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ABSTRACT

Studies of phenotypic flexibility are central to the understanding of evolutionary and comparative physiology.
Research conducted on many vertebrate species has shown that the digestive system is highly responsive and
sensitive to environmental cues. However, amphibians, which are a standard and classic model organism for
the study of many physiological processes, have been poorly considered in the study of ecological
consequences on digestive flexibility. Here we review and analyze the current information on this topic for
amphibians. We identify three major bodies of empirical evidence: a) seasonal changes in gut development, b)
lack of dietary modulation of gut attributes in adult individuals, c) a relationship between feeding habits and
the magnitude of digestive performance regulation. Once the natural history characteristics of the species
under study are taken into account, all the evidence is in full agreement with the predictions of digestive
theory. We propose that evolutionary and comparative physiology could benefit greatly from the study of
phenotypic flexibility in amphibians.
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DIGESTIVE PHENOTYPIC FLEXIBILITY

Within genetically uniform organisms, the
capacity for change in response to different
environmental conditions is known as
phenotypic plasticity or phenotypic
flexibility if these changes imply reversible
transformations (Piersma & Lindstrom,
1997; Piersma & Drent, 2003). Animals
continuously cope with environmental
demands through behavioral, physiological,
and structural changes that ensure
appropriate function [(Overgaard et al.,
2002; Palacios & Bozinovic, 2003; Naya et
al., 2003a;)]. It is usually hypothesized that
these adjustments increase the biological
performance of individuals (Huey &
Berrigan, 1996; Hammond & Kristan, 2000).
The gastrointestinal tract represents a
functional link between energy intake and

energy allocation, and thus it has likely
experienced many selective pressures during
organic evolution (Secor, 2001). Over the last
thirty years, phenotypic flexibility of the gut
has been extensively investigated in many
vertebrate species. These studies have made it
clear that the digestive system is one of the
most responsive and sensitive systems to
environmental cues. Nevertheless, practically
all of these studies were conducted on
reptiles, birds, and small mammals (for
reviews see Piersma & Lindstrom, 1997;
Starck, 1999; McWilliams & Karasov, 2001).
The use of amphibians in the analysis of
physiological problems predates the founding
of modern physiology, and during the past
century this group has become a standard for
the study of several biological processes
(Feder, 1992). From the perspective of
digestive physiology, amphibians have some
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characteristics that make them a highly
interesting group for study, such as their
adaptation to low energy flow (Pough, 1980).
This characteristic determines their adaptive
capacity for extensive regulation of gut
performance, a trait also shared with reptiles
(Secor, 2001). In addition, there are many
practical reasons that make amphibians good
organisms for physiological study. For
example, many species are relatively abundant
in the wild, easily captured and transported,
easily maintained in the laboratory, and
amenable to experimentation (Feder, 1992).
The aim of the present work is to
critically review and analyze the current
evidence and data on gut flexibility in
amphibians within the theoretical framework
of digestive theory (Sibly, 1981).

EVIDENCE FOR AMPHIBIANS

We have been conducting a bibliographic
search through Web of Science and
Biological Abstracts data bases since 1988.
We use a three level nested design of keywords: digestive, intestinal and gut (first
level), plasticity, flexibility, mass, enzyme/
s and transporter/s (second level), and
amphibian/s (third level). We have also
surveyed papers and general books about
amphibians biology and physiology to
obtain a more complete list of information.
Digestive flexibility was categorized as
following observational and/or experimental
approaches. Studies following the latter
approach were further grouped according to
the particular factors being evaluated. In
addition, both observational and experimental
studies were clustered according to the
organizational level at which the digestive
changes were analyzed (e.g. macroscopical,
histological, molecular). Taking these
groupings into account we summarized the
retrieval information in Table I, which shows
that there are three major bodies of evidence
regarding amphibian digestive flexibility (see
following sections). Most of the available
evidence is based on experimental
approaches, principally using Anuran species
as animal models. There are two experimental
studies that were not included in any of the
major groupings. One of these studies reports

an increase in digestive enzyme activity due
to the effect of orally administered thyroxine
in Bufo melanostictus (Bhattacharyya et al.,
2002). The other study refers to the effects of
evaporative water loss on overall gut water
content (Churchill & Storey, 1994).
Seasonal changes in gut development
In an early study, Juszczyk et al. (1966)
analyzed seasonal variation in gut mass, as
well as histology (i.e. stomach and intestine
mucosa structure) in five age classes and both
sexes of Rana temporaria. The main results
of the study can be summarized as follows: a)
individuals exhibit marked seasonal variation
in gut development, correlated to the annual
feeding cycle; b) during the period of high
feeding activity female gut attains a much
greater mass than male gut, c) the beginning
of gut regression in the middle of terrestrial
life (i.e. the active period) suggests
endogenous control of gut changes. Based on
this last paper, Naya et al. (2003b) evaluated
seasonal variation in the intestinal length of
the South American common frog
(Leptodactylus ocellatus). Their results
reinforced the existence of seasonal changes
related to feeding and reproductive events,
but also indicated a strong effect of sex.
Indeed, the intestinal length flexibility in
males appears to be coupled with the annual
feeding cycle, while in females it is mainly
connected to reproductive cycle. In addition,
seasonal changes in gut length were more
conspicuous for females than males.
Regarding adjustments of the digestive
tract during hibernation, Geuze (1971a, b)
described the histological and ultrastructural
changes that occur in the gastric mucosa of
Rana esculenta, reporting a marked decrease
in the digestive mucosa development during
winter. The fact that mucosa activation
begins before the end of hibernation
provides new evidence for endogenous
control of digestive changes. Recently,
Goslling et al. (1982a, b) analyzed the
flexibility of the large intestine bacterial
flora during hibernation in R. pipens. These
authors experimented with natural and lab
induced hibernation and found a decrease in
bacterial abundance as well as a change in
the composition of the bacterial flora
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(Goslling et al., 1982a). These results
suggest that a decrease in environmental
temperature, rather than the absence of food,
is the main factor explaining observed
changes (Goslling et al., 1982b).
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complete understanding of digestive
phenotypic flexibility (see Secor & Diamond,
1998).

DISCUSSION

Hard-wired digestive physiology in adults
In two back-to-back papers, Toloza &
Diamond (1990a, b) evaluated the
ontogenetic changes in brush border
transporters and intestinal morphometry for
R. catesbeiana; then they analyzed the
flexibility of these traits under different
dietary treatments. These authors found that
pre-metamorphic individuals exhibited the
capacity for rapid, reversible modifications
(i.e. dietary modulation), which is lost
during adulthood. Five years later, Sabat &
Bozinovic (1996), used this result to
formulate the hypothesis of ‘digestive
physiological rigidity in adult amphibians’
(i.e. hard-wired physiology), which they
tested using Bufo spinulosus. The digestive
variables measured in this case were the
activity of three digestive enzymes, the
disacharidases sucrase, maltase and
trehalase. As in R. catesbeiana, adult
individuals of B. spinulosus were unable to
modulate their digestive enzyme activities in
response to dietary chemical composition.
Feeding habits and the regulation of
digestive performance
Probably the most interesting result regarding
digestive flexibility in amphibians is the
digestive changes that follow an alimentary
event in species that feed infrequently. Secor
(2001) analyzed differences in the factorial
increase of intestinal uptake capacity of
aminoacids and sugars (L-proline, L-leucine
and D-glucose), for seven species of frequent
feeders and two species of infrequent feeders
(see Table I). Clearly, the latter two species
down-regulated gut performance following
digestion, whereas the frequently feeding
species constantly maintained a fully
functional gut. These results are highly
congruent with current data for other
ectotherms (see Secor & Diamond, 2000;
Secor, 2001), suggesting that amphibians may
represent another important model for a

Studies of phenotypic flexibility are central
to the understanding of evolutionary and
comparative physiology (Huey & Berrigan,
1996; Hammond & Kristan, 2000).
Research on gut flexibility in amphibians is
very scarce, and several studies have not
been published in peer-reviewed journals.
Interestingly, reported data are congruent
and consistent, and, more importantly, they
support the general theoretical framework
of gut phenotypic flexibility (e.g. Sibly,
1981; Penry & Jumars, 1987; Martínez del
Río et al., 1994). In this sense, it is
interesting to note that some of the results
reported by Juszczyk and collaborators
nearly four decades ago still comprise
central ideas about digestive regulation.
What are the predictions of the digestive
physiology theory for amphibians and what
empirical evidence exists? Our survey
indicated that there are three different bodies
of evidence regarding gut flexibility in
amphibians, and each one should be
interpreted in the light of the digestive theory
and species natural history. First, amphibian
species living in temperate regions likely face
strong seasonal variation in abiotic and biotic
factors; therefore theory predicts seasonal
variations in gut development (Larsen, 1992).
Results supporting this idea are presented in
the first section of “Evidence for
amphibians.” Second, since food composition
in post-metamorphic anurans only varies
slightly, theory predicts a lack of dietary
modulation of gut changes in adult
individuals. Data that sustain this hypothesis
are given in the second section of “Evidence
for amphibian.” Third, many amphibian
species are able to fast for several months in
the wild. For these infrequent feeder species,
theory expects a wide regulation of gut
performance. Evidence of a correlation
between feeding frequency and the magnitude
by which digestive performance is regulated
is reported in the third section of “Evidence
for amphibians.”
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TABLE I

Studies of gut flexibility in amphibians reviewed in this communication. Obs =
observations made in the field, Exp = Experimental manipulations, Mass = gut dry mass,
Length = lineal gut length, Area = nominal gut area, Histology = digestive mucosa
histology, Ultrastructure = digestive mucosa ultrastructure, Bacterial flora = amount and
composition of intestinal bacterial flora, Transporters = digestive brush-boarder
transporters, Enzymes = digestive enzymes, Water content = gut water content. All species
are Anurans, except those species marked with an asterisk, which belong to the order
Urodela.
Seasonal changes in gut development
Species
Rana temporaria
Leptodactylus ocellatus
Rana pipens
Rana pipens
Rana esculenta

Approaches
Obs
Obs
Obs / Exp
Exp
Exp

Experimental Factors

Temperature
Temperature,
Feeding frequency
Temperature

Organizational Level
Mass, Histology
Length
Bacterial flora
Bacterial flora
Histology,
Ultrastructure

Source
Juszczyk et al., 1966
Naya et al., 2003b
Goslling et al., 1982a
Goslling et al., 1982b
Geuze, 1971a, b

Hard-wired physiology of adults
Species

Approaches

Experimental Factors

Organizational Level

Source

Rana catesbiana

Exp

Diet composition

Bufo spinulosus

Exp

Diet composition

Mass, Length,
Area, Transporters
Enzymes

Experimental Factors

Organizational Level

Source

Transporters
Transporters
Transporters
Transporters
Transporters
Transporters
Transporters
Transporters
Transporters

Secor,
Secor,
Secor,
Secor,
Secor,
Secor,
Secor,
Secor,
Secor,

Source

Toloza & Diamond,
1990a, b
Sabat &
Bozinovic, 1996

Feeding habits and digestive regulation 1
Species
Rana catesbieiana
Rana pipens
Hyla regilla
Hyla cadaverina
Bufo marinus
Ceratophrys ornate
Pyxicaphalus adspersus
Tarchica granulose*
Tarchica torosa*

Approaches
Exp
Exp
Exp
Exp
Exp
Exp
Exp
Exp
Exp

Feeding
Feeding
Feeding
Feeding
Feeding
Feeding
Feeding
Feeding
Feeding

frequency
frequency
frequency
frequency
frequency
frequency
frequency
frequency
frequency

2001
2001
2001
2001
2001
2001
2001
2001
2001

Other studies
Species

Approaches

Experimental Factors

Organizational Level

Bufo melanostictus

Exp

Thyroxine doses

Enzymes

Psuedacris crucifer

Exp

Dehydration

Water content

1

Bhattacharyya et al.,
2002
Churchill &
Storey, 1994

Note that this idea was originally proposed in an abstract of the 1996 Annual Meeting of the Society for
Integrative and Comparative Biology, in which the authors give data on digestive transporters and enzymes,
and intestinal masses of three anuran species (Secor and Diamond, 1996).
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CONCLUSION
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We would like to propose some directions
for further research on this topic. 1) The idea
that seasonal changes of amphibian gut are
under endogenous control mainly comes
from circumstantial evidence from field
studies. Experiments that would allow
researchers to separate natural conditions
from experimental conditions are needed to
validate this hypothesis. 2) There is much
evidence supporting the idea that flexibility
in digestive function could result from a
sequence of progressive adjustments to face
increasing energy demands (e.g. Derting &
Bogue, 1993; Nagy & Negus, 1993; Yang &
Joern, 1994). To test this idea in amphibians,
we propose conducting experiments that
evaluate digestive changes at more than one
organizational level, and over an energy
demand gradient. 3) Although the diversity
in trophic habits among adult amphibians is
low, testing the effect of some specific
dietary chemical compounds on digestive
dynamic could prove to be promising. For
example, it would be interesting to know
whether chitin plays a similar role to that
observed for dietary fibers in herbivorous
vertebrates. 4) Recent work has challenged
the energetic model, which predicts a
correlation between gut flexibility and
feeding regime (see Strarck & Beese, 2001;
Overgaard et al., 2002); some amphibian
species could be excellent models for
evaluating the relationship between the
energetic cost of a meal and the time elapsed
between two feeding events.
The vertebrate class Amphibia exhibits
extraordinary biological diversity and
evolutionary novelty, having persisted
through eons of environmental challenges
(Feder, 1992). The recent recognition of
different phenomenon related to amphibian
ecology, such as their pivotal role in aquatic
communities (Duellman & Trueb, 1994;
Stebbins & Cohen, 1995) and the global
decline in their populations (Wake, 1991;
Alford & Richards, 1999), has elevated the
research interest in this taxonomic group.
Here we similarly propose that evolutionary
and comparative physiology could greatly
benefit from the study of phenotypic
flexibility in amphibians.
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