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Introduction
Environmental variability affects processes at all 

levels and scales of the ecological organization. Phe-
notypic plasticity is an important potential means of 
adaptation to varying (heterogeneous) environments 
for both plants1 and animals2. 

Amphibians lay their eggs in ponds that range 
from permanent to temporary ones. Temporary 
ponds frequently dry out before or during the time 
of metamorphosis. A key to survive in areas where 
only temporary ponds are available for reproduc-
tion is the ability of larvae for extreme plasticity 
in age and size at metamorphosis as a response to 
deterioration in habitat quality. Biotic factors that 
influence amphibian development include food 
availability3, predation4, density5 and inter and 
intraspecific chemical signalling6. Part of the plas-
tic responses are adaptive, enhancing the survival 
probabilities of the tadpoles, but the adaptive phe-
notypic responses often have a cost, that is, a lower 
size at metamorphosis.7 Therefore, variations in 
growth rate and timing of metamorphosis gener-
ate variations in size at metamorphosis, which may 
affect fitness in later ages.8 In amphibians there is a 
positive correlation between size at metamorpho-
sis and fitness9 so, the smaller juveniles are more 
vulnerable in terrestrial life stages than larger ones. 
According to the model of Wilbur and Collins10, 
there is a threshold larval body size/developmental 
stage that must be attained to be capable for initi-
ating and completing metamorphosis, in response 
to environmental deterioration (see also Morey and 
Reznick11).

Previous studies demonstrate that the larvae of 
R. temporaria and R. arvalis fail to metamorphose 
in crowded conditions.12 In this study, we assume 
that reaching threshold larval size or a developmen-
tal stage that allows tadpoles to accelerate metamor-
phosis depends on early larval development, and 
therefore also on the environment that influences 
development. Hence, our hypothesis was that the 
constant low level of food during the whole larval 
period will hamper the adaptive plastic response of 
larvae to decreasing water volume.

Materials and Methods
We studied the tadpoles of the common frog Rana 

temporaria in Sighişoara (Romania). R. temporaria is 
an explosive breeder (sensu Wells13), that frequently 
breeds in small temporary waters, with high risk of 
desiccation. In Târnava Mare Valley, breeding occurs 
in early March – middle of April.14 The population 
from which the egg clump was collected reproduces in 
a number of small ponds in a mixed deciduous forest, 
at about 500-m altitude. The risk of desiccation of the 
temporary ponds is unpredictable. In 2001–2002 no 
metamorphs were observed (the ponds disappeared 
until the end of May), in 2003 the precipitation main-
tained the hydroperiod until the end of the metamor-
phosis in some of the ponds.15 

In this experiment we used tadpoles from one 
clutch produced by a pair of frogs in a temporary 
pond. After hatching (stage 2016), we collect approx-
imately 200 tadpoles and placed them in a 50 l hold-
ing tank for the next 7 days until they reach stage 
25.17 At this stage, the tadpoles measured on average 
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16.37 mm in body length (SD: 2.04) and 0.04 g 
in body weight (SD: 0.012). After this, we placed 
4 tadpoles from the holding tank into each of the 
23 plastic vessels (totally 92 tadpoles). The experi-
ment was 2x3 factorial design with two temperature 
treatments (constant and fluctuating) and three wa-
ter volume treatments: constantly high (= CH; 3000 
ml/vessel); decreasing (= D; from 3000 ml to 200 ml 
and kept constant until the end of metamorphosis); 
and constantly low (=CL; 200 ml). The initial densi-
ty was 1.33 individuals/L in the constant high water 
treatment and 20 individuals/L in the constant low 
water level treatment. The density of the individuals 
in the decreasing volume treatment increased gradu-
ally with the water removal. Water removal started 
after five days (Fig 1). The water temperature was 
measured at the bottom two days every week. 

The tadpoles were fed with 0.02 g Tetra Min (fish 
food) per plastic bowl (0.005 g per capita) in every 
three or four days. The amount of food was constant 
during the experiment. Approximately 50 % of the 
water was changed weekly. When metamorphs ap-
peared, we anaesthetized them with MS222 and mea-
sured the SVL (0.1 mm precision) and body weight 
(0.01 g precision). For the estimation of the develop-
mental time (days) the median value was used. 

The level of significance for statistical tests was set 
at 5%. Means were tested by one-way ANOVA af-
ter testing data for equality in variances and normal 
distribution. Spearman rank correlation was used to 
test the strength of relationship between different 
variables.

Results
Timing of metamorphosis differed significantly 

between temperature treatments (F1,59=4.16, p=0.04) 
while among the different water level treatments 
there were no significant differences (F2,58=0.13, 
p=0.72). It was a temperature effect on the devel-
opmental time, the larvae growing in fluctuating 
temperature metamorphosed slightly after the con-
stant temperature group. (Fig. 2.) In the constant 
temperature group, the age until metamorphosis 
being the shortest for those in constant high water 
level, intermediate in the decreasing water level treat-
ment and longest for those in constant low water 
level treatment, but there is no significant difference 
among them (F2,58=0.16, p=0.85). In the fluctuating 
temperature treatment, the decreasing water treat-

ment group has the longest larval period and the 
metamorphs from the constant high water level were 
the youngest, but also there is no significant differ-
ence (F2, 25=0.13, p=0.49). No significant differences 
among body length or weight were recorded among 
different treatments and groups. (Table 1., Fig. 3.) 
Timing of metamorphosis correlates negatively with 
both body length and body weight but the relation-
ship is nonsignificant. (Table 2.) 

The mortality of larvae was higher in the fluctu-
ating temperature group than in the constant water 
temperature group. (Fig. 4.) The highest mortality 
was observed between the larvae in 34–38 Gossner 
stage18 in both temperature treatments. The body 
length of the death larvae was 27.1 mm (SD=1.25), 
the SVL was 8.86 mm (SD=2.05) and the wet body 
weight was 10.16 mg (SD=0.76). 

Discussion
Several studies demonstrate the capacity of am-

phibian larvae to respond to decreasing water vol-
ume by earlier metamorphosis. This plasticity might 
have adaptive value in allowing tadpoles to escape the 
drying habitat.19 The available food quantity is a sig-
nificant factor that influences the larval growth and 
development in amphibians.20 Wilbur and Collins21 
predict that the age at metamorphosis in amphibians 
is a function of the individual’s size and growth rate. 
The metamorphosis is possible only if the individu-
als reach a minimal, or threshold body size (see also 
Morey and Reznick22). If the growth rate is high, the 
threshold body size is quickly attained and the con-
sequence of this is a delay in metamorphosis. This 
is because fast growth implies good conditions; the 
individual continue to grow up to maximum larval 
sizes that result in a large size after completing the 
metamorphosis. Slow growers will initiate metamor-
phosis soon after they reach the threshold and by 
this, they metamorphose at a smaller size. 

Our results indicate that the constant low food 
level hampers the capacity of tadpoles to respond 
adaptively to decreasing water level by earlier meta-
morphosis. Therefore, the age and size at metamor-
phosis are not in accordance with the findings of 
other studies referring to the common frog23 or other 
amphibian species24. These studies demonstrate plas-
ticity in response to different food and water treat-
ments, and the observed plasticity was interpreted as 
adaptive. Laurila and Kujasalo25 found that the larval 

18 Gossner, KL. 1960.
19 Crump,ML. 1989b; Laurila, a. – Kujasalo, J. 1999; 
Merila, J. et alii 2000.
20 Newman, RH. 1994.
21 Wilbur, HM. – Collins, JP. 1973.

22 Morey, S. – Reznick, D. 2000.
23 Laurila, A. – Kujasalo, J. 1999; Loman, J. 1999; 
Merila, J. et alii 2000.
24 Crump, ML. 1989b; Newman, RH. 1988.
25 Laurila, A. – Kujasalo, J. 1999
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period and mass at metamorphosis was influenced 
by water volume, but also by food level. In their ex-
periment, the larvae growing at low food level (2.5% 
of their body weight, kept constant during the ex-
periment) were smaller than larvae growing at high 
food level (7.5% of their body mass, kept constant), 
but the adaptive plasticity in the first case still oc-
cured, showing that the larvae were still capable to 
make further progress toward a plastic response to 
water drying. In our experiment, the food level was 
about 0.005 g per capita, kept constant during the 
experiment. The constantly low food levels hamper 
the growth rate and by this, probably prevent the at-
tainment of the minimal threshold size that enables 
metamorphosis. 

Resource limitation has been shown to influ-
ence amphibian development. Morey and Reznick26 
studying the plasticity in three species of spadefoot 
toads found that after food elimination, larvae either 
completed development or entered a developmental 
stasis, making no further progress toward metamor-
phosis. They found that prior to some critical stage, 
no larvae were able to complete metamorphosis after 
food was eliminated. D’Angelo et al.27, showed that 
in Rana sylvatica and R. pipiens, starvation before 
the early limb development stage retarded metamor-
phosis; whereas starvation after this stage accelerated 
metamorphosis. Denver et al.28 observed a similar 
phenomenon in Scaphiopus hammondii. These stud-
ies suggest that there is a critical period of develop-
ment for responding positively to starvation; i.e., 
perhaps there is a minimum size or developmental 
stage for metamorphosis. We assume that the lack 

of adaptive plasticity in our experiment is due to the 
limited food resources. Since the water was changed 
weekly, the observed phenotypic traits could be the 
result of other possible environmental stress factors 
interacting with low food level, like density depen-
dent effects: crowding, increased metabolic waste 
products, (including high CO2 concentrations, de-
creased amount of O2, other chemical cues, the ex-
tent of the swimming area etc. 

An important environmental variable, which 
could drive an accelerated development, is pond 
temperature. Environmental temperature is posi-
tively correlated with the rate of metamorphosis and 
growth,29 but, the thermal sensitivity of differen-
tiation is more pronounced than that of growth.30 
Thermal effects are expressed through alterations 
in the rate functions of the biochemical processes, 
which drive morphogenesis. As it was expected, the 
tadpoles that experienced fluctuating temperature 
treatment metamorphose slightly after the tadpoles 
that develop at constant temperature. 

In conclusion, the low food level could be a major 
limiting factor in tadpole growth and development. 
Therefore, the adaptive response to pond drying may 
be hampered by a prolonged starvation. However, 
detailed studies have to be conducted concerning de-
velopmental stages and capacity of adaptive response 
to pond drying in the case of the common frog. 
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A gyepibéka (Rana temporaria)-lárvák alkalmazkodási plaszticitásának hiánya a 

táplálékszegény környezethez. Kísérleti tanulmány
(Kivonat)

Jelen dolgozatban a gyepibéka lárvák fenotípusos válaszait mutatjuk be, változó környezeti feltételek mel-
lett (hőmérséklet és vízszint), amikor a táplálék a limitáló tényező. Az állandó hőmérséklet gyors fejlődést 
tett lehetővé, míg a csökkenő vízszint nem hatott lényegesen a lárvák fejlődésére. A különböző csoportok 
átalakult lárváinak a testméretei nem különböztek szignifikánsan. A metamorfózisig eltelt idő (napok), vala-
mint a kisbékák testhossza és -súlya között negatív korrelációt találtunk. Legnagyobb volt a mortalitás a fluk-
tuáló hőmérsékleten tartott lárvák között. Eredményeink azt mutatják, hogy a táplálékhiány fontos limitáló 
tényezője lehet az adaptív fenotípusos plaszticitásnak.
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Lipsa plasticităţii adaptive a larvelor de Rana temporaria faţă de foamete 
Un studiu experimental

(Rezumat)

În acest studiu am testat experimental răspunsurile fenotipice ale larvelor de Rana temporaria la condiţiile 
de mediu schimbătoare (temperatură şi scăderea nivelului apei) în condiţiile unui consum mic de energie. 
Temperatura constantă a permis dezvoltarea mai rapidă, scurtând perioada larvară, pe când scăderea nivelu-
lui apei nu a afectat perioada larvară până la metamorfoză. Nu am găsit diferenţe semnificative în lungimea 
şi greutatea corporală a exemplarelor metamorfozate aparţinând la diferitele grupuri. Perioada trecută până la 
metamorfoză este corelată negativ cu lungimea şi greutatea corporală. Mortalitatea larvelor este cea mai mare 
în grupul expus fluctuaţiilor de temperatură comparativ cu cea a larvelor, care s-au dezvoltat în condiţii de 
temperatură constantă. Rezultatele noastre arată că în condiţiile ostile de mediu, când hrana este un factor 
limitant, larvele de R. temporaria nu se adaptează condiţiilor schimbătoare de mediu.

Comparisons F Df p
Constant temperature

SVL
CL – D – CH

0.95 2.30 0.95

Mg
CL – D – CH

0.11 2.30 0.89

Fluctuating temperature
SVL
CL – D – CH

0.54 2.28 0.590

Mg
CL – D – CH

1.63 2.28 0.213

Among temperature treatment
SVL 0.18 1.59 0.670
Mg 0.02 1.59 0.871

Table 1. The comparison of the body size of the individuals among volume treatments and temperature treatments. 
(CHC = constant high volume, constant temperature; CHFL = Constant high volume, fluctuating temperature; DC 
= Decreasing volume, constant temperature; DFL = Decreasing volume, fluctuating temperature; CLC = Constant 

low volume, constant temperature; CLFL = Constant low volume, fluctuating temperature). 

Variable r(s) t (N-2) P
(a) Constant temperature

CL -0.47 -1.31 0.23
D -0.59 -2.08 0.07
CH -0.09 0.34 0.73

(b) Fluctuating temperature
CL -0.05 -0.12 0.9
D -0.11 -0.30 0.77
CH -0.54 -2.03 0.069

Table 2. The Spearman correlation between the age and body weight of the 
newly metamorphosed frogs. See Table 1. for abbreviations.
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Figure 1. The dynamics of water removal in the decreasing volume experiment.
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Figure 2. The median of the age at metamorphosis in the 
three water treatments and two temperature treatments.
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Figure 3. The length (SVL) and weight (mg) of the 
newly metamorphosed frogs.
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Figure 4. The percentage of survival among 
tadpoles under different water level. 
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