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ABSTRACT

Anuran metamorphosis is one of the most spectacular processes
in nature. Metamorphosis entails morphological transforma-
tions and extensive changes in feeding habits, such as trans-
forming from an herbivore to a carnivore. This phenomenon
is especially sensitive to environmental cues. We studied the
phenotypic plasticity of intestinal morphology and enzyme ac-
tivity in tadpoles of the Chilean giant frog Caudiverbera cau-
diverbera. We tested the effects of diet and temperature using
a factorial design, which included a control of nontreated in-
dividuals. There was no significant effect of diet treatment (i.e.,
low- vs. high-quality diet) on any of the measured variables,
including external morphology. We found significant effects of
temperature on morphological traits. Temperature treatment
also had significant effects on aminopeptidase-N and maltase
activity. Both enzymes exhibited complex interactions with
temperature along the intestine. Gut size varied significantly
among temperatures, with intestines from warm-treated indi-
viduals smaller than the intestines from control and cold-
treated tadpoles. Our findings suggest that phenotypic plasticity
of intestinal morphology and physiology exists in larvae of this
species, at least in response to temperature. However, we did
not detect clear effects of diet or temperature on the timing of
metamorphosis.

* Corresponding author; e-mail: robertonespolo@uach.cl.

Introduction

One of the most spectacular examples of short-term phenotypic
transformations in animals is anuran metamorphosis. During
this process, entire organs, limbs, and tissues are either gen-
erated or absorbed, resulting in drastic changes from an aquatic
larva to a terrestrial adult. Additional changes occur in feeding
habits, because most amphibians shift from an herbivorous
larval stage to a carnivorous adult stage, concurrent with cor-
responding changes in digestive physiology and morphology
(Toloza and Diamond 1990a, 1990b; Sabat and Bozinovic
1996). For example, amphibian larvae have long (several times
their body length) and undifferentiated guts, which are spirally
arranged in the pleuroperitoneal cavity (Alford 1999; Rot-
Nikcevic and Wassersug 2004). In contrast, adults possess short
and differentiated intestines, which is typical of carnivorous
vertebrates (Romer and Parsons 1981; Alford 1999). There are
also transformations in the buccal structure, which changes
from a small sucking apparatus in tadpoles to a wide and usually
toothed jaw in adults (Romer and Parsons 1981; Vences et al.
2002). These major modifications can be completed in a few
months and are the result of cell proliferation controlled by
changes in hormone levels, especially thyroxin (Denver 1997).
Such hormonal changes are mediated, in part, by the environ-
ment, where the most important cues are intra- and interspe-
cific competition, predation, temperature, and diet (Wilbur and
Collins 1973; Kupferberg 1997; Wassersug 1997; Relyea 2004).
Specifically, diet (quality and quantity) generally influences
rates of growth, whereas temperature generally influences the
timing of metamorphosis (Marian and Pandian 1985). In ad-
dition, if these phenotypic changes increase survival and/or
fecundity (i.e., fitness), metamorphosis can be considered a case
of adaptive phenotypic plasticity (Hayes 1997; Reques and
Tejedo 1997; Laurila et al. 2002).

Several authors have characterized the physiology of anuran
metamorphosis (reviewed in Alford 1999), but few studies have
investigated the environmental sensitivity of such changes, es-
pecially regarding intestinal physiology. In vertebrates, it is well
known that digestive physiology and morphology are dramat-
ically affected in the short term by variations in metabolic load
and/or diet quality (Toloza and Diamond 1990a, 1990b; Bud-
dington 1994; Secor and Diamond 2000; Nespolo et al. 2002).
It is well known that anuran metamorphosis is affected by
abiotic factors such as food quality and quantity, temperature,
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Table 1: Chemical composition of 30 g of each experimental
diet (dry mass)

High-Quality Diet
(Rat Chow)

Low-Quality Diet
(Spinach)

Energy (kJ) 57.3 27.6
Protein (g) 7.35 .86
Total lipids (g) 1.44 .11
Crude fiber (g) 1.38 .81

Note. Values for the vegetal diet and animal diet were obtained from the

corresponding commercial facility (http://www.infoagro.com and http://

www.champion.cl, respectively).

and pond duration (Newman 1989, 1994; Blouin and Brown
2000; Merilä et al. 2000; Álvarez and Nicieza 2002; Loman 2002;
Vences et al. 2002; Merilä et al. 2004). If major transformations
are controlled by environmental factors, it is reasonable to ex-
pect that tadpoles should exhibit phenotypic plasticity in or-
gans. Though it is an interesting topic, few studies have ad-
dressed whether intestinal morphology and physiology in
anuran larvae respond to environmental variation. An appro-
priate experimental design for studying environmentally driven
changes in phenotypic traits during metamorphosis should sep-
arate the treatment effects from the changes induced by meta-
morphosis. One way to separate these effects is to begin with
premetamorphic tadpoles of similar body mass and life stage
(including a control sample taken before the experiment) and
then track intestinal attributes along with external morphology.

The Chilean giant frog (Caudiverbera caudiverbera, Lepto-
dactylidae) is an excellent subject to study intestinal plasticity
in tadpoles. Tadpoles of C. caudiverbera are probably one of
the largest in the world (body mass 130 g and body length 110
cm). In this species, several metamorphic stages can coexist in
small temporary ponds that can experience large variations in
water temperature. Our qualitative observations indicate that
these ponds can change water levels as much as 70% (in vol-
ume) between summer and winter. The typical larval period
of C. caudiverbera ranges from 5 to 12 mo, with considerable
variability (Diaz and Valencia [1985] reported tadpoles of 2 yr
old). The diet of tadpoles in nature is mainly vegetal detritus
with considerable variation depending on food availability
(Diaz and Valencia 1985).

The aim of this study with C. caudiverbera was (1) to test
morphological changes in digestive tract morphology and en-
zyme activity in response to temperature treatment and diet
quality and (2) to test the effects of these treatments on the
time course of metamorphosis. These objectives are not mu-
tually exclusive, because the acceleration of metamorphosis co-
incides with gut size reduction and, likely, differential enzyme
activities. To control for this dependency, we designed a three-
way factorial experiment including longitudinal and cross-
sectional comparisons (see “Material and Methods”) and a con-
trol treatment.

Material and Methods

Study Animals, Collection, and Maintenance

The Chilean giant frog (Caudiverbera caudiverbera) is endemic
from central and south Chile from 29� to 41�S (Formas 1979).
Adults of this species can reach 800–1,000 g; they spend most
of their time in water and are strictly carnivorous, feeding on
insects, fish, small mammals, and birds (Formas 1979; Diaz and
Valencia 1985). During December 2003, we caught live tadpoles
in a pond located in Valdivia, Chile (39�48�S, 73�14�W; 9 m),
using entomological nets. Individuals were placed in plastic
containers with pond water and transferred to the laboratory

at the Universidad Austral de Chile. We caught 120 tadpoles
of about 30 g and stage 38 of development (Gosner 1960). We
randomly assigned 12 individuals to a “control” group (i.e.,
nontreated, immediately killed and processed after capture),
and 48 animals were preacclimated. During the preacclimation
period of 7 d, the tadpoles were maintained in a glass aquarium
(100 cm) in a room kept at 21�C with acm # 75 cm # 50
12L : 12D photoperiod. During this time, we did not provide
food to the tadpoles to assure that their guts were completely
empty.

Experimental Design

We used six glass tanks (40 cm), each dividedcm # 20 cm # 25
into four compartments of 25 cm. Eachcm # 20 cm # 10
compartment was filled with 2.4 L of fresh water, which was
changed every 2 d. The water in each compartment was aerated
during the entire experimental period. Experimental design
considered two orthogonal fixed factors: temperature (two lev-
els: 16� and ; cold and warm treatment, respectively)26� � 1�C
and diet (two quality levels: fresh spinach and rat pellet, low-
and high-quality diet, respectively [see Table 1]). These diets
were selected following numerous trials with several other ex-
perimental foods that were undesirable, either because they
killed the tadpoles (e.g., artificially composed diets, meat) or
were not consumed by the tadpoles (e.g., lettuce, fish food).
Ration of diet was approximately 4 g d�1 (dry mass) com-
partment�1, which was in excess for all cases (there were always
leftovers). We confirmed that all animals ate the experimental
food by examining their intestinal contents via dissection at
the end of the experiment. Because each tank was divided into
four compartments, we interspersed the diet quality in each
compartment (i.e., both diet treatments were represented twice
in each tank). Three tanks were maintained at 16�C and three
tanks at 26�C, which is similar to the extreme values that ponds
experience during spring/summer, respectively (15�–30�C,
qualitative values from 1 wk of sampling). However, because
of limitations of the temperature chambers, the levels of the
temperature factor could not be interspersed, thus increasing
the risk of pseudoreplication (Hurlbert 1984). To statistically
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control for this potential limitation, we used aquaria as blocks
nested in temperature (Newman et al. 1997; Quinn and Keough
2002). We randomly selected two tadpoles for each compart-
ment (total sample ) and maintained them on thesize p 48
experimental treatment for 21 d. At the end of the experiment,
we used one tadpole from each compartment for intestinal
enzyme assays and the other for evaluating intestinal mor-
phology. At weekly intervals, we measured the external mor-
phology: body mass, body length, snout-vent length, and tail
length. Given that metamorphic tadpoles have shorter tails than
premetamorphic individuals, we used the ratio between snout-
vent length and tail length as a measure of the stage of meta-
morphosis. We took external measurements of each individual
at 0, 7, 14, and 21 d. To record body mass, we used an electronic
balance (sensitivity �0.1 g). The three length measurements
were taken from digital images, which were performed using
Image J software (National Institutes of Health).

Intestines

Tadpoles from the control and experimental treatments were
weighed and killed via cervical dislocation, and their guts were
immediately removed. The full intestines were first weighed,
then the guts were cut longitudinally, and the contents were
removed by washing them with 0.9% NaCl solution. Finally,
we measured the total length and wet mass of the empty gut,
and the mass of the intestinal contents was measured by the
difference between full gut mass and empty intestine mass. Guts
from tadpoles (control: ; treated: ) used to assessn p 5 n p 24
intestinal morphology were dried at 60�C for 48 h and then
weighed to obtain dry mass. Intestines from animals designated
for enzyme assays (control: ; treated: ) were di-n p 7 n p 24
vided into four sections of similar length, washed with 0.9%
NaCl solution, and immediately frozen in liquid nitrogen. This
solution was used only for dilution purposes. The enzyme re-
action was performed at controlled pH, the validity of which
has been proven in other amphibians (see Sabat and Bozinovic
1996; Sabat et al. 2005). For analysis, tissues were thawed and
homogenized (30 s in an ULTRA TURRAX T25 homogenizer
at maximum setting) in 20 vol of 0.9% NaCl solution. Sucrase
and maltase activities were determined according to the method
described by Martı́nez del Rı́o et al. (1995). Briefly, tissue ho-
mogenates (100 mL) were incubated at 25�C with 100 mL of 56
mmol L�1 sugar solutions (maltose and sucrose) in 0.1 M ma-
leate/NaOH buffer, pH 6.5. After 10 min of incubation, reac-
tions were stopped by adding 3 mL of stop/develop Glucose-
Trinder (one bottle of Glucose Trinder 500 reagent [Sigma, St.
Louis, MO] in 250 mL 0.1 mol L�1 TRIS/HCl, pH 7, plus 250
mL of 0.5 mol NaH2PO4, pH 7). Absorbance was measured at
505 nm with a Spectronic 21D spectrophotometer after 18 min
at 20�C. Aminopeptidase-N assays were conducted using l-
alanine-p-nitroanilide as a substrate. Briefly, 100 mL of ho-
mogenate diluted with 0.9% NaCl solution was mixed with 1

mL of assay mix (2.04 mmol L�1 l-alanine-p-nitroanilide in
0.2 mol L�1 NaH2PO4/Na2HPO4, pH 7). The reaction was in-
cubated at 25�C and arrested after 10 min with 3 mL of ice-
cold 2 N acetic acid, then absorbance was measured at 384 nm.
The selected pH’s for measuring the activities were the optima
for each enzyme. On the basis of absorbance, standardized
intestinal enzymatic activities were calculated. The activities of
all enzymes are presented as standardized hydrolytic activity
(UI g�1 wet tissue, where hydrolyzed min�1; forUI p mmol
an explanation of the use of this standardization, see Martı́nez
del Rı́o et al. 1995). We measured enzyme activity in whole-
tissue homogenate to avoid the underestimation of activity.

Statistical Analyses

Overall, we had two orthogonal fixed factors and several de-
pendent variables that were measured either weekly or at the
end of the experiment. In some cases, these dependent variables
were correlated with body mass, according to linear correlations
(i.e., external morphology, gut morphology, gut mass, and total
enzyme activity). For these variables, we performed ANCOVAs
using body mass as the covariate. Variables measured on a
weekly basis (e.g., body mass, body length, etc.) were included
as a repeated-measures factor. Because enzyme activity (i.e., UI
g�1 wet tissue; independent of body mass [mb]) was measured
in four sections of the intestine, it was also considered a
repeated-measures factor, given that it was recorded in the same
experimental individual. A two-way ANOVA demonstrated that
there were no differences among treatment groups at the start
of the experiment. Assumptions of statistical tests were eval-
uated using the Kolmogorov-Smirnov test for normality, the
Cochran C test for homoscedasticity, and parallelism tests for
interactions between factors and the covariate (body mass). The
assumption of homogeneity of variances in the repeated-
measures factor (i.e., sphericity; Quinn and Keough 2002) was
evaluated using a Mauchley test (StatSoft 2004). No transfor-
mation was necessary in any case. When the sphericity as-
sumption was violated (i.e., enzyme activities), we performed
a Greenhouse-Geisser adjustment to calculate the appropriate
degrees of freedom (Davis 2002).

Results

We found no significant effects of diet treatment on any re-
sponse variable ( for all comparisons). Also, there wereP 1 0.10
no significant effects of blocks (i.e., aquaria) on any response
variable either by including this effect in the full analysis or by
analyzing it by a one-way ANOVA ( in all cases). Hence,P 1 0.35
to gain statistical power, we pooled data from both diet groups.
Comparisons of tadpoles measured at the beginning and end
of experiments showed small differences in external morphol-
ogy during the experimental period (Table 2).
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Figure 1. Body mass variation of Caudiverbera caudiverbera tadpoles
treated to 16�C (cold treatment) and 26�C (warm treatment) during
the experiment. Values are represented as SE (sample sizesmean � 1
in parentheses).

Table 2: Descriptive data ( )means � SE

Variable Initial Value N Final Value N

Body mass (g) 30.6 � 2.01 48 25.3 � 1.40 48
Snout-vent length (cm) 5.32 � .15 48 5.26 � .13 48
Tail length (cm) 6.67 � .17 48 6.43 � .13 48
Aminopeptidase-N activity (UI g�1 wet tissue) 2.22 � .16 7 1.79 � .22 18
Maltase activity (UI g�1 wet tissue) 5.89 � 1.17 7 5.60 � .56 23
Intestine wet mass (g) .81 � .16 11 .76 � .04 40
Intestine dry mass (g) .05 � .02 5 .08 � .01 19
Intestine length (cm) 89.7 � 9.58 12 66.4 � 3.83 44

Note. N indicates sample size. Initial values for enzyme activity and intestine morphology are from field animals

(i.e., control animals). hydrolyzed min�1.UI p mmol

External Morphology

There was a significant interaction between temperature treat-
ments and acclimation time (repeated measures) on body mass
( ; , repeated-measures ANOVA). Warm-F p 20.0 P ! 0.00013, 129

treated individuals lost body mass at a constant rate, whereas
cold-treated tadpoles lost body mass during the first week but
maintained body mass thereafter (Fig. 1). The snout-vent
length/tail length ratio also had an interaction between tem-
perature and time ( ; , repeated-measuresF p 12.8 P ! 0.00013, 120

ANOVA). During the first week, the ratio increased in both
temperature treatments. Then, for cold-treated individuals, the
ratio increased to reach a peak at 14 d and then decreased
slightly. In contrast, this ratio in warm-treated tadpoles de-
creased at a constant rate (Fig. 2).

Enzyme Activity and Intestinal Morphology

No sucrase activity was detected, which suggests that this en-
zyme may not be present in tadpoles from this species and that
the marginal amount detected was probably due to exogenous
material. There were no significant effects of temperature treat-
ment on total maltase activity ( ; , one-wayF p 1.54 P p 0.232, 27

ANOVA; Fig. 3). We found significant effects of temperature
treatment on total aminopeptidase-N activity ( ,F p 6.272, 27

, one-way ANOVA), with enzyme activity of warm-P p 0.006
treated animals being lower than that of control (field) and
cold-treated individuals ( , Tukey a posteriori tests; Fig.P ! 0.01
3). Also, aminopeptidase-N activity varied significantly among
different intestinal segments, but not between temperature
treatments ( ; , repeated-measures ANOVA;F p 4.3 P p 0.013, 42

Fig. 4). For maltase activity, a significant interaction was found
between gut sections and temperature treatment ( ;F p 3.96, 39

, repeated-measures ANOVA; Fig. 4). We tested forP p 0.004
a correlation between aminopeptidase-N and maltase activity,
but this was not significant ( ). For intestinal mor-P 1 0.15
phology, guts were smaller, in both length and mass, in warm-
treated individuals compared with control and cold-treated tad-

poles (Fig. 5). Similarly, intestinal content was lower in
warm-treated individuals (Fig. 5).

Discussion

The intestinal morphology and physiology of vertebrates is
highly plastic (Piersma and Lindström 1997), with changes re-
ported in enzyme activities, gut dimensions, and nutrient trans-
port following exposure to temperature, diet, or metabolic load
(Toloza and Diamond 1990a, 1990b; Sabat et al. 1995; Secor
and Diamond 2000; Nespolo et al. 2002). This response has
been reported in a range of animals, both ectotherms (Bud-
dington 1987, 1994; Secor and Diamond 2000) and endotherms
(Geluso and Hayes 1999; Nespolo et al. 2002), but rarely for
larval anurans (Toloza and Diamond 1990a, 1990b; Feder
1992). According to some authors, the guts of tadpoles should
be highly plastic because they have a more generalist diet than
adult anurans (Feder 1992; Karasov 1992). However, in Cau-
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Figure 2. Temporal variation of the snout-vent length to tail length
ratio in Caudiverbera caudiverbera tadpoles treated to 16�C (cold treat-
ment) and 26�C (warm treatment). Values are represented as

SE (sample sizes in parentheses).mean � 1

Figure 3. Maltase (top) and aminopeptidase-N (bottom) activities from
control (field), warm treatment, and cold treatment tadpoles. Different
letters indicate significant differences following a Tukey post hoc test.
Values are represented as SE (sample sizes in parentheses).mean � 1

diverbera caudiverbera, digestive plasticity was found to be
highly sensitive to temperature but not to diet quality.

Diet Acclimation

We found that diet has a minimal effect on growth and intes-
tinal gross morphology and two enzyme activities in C. cau-
diverbera. This result contrasts with other studies that have
demonstrated that dietary protein accelerates metamorphosis
in tadpoles (Denver 1997; Kupferberg 1997; Álvarez and Nicieza
2002) by stimulating an increase in thyroid hormone produc-
tion (Kupferberg 1997). A reason for not detecting such an
effect in our study could be that animals did not consume the
food that we provided. However, we confirmed consumption
of both diets by examining and weighing intestinal contents.
In addition, we were focusing on intestinal response; our ex-
periments may have not been long enough to observe a sig-
nificant effect of the diet on metamorphosis. Nevertheless, in
Discoglossus galganoi, Álvarez and Nicieza (2002) reported a
significant effect of diet quality over a short time period, but
this effect was temperature dependent. Therefore, we cannot
completely exclude the potential effect of diet quality on the
timing of metamorphosis for C. caudiverbera. We can conclude
only that these tadpoles do not exhibit short-term plasticity (3
wk) to these diets.

Temperature Treatments

For aquatic ectotherms that undergo metamorphosis, an in-
crease in ambient temperature—and therefore body tempera-
ture—results in an increase in metabolic rate, which is directly
linked to ectotherm bioenergetics (McNab 2002). Therefore,
temperature is considered to be one of the most important

proximal causes of variation in size and age of metamorphosis
(Álvarez and Nicieza 2002). In anuran metamorphosis, shifts
in digestive physiology translate to a reduction in gut size, an
increase in enzyme activity associated with the breakdown of
proteins (i.e., aminopeptidase-N activity), and a reduction in
the activity of enzymes that hydrolyze carbohydrates (e.g., su-
crase and maltase; Toloza and Diamond 1990b; Feder 1992;
Kupferberg 1997). However, this is complicated by the fact that
in vertebrates, digestive physiology is also affected by pheno-
typic plasticity. In our experiment, a completely plastic response
would be denoted by differential enzyme activities as a function
of diet composition (i.e., higher aminopeptidase-N activity for
individuals treated to the high-quality diet, and higher activity
of maltase for individuals treated to the low-quality diet). Sim-
ilarly, temperature should produce larger intestines in warm-
treated individuals (compared with cold-treated tadpoles) be-
cause they have higher metabolic requirements. However, we
observed a mixed response (i.e., a consequence of temperature
treatment together with a phenotypically plastic response).
Also, external morphology did respond to the rate of meta-
morphosis (i.e., warm-treated individuals were shorter and
smaller), as in previous studies (Blouin and Brown 2000; Ál-
varez and Nicieza 2002; Loman 2002). In addition, warm-
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Figure 4. Enzyme activities along the digestive tract of aminopeptidase-
N (top) and maltase (bottom) activities in control (field), cold treat-
ment, and warm treatment tadpoles. Different segments of the gut are
designated with a letter: A, proximal; B, C, middle; D, distal segment
(sample sizes in parentheses). See “Results” for details of the statistical
analyses.

Figure 5. Intestinal variables: intestinal contents (top), gut length (mid-
dle), and gut mass (bottom) from control (field), cold treatment, and
warm treatment tadpoles. Different letters indicate significant differ-
ences following a Tukey post hoc test. Values are represented as

SE (sample sizes in parentheses).mean � 1

treated tadpoles showed a reduction in intestine mass and
length compared with control and cold-treated individuals. The
repeated-measures factor showed a complex response in ex-
ternal morphology because acclimation time interacted with
temperature. This interaction (Fig. 2) shows that differences in
mass between groups appeared only at the fourth week of treat-
ment (i.e., a shorter experiment would not have detected dif-
ferences). Enzyme activities showed somewhat contrasting re-
sponses to temperature treatment. No tadpole (from the field
or thermally treated in the laboratory) had any indication of
sucrase activity, which suggests that they are not complete gen-
eralists. However, there could have been problems with the
methodology, given that it has not been previously used with
tadpoles. An examination of total enzyme activity showed a

clear effect of temperature treatment on activity (i.e., warm-
treated individuals had lower activity) for maltase, but not for
aminopeptidase-N. When including intestinal section as a
repeated-measures factor, the effect of temperature on ami-
nopeptidase-N activity was not significant. This apparently con-
tradictory result is due to a loss of power when we include the
additional factor in the analysis (i.e., the repeated measures),
which reduced the sample size at the lowest-level combination
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of treatments. Nevertheless, for maltase activity, we did observe
an interaction between intestinal section and temperature.

Studies addressing changes in enzyme activity following tem-
perature or diet exposure in anuran larvae are very scarce (Hunt
and Farrar 2002). This contrasts with the abundance of studies
characterizing the plastic response of tadpoles in terms of life-
history traits (Newman 1989, 1994; Blouin and Brown 2000;
Merilä et al. 2000, 2004; Álvarez and Nicieza 2002; Loman 2002;
Vences et al. 2002). Moreover, plasticity in intestinal enzymes
is widely known for a variety of ectothermic animals, mostly
in response to diet treatment (Brito et al. 2001; Guzman et al.
2001; Lundstedt et al. 2004). In C. caudiverbera tadpoles, we
found enzyme plasticity associated with temperature treatment,
but not with diet treatment. Because anuran larvae exhibit in-
termediate physiological features between fish and amphibians,
and given the plasticity present in intestinal features of fish
(Buddington 1987, 1994; Lundstedt et al. 2004), our results are
interesting and call for more detailed studies on the intestinal
physiology of anuran larvae.
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