Reques, 1994; 
Wilbur, 1990), alterations of substance concentrations in 
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water (Gerlanc & Kaufman, 2005; Morey & Reznick, 
2004), increased density of tadpoles ( e.g. food limitation, 
recrement accumulation and interspecies physical contact) 
(Brady & Griffiths, 2000; Enriquez-Urzelai et al, 2013; 
Leips et al, 2000; Loman, 1999; Newman, 1989; Wilbur 
& Collins, 1973), pressure from predators (Hossie & 
Murray, 2012) and the decrease of available swimming 
area (Denver et al, 1998), etc. In this study, the average 
water temperature of the six different treatments was 
comparable (ANOVA, P>0.05), and water was 
completely changed every 48 hours to minimize the 
influence of PH, salinity (e.g. ammonium salt) (Gerlanc 
& Kaufman, 2005), waste products (e.g. faeces and CO2) 
and dissolved oxygen (Morey & Reznick, 2004), etc. 
These components cannot not be used to explain the 
accelerated metamorphosis of tadpoles in decreasing 
water levels. Moreover, the tadpoles in the present study 
were fed with abundant food (low water level did not 
interfere with individual swimming or food intake) and 
were well protected, so food and predator are irrelevant 
to the shortened metamorphosis of tadpoles in reduced 
water levels. 

The density of tadpoles increased alongside water 
level reduction, and was accompanied by more physical 
interaction among conspecifics. In most amphibians, 
tadpole aggregation hinders development and growth 
(Semlitsch & Caldwell, 1982). Denver et al (1998) 
reported that the decrease of swimming volume was 
directly responsible for the shortened metamorphosis and 
small body size of S. hammondii tadpoles. So, when the 
concentrations of soluble substances cannot explain the 
responses of tadpoles to water level reduction, then 
increased physical interaction among conspecifics might 
be considered. In our study, tiger frog tadpoles under 
constant low water level treatment had the highest 
mortality rate and the shortest metamorphosis time of all 
groups (Figure 2 and 3). Therefore, increased physical 
contact among conspecifics induced by the increased in 
population density that accompanies a decrease in water 
level could be an important factor in the tiger frog 
tadpoles’ accelerated metamorphosis.         

 
Developmental plasticity and mortality of tadpoles, as 
well as heterogenic growth and jumping ability of 
juvenile frogs   

In this experiment, the six different water levels had 
no effect on the growth (body length and mass) or 
developmental stage of the tiger frog tadpoles 11 days of 

age. These phenomena indicate that tiger frog tadpoles 
demonstrate low plasticity in repose to chances in water 
levels during the early stages of development. In the wild, 
adult tiger frogs prefer to spawn after it rains. As a result, 
tadpoles usually will not detect water evaporation until 
after the initial development stages only by then will 
accelerated growth be triggered (Newman, 1992). These 
results are supported by the observation of tadpole 
plasticity during the mid-phrase of development (prior to 
metamorphosis, Gosner stage 36−38), who responded to 
water volume variations in laboratory (Denver et al, 1998; 
Kulkarni et al, 2011).        

The survival rate of tiger frog tadpoles at 
metamorphosis (Gosner stage 45) by treatment type, 
from high to low, is gradual fluctuation, increasing, 
decreasing, constant high, fast fluctuation, and constant 
low (22%) (Figure 2), The extremely high mortality is 
likely due to intensified competition causes by high 
population density, also called the density-dependent 
effect (Alford et al, 1999; Loman, 1999; Reques & 
Tejedo, 1997). Moreover, cannibalism exists among tiger 
frog tadpoles, so mortality could increase with density 
(unpublished data). The relatively high mortality among 
tadpoles in the rapidly fluctuating water levels also 
indicates that tiger frog tadpoles are sensitive to dramatic 
decreases of water, and that inter-individual competition 
increases alongside density. 

Field survey data showed that habitats that are 
drying out were negatively correlated with the head 
morphology and hindlimb length of amphibians, which 
are vital to an individual’s fitness and to adapting to 
environmental changes (Johansson & Richter-Boix, 2013; 
Newman 1989; Márquez-García et al, 2009; Richter-
Boix et al, 2006b; Tejedo et al, 2010). In the present 
study, however, no significant differences were found in 
the head length, head width, body width, forelimb length, 
hindlimb length and jumping ability of juvenile tiger 
frogs (Gosner stage 45) under different water levels. 
These might be due to interspecific differences and the 
directional developmental differentiation in amphibians 
responding to drying signals.      

In summary, water levels could significantly impact 
the time to metamorphosis and size at metamorphosis of 
tiger frog tadpoles, but not the morphology or jumping 
ability of juvenile frogs. Time to metamorphosis and size 
at metamorphosis were positively correlated, whereas high 
mortality rate and small body size were positively 
correlated with water level reduction. The phenotypical 
plasticity was more obvious during the post phase of 
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tadpole development, and more frequent physical 
interaction among conspecifics induced by increased 

population density may be the main reason why tiger frog 
tadpoles accelerate their metamorphosis in drying habitats.

References

Alford RA, McDiarmid RW, Altig R. 1999. Ecology: resource use, 
competition, and predation. In: McDiarmid RW, Altig R. Tadpoles: The 
Biology of Amphibian Larvae. Chicago: The University of Chicago 
Press, 248-258.  

Altwegg R, Reyer H. 2003. Patterns of natural selection on size at 
metamorphosis in water frogs. Evolution, 57(4): 872-882.  

Amburgey S, Funk WC, Murphy M, Muths E. 2012. Effects of 
hydroperiod duration on survival, developmental rate, and size at 
metamorphosis in boreal chorus frog tadpoles (Pseudacris maculata). 
Herpetologica, 68(4): 456-467.  

Brady L, Griffiths R. 2000. Developmental responses to pond 
desiccation in tadpoles of the British anuran amphibians. Journal of 
Zoology, 252(1): 61-69.  

Browne RK, Pomering M. Hamer AJ. 2003. High density effects on the 
growth, development and survival of Litoria aurea tadpoles. 
Aquaculture, 215(1-4): 109-121.  

Crump ML. 1989. Effect of habitat drying on developmental time and 
size at metamorphosis in Hyla pseudopuma. Copeia, 1989(3): 794-797.  

Denver RJ, Mirhadi N, Phillips M. 1998. An experimental analysis of 
adaptive plasticity in amphibian metamorphosis: developmental 
response of Scaphiopus hammondii tadpoles to habitat desiccation. 
Ecology, 79: 1859-1872.  

Enriquez-Urzelai U, San Sebastián O, Garriga N, Llorente GA. 2013. 
Food availability determines the response to pond desiccation in anuran 
tadpoles. Oecologia, 173(1): 117-127.  

Fan XL, Lei HZ, Lin ZH. 2012. Ontogenetic shifts in selected body 
temperature and thermal tolerance of the tiger frog, Hoplobatrachus 
chinensis. Acta Ecologica Sinica, 32(17): 5574-5580.  

Fei  L, Hu SQ, Ye CY, Huang YZ et al. 2009,   Fauna Sinica: Amphibia 
Vol. 3, Anura Ranidae. Biejing:Science Press, 1320-1328.(in Chinese.) 

Fusco G, Minelli A. 2010. Phenotypic plasticity in development and 
evolution: facts and concepts. Philosophical Transaction of the Royal 
Society B, 365(1540): 547-556.  

Gerlanc NM, Kaufman GA. 2005. Habitat of origin and changes in 
water chemistry influence development of western chorus frog. Journal 
of the Herpetology, 39(2): 254-265.  

Gosner KL. 1960. A simplified table for staging anuran embryos and 
larvae with notes of identification. Herpetologica, 16(3): 183-190.  

Gotthard K, Nylin S. 1995. Adaptive plasticity and plasticity as an 
adaptation: a selective review of plasticity in animal morphology and 
life history. Oikos, 74(1): 3-17.  

Hossie TJ, Murray DL. 2012. Assessing behavioural and morphological 
responses of frog tadpoles to temporal variability in predation risk. 
Journal of Zoology, 288(4): 275-282.  

Johansson F, Hjelm J, Giles BE. 2005. Life history and morphology of 

Rana temporaria in response to pool permanence. Evolutionary 
Ecology Research, 7: 1025-1038.  

Johansson F, Richter-Boix A. 2013. Within-population developmental 
and morphological plasticity is mirrored in between-population 
differences: Linking plasticity and diversity. Evolutionary Biology, 40: 
494-503. 

Köhler A, Sadowska J, Olszewska J, Trzeciak P, Berger-Tal, O Tracy 
CR. 2011. Staying warm or moist? Operative temperature and thermal 
preferences of common frogs (Rana temporaria), and effects on 
locomotion. Herpetological Journal, 21: 17-26.  

Kulkarni SS, Gomez-Mestre I, Moskalik CL, Storz BL, Buchholz DR. 
2011. Evolutionary reduction of developmental plasticity in desert 
spadefoot toads. Journal of Evolutionary Biology, 24(11): 2445-2455.  

Laurila A, Kujasalo J. 1999. Habitat duration, predation risk and 
phenotypic plasticity in common frog (Rana temporaria) tadpoles. 
Journal of Animal Ecology, 68(6): 1123-1132.  

Leips J, McManus MG, Travis J. 2000. Response of tree frog larvae to 
drying ponds: comparing temporary and permanent pond breeders. 
Ecology, 81(11): 2997-3008.  

Lin ZH, Ji X. 2005. Sexual dimorphism in morphological traits and 
food habits in tiger frogs, Hoplobatrachus rugulosus in Lishui, 
Zhejiang. Zoological Research, 26(3): 255-262. 

Loman J. 1999. Early metamorphosis in common frog Rana 
temporaria tadpoles at risk of drying: an experimental demonstration. 
Amphibia–Reptilia, 20(4): 421-430.  

Loman J. 2002. Temperature, genetic and hydroperiod effects on 
metamorphosis of brown frogs Rana arvalis and R. temporaria in the 
field. Journal of Zoology, 258(1): 115-129. 

Loman J, Claesson D. 2003. Plastic response to pond drying in tadpoles 
Rana temporaria: a test of cost models. Evolutionary Ecology Research, 
5: 179-194.  

Maciel TA, Juncá FA. 2009. Effects of temperature and volume of 
water on the growth and development of tadpoles of Pleurodema 
diplolister and Rhinella granulosa (Amphibia: Anura). Zoologia, 26(3): 
413-418.  

Márquez-García M, Correa-Solis M, Sallaberry M, Méndez MA. 2009. 
Effects of pond drying on morphological and life-history traits in the 
anuran Rhinella spinulosa (Anura: Bufonidae). Evolutionary Ecology 
Research, 11: 803-815.  

Morey SR, Reznick D. 2000. A comparative analysis of plasticity in 
larval development in three species of spadefoot. Ecology, 81(6): 1736-
1749.  

Morey SR, Reznick DN. 2004. The relationship between habitat 
permanence and larval development in California spadefoot toads: field 
and laboratory comparisons of developmental plasticity. Oikos, 104(1): 
172-190.  



 Effects of hydroperiod duration on developmental plasticity in tiger frog (Hoplobatrachus chinensis) tadpoles 131 

Kunming Institute of Zoology (CAS), China Zoological Society Volume 35  Issue 2 

Newman RA. 1989. Developmental plasticity of Scaphiopus couchii 
tadpoles in an unpredictable environment. Ecology, 70(6): 1775-1787.   

Newman RA. 1992. Adaptive plasticity in amphibian metamorphosis: 
what type of phenotypic variation is adaptive, and what are the costs of 
such plasticity. BioScience, 42(9): 671-678.  

Newman RA. 1994. Effects of changing density and food level on 
metamorphosis of a desert amphibian, Scaphiopus couchii. Ecology, 
75(4): 1085-1096.  

Pfennig DW, Mabry A, Orange D. 1991. Environmental causes of 
correlations between age and size at metamorphosis in Scaphiopus 
multiplicatus. Ecology, 72(6): 2240- 2248.  

Relyea RA. 2002. Local population differences in phenotypic plasticity: 
predator induced changes in wood frog tadpoles. Ecological 
Monographs, 72(1): 77-93.  

Reques R, Tejedo M. 1997. Reaction norms for metamorphic traits in 
natterjack toads to larval density and pond duration. Journal of 
Evolutionary Biology, 10(6): 829-851.  

Richter-Boix A, Llorente GA, Montori A. 2006a. Effects of phenotypic 
plasticity on post-metamorphic traits during pre-metamorphic stages in 
the anuran Pelodytes punctatus. Evolutionary Ecology Research, 8: 
309-320.  

Richter-Boix A, Llorente GA, Montori A. 2006b. A comparative 
analysis of the adaptive developmental plasticity hypothesis in six 
Mediterranean anuran species along a pond permanency gradient. 
Evolutionary Ecology Research, 8: 1139-1154.  

Richter-Boix A, Tejedo M, Rezende EL. 2011. Evolution and plasticity 
of anuran larval development in response to desiccation. A comparative 
analysis. Ecology Evolution, 1(1): 15-25.  

Row CL, Dunson WA. 1995. Impacts of hydroperiod on growth and 
survival of larval amphibians in temporary ponds of Central 
Pennsylvania, USA. Oecologia, 102(4): 397-403.  

Rudolf VHW, Rödel MO. 2007. Phenotypic plasticity and optimal 
timing of metamorphosis under uncertain time constraints. 
Evolutionary Ecology, 21(1): 121-142.  

Ryan TJ, Winne CT. 2001. Effects of hydroperiod on metamorphosis in 
Rana sphenocephala. American Midland Naturalist, 145(1): 46-53.  

Semlitsch RD, Caldwell JP. 1982. Effects of density on growth, 
metamorphosis, and survivorship in tadpoles of Scaphiopus holbrooki. 
Ecology, 63(4): 905-911.  

Semlitsch RD, Reyer HU. 1992. Performance of tadpoles from the 
hybridogenetic Rana esculenta complex: interactions with pond drying 
and interspecific competition. Evolution, 46(3): 665-676.  

Spieler M. 2000. Developmental plasticity and behavioural adaptations 
of two West African anurans living in an unpredictable environment 
(Amphibia, Anura). Bonn Zoological Monographs, 46: 109-120.  

Sultan SE, Spencer HG. 2002. Metapopulation structure favours 
plasticity over local adaptation. American Naturalist, 160(2): 271-283.  

Székely P, Tudor M, Cogălniceanu D. 2010. Effect of habitat drying on 
the development of the Eastern spadefoot toad (Pelobates syriacus) 
tadpoles. Amphibia-Reptilia, 31(3): 425-434.  

Tejedo M, Marangoni F, Pertoldi C, Richter-Boix A, Laurila A, 
Orizaola G, Nicieza AG, Álvarez D, Gomez-Mestre I. 2010. 
Contrasting effects of environmental factors during larval stage on 
morphological plasticity in post-metamorphic frogs. Climate 
Research, 43(1): 31-39.  

Tejedo M, Reques R. 1994. Plasticity in metamorphic traits of 
natterjack tadpoles: the interactive effects of density and pond duration. 
Oikos, 71(2): 295-304.  

Via S, Lande R. 1985. Genotype–environment interaction and the 
evolution of phenotypic plasticity. Evolution, 39(3): 505-522.  

West-Eberhard MJ. 2003. Developmental Plasticity and Evolution. 
Oxford: Oxford University Press.  

Whitlock MC. 1996. The red queen beats the jack-of-all-trades: the 
limitations on the evolution of phenotypic plasticity and niche breadth. 
American Naturalist, 148(S1): 65-77.  

Wilbur HM. 1987. Regulation of structure in complex systems: 
experimental temporary pond communities. Ecology, 68(5): 1437-1452.  

Wilbur HM. 1990. Coping with chaos: toads in ephemeral ponds. 
Trends in Ecology Evolution, 5(2): 37-39.  

Wilbur HM, Collins JP. 1973. Ecological aspects of amphibian 
metamorphosis. Science, 182(4119): 1305-1314.  

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


