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Abstract. Many environmental factors such as temperature or food level may influence growth and mortality risks of
ectothermic vertebrates in both aquatic and terrestrial habitats. In this study, plasticity in growth rates, survival, larval
period, and size at metamorphosis were examined in Bufo gargarizans gargarizans larvae under different combinations
of temperature and food level. Our results showed that larvae metamorphosed at an older age when reared at 17.3°C.
A significant interaction between food level and temperature revealed that the food level has obviously affected length
of larval period when tadpoles raised at 17.3 °C, but not at 27.3 or 31.3 °C. Also, we found clear evidence that growth
rates are influenced by both temperature and food level. Interestingly, tadpoles reared at 17.3 °C had larger size at
metamorphosis than those reared at other temperatures, suggesting that B. g gargarizans larvae reared at cold temper-
atures have a longer developmental period but they are also larger as metamorphs than conspecifics reared at warmer
temperatures. Therefore, the global climate change or local manipulations of the environment may promote growth
and development of B. g. gargarizans larvae, but not large size at metamorphosis.
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In animals with complex life cycles, such as amphib-
ians, metamorphic size and timing are important fitness
components (Arnold and Wassersug, 1978; Wilbur, 1980).
Many environmental factors such as temperature or food
availability may influence size and age at metamorphosis
(reviewed by Alvarez and Nicieza, 2002). Generally, low
temperatures resulted in a longer developmental periods,
but larger metamorphic size than conspecifics reared at
warmer temperatures because of differential effects on
growth and differentiation (Smith-Gill and Berven, 1979;
Alvarez and Nicieza, 2002). However, previous studies
indicated that the temperature variation of the reaction
norms among species and phylogenetic groups was a puz-
zling problem, suggesting an interplay between phylogeny
and adaptation to specific habitats (aquatic and terrestrial)
(e.g., Blouin, 1992; Morand et al., 1997; Joly et al., 2005).
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A steady food supply generally elicits a younger age
and larger size at metamorphosis (Werner, 1986). This
also correlates with younger age and larger size at first
reproduction, and thus potentially higher fecundity (Har-
ris, 1999; Werner, 1986; Semlitsch et al., 1988). This varia-
tion in metamorphic traits may have strong effects on lat-
er fitness as early metamorphosis, and large size at meta-
morphosis are favoured because of their positive effects on
juvenile survival and adult fecundity (Wells, 2007).

Temperature and food availability have been studied
in numerous anurans (see review by Angilletta and Dun-
ham, 2003), but little is known about how the interac-
tion between temperature and food availability can affect
tadpole growth and development (but see: Laugen et al.,
2005; Castano et al., 2010; Courtney Jones et al., 2015;
Yu et al,, 2015). In this study, we examined the potential
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interactive effects of food level, and rearing temperature
on the plasticity of metamorphic traits of Bufo gargari-
zans gargarizans, including the length of larval period,
survival, the size at metamorphosis, and growth rate. As
model species we used Bufo gargarizans gargarizans, a
widely distributed toad, breeding in different aquatic hab-
itats (Yu and Guo, 2013), which may offer a large varia-
tion in both temperature and resource availability during
larval development.

Bufo gargarizans gargarizans is sexually dimorphic
and is widely distributed in East Asia. Female toads are
the larger sex, and clutch size is positively correlated with
female body size (means = 9325 + 279.05, range = 3275-
15880; Yu and Sharma, 2012). It is an explosive breeder
with typical breeding habitats concentrated along the
vegetated edges of large still water bodies and a relative-
ly short breeding season (6-14 days; Wells, 2007; Yu and
Sharma, 2012). The tadpoles hatch after two weeks in the
breeding ponds. The timing of larval development in nat-
ural ponds is about 50-55 days, when water temperature
varies from 6 (at night of early-March) to 29 °C (at noon
of mid-April, mean temperature less than 25 °C, Yu, per-
sonal observations). Rich Spirogyra and pondweed grow
in pond, and provide food for B. g. gargarizans tadpoles
in the larval period (Wei et al., 2011).

During the peak period of breeding activity, we col-
lected a total of 25 amplectant pairs in one population
in Shihe County (32°08’N, 114°01’E; datum = WGS84),
Henan, the central plains of China, in mid-February
2012. Those animals were transported to laboratories
close to spawning sites. We kept pairs separately in plastic
cask (20 L) filled with approximately 12-15 cm of pond
water until the eggs were deposited. Once oviposition
was completed, we collected 40 fresh eggs from each of
the egg masses from 20 B. g. gargarizans females because
five female toads did not lay eggs. On the same day, we
put all fresh eggs into two 80 L plastic containers with an
automatic aerator, and we left them there until hatching.
A total of 360 tadpoles (Gosner stage 25; Gosner, 1960)
were randomly allocated to six experimental treatments
(n = 60). Larvae were fed with commercial fish food
(Bieyanghong, Biological Co. Ltd., Hangzhou, China,
protein content, PC; protein >45%, lipids >12%, algae
>12%, fiber >4%, ash <10%). Tadpoles were exposed to
a 13L:11D photoperiod throughout the study period and
the water in the containers was changed weekly.

We used a 2x3 factorial design to examine the effects
of food level and rearing temperature on larval growth
rates and post-metamorphic performance. To evaluate
the effects of food level, half of the tadpoles in each tem-
perature treatment were placed at low mass-specific food
level (25 mg food/g tadpole per day) and a half on a high
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food regimen (50 mg food/g tadpole per day) throughout
the experiment. These food levels were chosen to be con-
sistent with the previous study on this species by Zhang
et al. (2007). For each food regimen, three different tem-
perature levels were kept across the rearing period: low
(room) temperature (17.3 + 1.33 °C; mean * SD); middle
temperature (27.3 + 1.42 °C); high temperature (31.3 +
0.56 °C). The “low” and “middle” temperature were cho-
sen because they fall within the range this species expe-
riences in the field, while “high” temperature approached
the avoidance temperature (Ma and Long, 2005). Aquar-
ium heaters (Minjiang, BaolaiHD-200, Guangzhou,
China) were used to raise the water temperature in the
“middle” and “high” treatments. For each temperature
treatment, 120 individual vessels with foam board (60 for
each diet treatment), each of which is 300 ml, were ran-
domly placed in two rectangular tanks (110 x 90 x 60
cm; L x W x H). To further minimize the possible effects
of such heterogeneity, the positions of the 120 tadpole
containers within a given temperature were reassigned at
random every three days.

After the first metamorph (defined as the emer-
gence of at least one forelimb, Gosner stage 42) was dis-
covered, the six large tanks were checked daily and all
metamorphs found were collected and kept individually
in plastic vials (8 cm diameter) with sand and 1 mm of
water until tail re-sorption was completed (Gosner stage
46). Four variables were measured: (1) age at complete
metamorphosis (number of days from the beginning of
the experiment until complete metamorphosis, Gosner
stage 46); (2) SVL (snout-to-vent length) at complete
metamorphosis (SVL was measured with digital calipers
to the nearest 0.01 mm; (3) growth rate was measured
as the SVL at complete metamorphosis divided by the
age; (4) the percentage of surviving tadpoles that meta-
morphose.

We analysed the length of larval period, SVL at met-
amorphosis, and growth rate by using a generalized linear
model (GLM) with type III mean squares and tempera-
ture, food level, and their interaction as fixed factors. We
used log-linear model to test survival. If the overall GLM
or log-linear model results were significant, the data were
analysed with ANOVAs by using post-hoc multiple com-
parisons (Fisher’s LSD) or a Chi-square test to evaluate
differences between food levels or between temperatures
(SPSS 13.0, SPSS Inc., 2004, Chicago, IL, USA). All given
P-values are two-tailed, with values presented as means +
standard error.

The effects of rearing temperature or food level on
the length of larval period were significant (tempera-
ture, F, 153 = 266.50, P < 0.001; food level, F, |43 = 38.61,
P < 0.001), as well as their interaction (F, 5= 10.08, P
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< 0.001). Tadpoles raised at 17.3 °C took longer to meta-
morphose than those raised at 27.3 and 31.3 °C (all P <
0.05, Fig 1), while no difference was found between the
latter temperature treatments. Tadpoles feeding on high
food level reached metamorphosis earlier than those
raised at low food level (P < 0.001). A significant inter-
action revealed that tadpoles raised at 17.3 °C, high food
level reached metamorphosis earlier than those raised at
low food level (post-hoc tests: P < 0.001), but there were
not different at 27.3 or 31.3 °C (both P > 0.05; Fig. 1).

The rearing temperature significantly affected SVL at
metamorphosis (F, 143 = 3.68, P = 0.027, Fig. 1), but food
level, as well as temperature x food level interaction did
not (food level: F| 143 = 2.06, P = 0.153; interaction: F, ;g3
= 1.37, P = 0.257). Tadpoles reared at 17.3 °C had signifi-
cantly larger SVL at metamorphosis than those at 31.3 °C
(P = 0.016), or marginal significantly than those at 27.3
°C (P =0.051).

The rearing temperature or food level positively
influenced growth rate (temperature, F, ;g3 = 113.89, P <
0.001; food level, F, 143 = 25.72, P < 0.001, Fig. 1), but the
interaction between rearing temperature and food level
was not significant (F, 5 = 0.37, P = 0.694). Tadpoles
feeding on a high food level had a greater growth rate
than those raised at low food level (P < 0.05). Tadpoles
reared at 17.3 °C had a lower growth rate than those
raised at 27.3 and 31.3 °C (both P < 0.001), but there was
no difference between the latter two temperature treat-
ments (P = 0.350).

Survival at metamorphosis was affected by food level
(Z = -2.65, P = 0.008): tadpoles feeding on a high food
level had a higher survival rate than those raised at low
food level. In contrast, nor the rearing temperature, nor
the interaction between temperature and food level were
significant (temperature: Z = -0.81, P = 0.416; interaction:
Z =1.52, P = 0.129; Fig. 1).

In anuran amphibians, age and size at metamorpho-
sis may be reduced with increasing temperature (Harkey
and Semlitsch, 1988; Newman, 1998; Beck and Congdon,
2000; Merila et al., 2000; Laugen et al., 2003; Palo et al.,
2003; Liess et al., 2013; Courtney Jones et al., 2015; Yu
et al., 2015). Our results confirmed that B. g. gargarizans
metamorphosed at a younger age when reared at higher
temperature. However, tadpoles reared at low tempera-
ture had larger SVL at metamorphosis than those reared
at other temperatures, which are consistent with previous
studies (Atkinson, 1994, 1996; Angilletta and Dunham,
2003; Arendt, 2011; Yu et al.,, 2016).

Temperature can affect metamorphic size in two
ways. First, temperature is a major proximal factor deter-
mining growth and development, which cause large dif-
ferences in size at metamorphosis (Smith—Gill and Ber-
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Fig. 1. Influences of temperature and food level on age, SVL,
growth rate and survival at complete metamorphosis of B. g. gar-
garizans (Gosner stage 46; black columns = high temperature; grey
columns = middle temperature; open columns = low temperature).

ven, 1979). This is the expected outcome if growth rates
are more responsive to temperature than differentiation
rates. Second, temperature may influence the extent to
which food level can affect growth and development,
which in turn influence size at metamorphosis. In our
study, food level had no effect on SVL independently
from the temperature treatment. However, cold-reared
individuals had slow growth rates compared to tad-
poles in warmer temperatures. This was also reflected in
the age at metamorphosis, which was significantly older
at low temperatures compared to higher temperatures.
Therefore, we suggested that B. g gargarizans larvae
reared at cold temperatures have a longer developmental
period but they may also become larger as metamorphs
than conspecifics reared at warmer temperatures, inde-
pendently from the available food level.

The food availability during the larval stage has
important effects on timing of metamorphosis (Leips and
Travis, 1994). Several experimental studies have demon-
strated that high food availability with a large propor-
tion of protein can produce a two-fold effect, accelerat-
ing both growth and developmental rates (Nathan and
James, 1972; Steinwascher and Travis, 1983; Pandian and
Marian, 1985). Laugen et al. (2003) suggested the effect
of high food availability for maximum growth and devel-
opment rates were larger in the warm temperature treat-
ments. In this study, at low temperature, tadpoles raised
with high food level reached metamorphosis earlier than
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those raised at low food level, but they were not different
at middle and high temperature. Thus, the effects of food
availability on larval growth were partially dependent on
developmental temperature.

ACKNOWLEDGEMENTS

We thank the parents and wife of TLY for helping
during all phases of the data collection. All animals were
collected under the guidelines for animal care in China.
Handling and processing of frogs followed approved pro-
tocols from Animal Scientific Procedures Act 1988 by
the State Department of China. Xinyang Government of
Wildlife approved this project (approval number XY/07-
21), and gave permission for fieldwork. The study was
funded by Emergency Management Program of Nation-
al Natural Science Foundation of China (Grant no.
31741019). The authors declare no conflicts of interest.

REFERENCES

Alvarez, D., Nicieza, A.G. (2002): Effects of temperature
and food quality on anuran larval growth and meta-
morphosis. Funct. Ecol. 16: 640-648.

Angilletta, M.J., Dunham, A.E. (2003): The temperature—
size rule in ectotherms: simple evolutionary explana-
tions may not be general. Am. Nat. 162: 332-342.

Arendt, ].D. (2011): Size-fecundity relationships, growth
trajectories, and the temperature-size rule for ecto-
therms. Evolution 65: 43-51.

Arnold, S.J., Wassersug, R.J. (1978): Differential predation
on metamorphic anurans by garter snakes (Thamno-
phis): social behavior as a possible defense. Ecology
59: 1014-1022.

Atkinson, D. (1994): Temperature and organism size—
a biological law for ectotherms? Adv. Ecol. Res. 25:
1-58.

Atkinson, D. (1996): Ectotherm life-history responses to
developmental temperature. Animals and Tempera-
ture. In: Phenotypic and evolutionary adaptation, pp.
183-204. Johnston, I.A., Benett, A.F.,, Eds, Cambridge
University Press, Cambridge, UK.

Beck, C.W., Congdon, J.D. (2000): Effects of age and size
at metamorphosis on performance and metabolic
rates of Southern Toad, Bufo terrestris, metamorphs.
Funct. Ecol. 14: 32-38.

Blouin, M.S. (1992): Comparing bivariate reaction norms
among species: time and size at metamorphosis in
three species of Hyla (Anura: Hylidae). Oecologia 90:
388-293.

Tong Lei Yu, Yan Ting Han

Castano, B., Miely, S., Smith, G.R., Rettig, J.E. (2010):
Interactive effects of food availability and temperature
on wood frog (Rana sylvatica) tadpoles. Herpetol. J.
20: 209-211.

Courtney Jones, S.K., Munn, A.]., Penman, T.D., Byrne,
P.G. (2015). Long-term changes in food availability
mediate the effects of temperature on growth, devel-
opment and survival in striped marsh frog larvae:
implications for captive breeding programmes. Con-
serv. Physiol. 3: 1-12.

Gosner, K.L. (1960): A simplified table for staging anuran
embryos and larvae with notes on identification. Her-
petologica 16: 183-190.

Harkey, G.A., Semlitsch, R.D. (1988): Effects of tempera-
ture on growth, development, and color polymor-
phism in the ornate chorus frog Pseudacris ornata.
Copeia 1988: 1001-1007.

Harris, R.N. (1999): The anuran tadpole: evolution and
maintenance. In: Tadpoles: the biology of anuran lar-
vae, pp. 279-294. McDiarmid, R.W., Altig, R., Eds,
University of Chicago Press, USA.

Joly, P, Morand, A., Plénet, S., Grolet, O. (2005): Canali-
zation of size at metamorphosis in Pelodytes puncta-
tus in response to temperature and density variation.
Herpetol. J. 15: 45-50.

Laugen, A.T., Kruuk, L.E.B., Laurila, A., Résdnen, K,
Stone, J., Merild, J. (2005): Quantitative genetics of
larval lifehistory traits in Rana temporaria in different
environmental conditions. Genet. Res. 86: 161-170.

Laugen, A.T.,, Laurila, A., Rasanen, K., Merila, J. (2003):
Latitudinal countergradient variation in the com-
mon frog (Rana temporaria) development rates —
evidence for local adaptation. J. Evolution. Biol. 16:
996-1005.

Leips, J., Travis. J. (1994): Metamorphic responses to
changing food levels in two species of hylid frogs.
Ecology 75: 1345-1356.

Liess, A., Rowe, O., Guo, J., Thomsson, G., Lind. M.I.
(2013): Hot tadpoles from cold environments need
more nutrients-life history and stoichiometry reflects
latitudinal adaptation. J. Anim. Ecol. 82: 1316-1325.

Ma, Y., Long, J. (2005): The influence of a few ecosystem
factors on the Tadpole of Bufo bufo gargarizans Can-
tor existence. J. Qiannan Normal Univ. Natl. 6: 92-92.

Merila, J., Laurila, A., Laugen, A.T., Rasanen, K., Pahkala,
M. (2000): Plasticity in age and size at metamorpho-
sis in Rana temporaria — comparison of high and low
latitude populations. Ecography 23: 457-465.

Morand, A., Joly, P, Grolet, O. (1997): Phenotypic vari-
ation in metamorphosis in five anuran species along
a gradient of stream influence. C. R. Acad. Sci. Paris
320: 645-652.



Effects of temperature and food level on Bufo gargarizans tadpole growth

Nathan, J.M., James, V.G. (1972): The role of protozoa in
the nutrition of tadpoles. Copeia 1972: 669-679.

Newman, R.A. (1998): Ecological constraints on amphib-
ian metamorphosis: interactions of temperature and
larval density with responses to changing food level.
Oecologia 115: 9-16.

Palo, J.U., O’Hara, R.B., Laugen, A.T., Laurila, A., Prim-
mers, C.R., Merila, J. (2003): Latitudinal divergence
of common frog (Rana temporaria) life history traits
by natural selection: evidence from a comparison of
molecular and quantitative genetic data. Mol. Ecol.
12: 1963-1978.

Pandian, T.J., Marian, M.P. (1985): Predicting anuran
metamorphosis and energetics. Physiol. Zool. 58: 538-
552.

Semlitsch, R.D., Scott, D.E., Pechmann, J.H.K. (1988):
Time and size at metamorphosis related to adult fit-
ness in Ambystoma talpoideum. Ecology 69: 184-192.

Smith-Gill, S.J., Berven, K.A. (1979): Predicting amphib-
ian metamorphosis. Am. Nat. 113: 563-585.

Steinwascher, K., Travis, J. (1983): Influence of food qual-
ity and quantity on early growth of two anurans.
Copeia 1983: 238-242.

Wei, G., Xia PH., Cheng, G., Wang, S., Zhang, ].Z., Lu,
J.C., Xu, N. (2011): Predatory effect of tadpoles of
Bufo gargarizans gargarizans and Microhyla pulchra
on Algae. Guizhou Agr. Sci. 39: 150-151.

Wells, K.D. (2007): The ecology and behavior of amphib-
ians. University of Chicago Press, Chicago.

Werner, E.E. (1986): Amphibian metamorphosis: growth
rate, predation risk and the optimal size at transfor-
mation. Am. Nat. 128: 319-341.

Wilbur, H.M. (1980): Complex life cycles. Annu. Rev.
Ecol. Syst. 11: 67-93.

Yu, T.L., Busam, M., Wang, D.L., Chen, K. (2016): Plas-
ticity of metamorphic traits in a high-altitude toad:
interactive effects of food level and temperature.
Amphibia-Reptilia 37: 33-43.

Yu, T.L., Guo, Y.S. (2013): Differential response to abiotic
conditions, predation risk, and competition determine
breeding site selection by two anuran species. Anim.
Cells Syst. 17: 127-132.

Yu, T., Pang, R., Chen, K. (2015): Plasticity in metamor-
phic traits of Chinese brown frog (Rana chensinensis)
tadpoles: the interactive effects of food level and rear-
ing temperature. Anim. Biol. 65: 233-240.

Yu, T.L., Sharma, M.D. (2012): Sex recognition and mate
choice by male Bufo gargarizans in Central China.
Zool. Sci. 29: 347-350.

Zhang, ].D., Xiong, Y., Fu, Z.P, Li, Y.J., Dai, Q., Wang,
Y.Z. (2007): Competitive strategies of two species of
co-occuring tadpoles. Chin. Zool. Res. 28: 41-46.



	Acta Herpetologica
	Vol. 15, n. 1 - June 2020
	Firenze University Press
	Has the West been won? A field survey and a species distribution model of Iberolacerta horvathi in the Alps
	Giuseppe De Marchi1,*, Giovanni Bombieri1, Bruno Boz1, Fausto Leandri2, Jacopo Richard3
	First record of underwater sound produced by the Balkan crested newt (Triturus ivanbureschi)
	Simeon Lukanov
	Identification of biologically active fractions in the dermal secretions of the genus Bombina (Amphibia: Anura: Bombinatoridae)
	Iryna Udovychenko1,*, Oleksandra Oskyrko1, Oleksii Marushchak2, Tetiana Halenova1, Oleksii Savchuk1
	Don’t tread on me: an examination of the anti-predatory behavior of Eastern Copperheads (Agkistrodon contortrix)
	Andrew Adams1,2,*, John Garrison2, Scott Mcdaniel2, Emily Bueche2, Hunter Howell2,3
	An overview of research regarding reservoirs, vectors and predators of the chytrid fungus Batrachochytrium dendrobatidis
	Jarid Prahl, Thomas P. Wilson*, David Giles, J. Hill Craddock
	Genetic characteristics of an introduced population of Bombina bombina (Linnaeus, 1761) (Amphibia: Bombinatoridae) in Moselle, France
	Jean-Pierre Vacher1, 2,*, Damien Aumaître3, Sylvain Ursenbacher2,4
	Adaptive significance of the transparent body in the tadpoles of ornamented pygmy frog, Microhyla ornata (Anura, Amphibia)
	Santosh M. Mogali*, Bhagyashri A. Shanbhag, Srinivas K. Saidapur
	Comparison of complement system activity amongst wild and domestic animals
	María S. Moleón1,2,*, Mark E. Merchant3, Hugo H. Ortega4, Pablo A. Siroski1,2
	Effects of temperature and food level on plasticity of metamorphic traits in Bufo gargarizans gargarizans larvae
	Tong Lei Yu*, Yan Ting Han

