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Pond tadpoles with generalized morphology:
is it time to reconsider their functional roles in aquatic communities?
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Abstract With rare exceptions, anuran larvae have tra-
ditionally been considered to occupy lower trophic levels
in aquatic communities where they function as micro-
phagous suspension feeders. This view is being chal-
lenged by studies showing that tadpoles with generalized
morphology often function as macrophagous predators.
Here, we review the literature concerning macrophagy
by tadpoles and provide two additional examples in-
volving generalized tadpoles. In the ®rst, we demon-
strate with laboratory and ®eld experiments that wood
frog (Rana sylvatica) tadpoles are major predators of
macroinvertebrates in ponds. In the second, we show
that green frog (R. clamitans) tadpoles can cause cata-
strophic reproductive failure of the wood frog via egg
predation. These results and data from other studies
challenge the assumption that generalized tadpoles
function as ®lter-feeding omnivores, and question the
general applicability of community organization models
which assume that predation risk increases with pond
permanence. We suggest that predation risk is greater in
temporary ponds than in more permanent ponds for
many organisms that are vulnerable to predation by
tadpoles. This being so, a conditional model based upon
interactions that are species-speci®c, life-stage-speci®c,
and context-dependent may better explain community
organization along hydrological gradients than models
which assume that temporary ponds have few or no
predators.
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Introduction

Anuran larvae are important elements of many fresh-
water communities and have been used extensively in
ecological experiments that have examined crowding
e�ects, resource competition, food web interactions, and
the role of predators in mediating competitive interac-
tions (Morin 1983; Wilbur 1984, 1987; Hairston 1989;
Resetarits and Bernardo 1998). Tadpoles have also been
used extensively in behavioral studies to understand how
tradeo�s in foraging and antipredator behaviors a�ect
community composition and structure along environ-
mental gradients (Werner and McPeek 1994; Wellborn
et al. 1996).

Except for a small percentage of anuran larvae that
exhibit morphological, dietary, and niche specializa-
tions (e.g., Orton 1953; Crump 1983; Lannoo et al.
1987; Altig and Johnston 1989), ecologists have tradi-
tionally viewed tadpoles as being herbivores that oc-
cupy lower trophic levels in aquatic communities. More
precisely, trophic experts have characterized most tad-
poles as being omnivorous, microphagous suspension
feeders (Wassersug 1975; Seale 1980; Duellman and
Trueb 1986; Stebbins and Cohen 1995) since they
possess labial teeth, keratinized jaw sheaths (beaks),
buccopharyngeal gill ®lters and associated structures
for suspension feeding, and highly elongated guts for
processing bulk quantities of low-quality food (Was-
sersug 1980). Common food items of tadpoles that
exhibit this generalized morphology include pollen, free
and attached algae, particulate organic debris and as-
sociated microorganisms, microzooplankton, and per-
iphyton (Seale and Beckvar 1980; Altig and Johnston
1989). In addition to suspension feeding, generalized
tadpoles can process coarser material such as leaf
fragments or coarse detritus by passing these directly
into the esophagus.

Macroinvertebrates generally occur at low frequen-
cies in the guts of tadpoles (e.g., Busack and Zug 1976;
Diaz-Paniagua 1985, 1989), a ®nding which has led to
the common assumption that generalized tadpoles do
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not play signi®cant roles as higher-level predators in
aquatic communities. However, predation on macroin-
vertebrates may be more important than dietary studies
suggest for two reasons. First, opportunistic predators
that subsist as microphagous suspension feeders can
reach much higher densities than strict carnivores of
similar size. In this case even when per capita con-
sumption of macroinvertebrates is low, the collective
e�ect of tadpole predation can be signi®cant. Second,
tadpoles have rapid gut clearance rates that typically
average <6±8 h when animals are fed ad libitum (Sav-
age 1952; Calef 1973; Wassersug 1975). Because of rapid
turnover rates, the frequency of prey in guts based on
``snapshots'' from preserved specimens may give a false
impression of actual predation rates. Consider a hypo-
thetical case in which tadpoles have average gut clear-
ance rates of 6 h and occur at 1000 individuals m)2 of
pond bottom (local tadpole densities in temporary
ponds may exceed 2000±3000 individuals m)2 of pond
bottom; Woodward 1982a; Biesterfeldt et al. 1993).
A dietary analysis that yields only four benthic macro-
invertebrates from a sample of 50 tadpoles is equivalent
to weekly removal rates that exceed 2,000 inverte-
brates m)2 ± an e�ect that could be ecologically signi®-
cant in terms of organizing invertebrate communities or
in¯uencing prey population dynamics.

Although experimentation provides the most direct
way to examine opportunistic predation by tadpoles on
macroinvertebrates, we are unaware of any studies of
this sort to date. Here, we use a combination of ®eld
observations and experiments to document two exam-
ples of macrophagy involving ranid tadpoles. We also
summarize the existing literature on opportunistic pre-
dation by generalized tadpoles, and discuss some of the
implications with regard to species interactions and
community assembly along hydrological gradients. Our
focus is on pond tadpoles with relatively unspecialized
feeding niches and generalized morphology. These in-
clude most Type 4 tadpoles of Orton (1953) and en-
compass the majority of pond tadpoles. Representative
forms in North America include the wood frog (Rana
sylvatica), bullfrog (R. catesbeiana), American toad
(Bufo americanus), and most other native species. We do
not include stream-dwelling tadpoles with generalized
morphology, primarily because of the scarcity of dietary
studies on this group.

Methods

Experiment 1: wood frog predation on invertebrates
in laboratory tanks

We conducted a 2 ´ 3 factorial experiment with ten replicates to
determine whether wood frog tadpoles would prey upon soft-
bodied benthic macroinvertebrates. The data gathered were useful
in interpreting the results of a ®eld experiment described below.
The two factors were the presence or absence of tadpoles, and the
type and size of prey (small chironomid larvae, large chironomid
larvae, and large lumbriculid oligochaetes). We netted live midge
larvae from water-®lled plastic wading pools that were placed in a

®eld for several months, then visually sorted animals into two size
cohorts. Respective mean length (�1 SE), body diameter, and dry
mass for small larvae were 7.8 � 0.26 mm, 0.51 � 0.02 mm, and
0.37 � 0.01 mg; respective values for large larvae were
11.58 � 0.21 mm, 0.76 � 0.03 mm, and 2.27 � 0.15 mg; n=20
for each group. We collected lumbriculid oligochaetes (respective
mean length, body diameter, and dry mass=75.2 mm � 5.9 mm,
1.60 � 0.05 mm, and 18.1 � 2.5 mg; n=18) from mud along the
¯ooded margin of a local lake. These organisms rarely encounter
tadpoles and are presumed to be insigni®cant natural prey; they
were used to determine if tadpoles could physically handle rela-
tively large, soft-bodied prey.

We examined prey survival using 15 cm ´ 30 cm ´ 8 cm
(height) plastic containers that held 2 l of dechlorinated water. We
arranged the 60 containers on a laboratory bench and aerated each
using a feeder tube from a common aeration system. We used a
randomized blocked design to assign treatments to containers, then
haphazardly drew tadpoles from a common container to establish
densities of 40 tadpoles per container (889 tadpoles m)2) for the
tadpole treatments. Blocks corresponded to the ten replicates
positioned in sequence along the laboratory bench. Tadpoles used
in the experiment (stages 25±32; Gosner 1960; mean wet
mass=0.35 � 0.03 g; n=22) were collected from the ®eld site de-
scribed below. We fed tadpoles ad libitum (1.34 g of rabbit chow
per box) for 1 day to acclimate tadpoles to laboratory conditions,
then removed most food with a ®ne-mesh net immediately prior to
adding prey. We followed the same protocol for control containers
without tadpoles (1.34 g of food added, then removed immediately
prior to adding prey) so that water was conditioned similarly.

At the start of the experiment we added 200 mg of powdered
rabbit chow to all containers and either 15 chironomids or 8 oli-
gochaetes to each container. The rabbit chow provided an alter-
native food source for tadpoles that was judged to be limiting based
on previous laboratory experiments. After 2 days we ®ltered the
contents of containers through a ®ne-mesh net and recorded the
number of surviving prey. To verify that mortality of prey was due
to tadpole predation, we conducted spot checks of containers for
45 min on day 2 by haphazardly moving about while searching for
conspicuous feeding activity. We recorded any attacks or kills that
were observed during this period.

Experiment 2: e�ects of tadpole addition in the ®eld

Generalized tadpoles could potentially depress populations of pond
invertebrates in a number of ways, the two most likely being via
direct predation and by resource competition with invertebrates
that scrape, suspension feed, or feed on detritus or other coarse
particulate matter. To distinguish between e�ects due to predation
and those due to competition, we conducted a short-term predator
addition experiment. Our rationale was that the e�ects of direct
predation should occur within several days of tadpole addition, but
that other e�ects such as resource competition would take much
longer to appear. The design involved sampling invertebrates in
matched halves of ponds, adding tadpoles to randomly chosen
halves, then resampling invertebrates after 5 days and 14 days. The
response after 5 days was consider more critical in distinguishing
predation e�ects, while the longer-term response was more likely to
re¯ect additional factors such as adult choice of oviposition sites or
competition.

We used eight seasonally ephemeral ponds (mean diameter
2.7 m; maximum depth <0.5 m) that were constructed 2 years
prior to the experiment in a partially shaded forest tract in Madison
Co., North Carolina. Macroorganisms that occupied the ponds
within 1 year after construction included snails, cray®shes, sala-
manders (Notophthalmus viridescens, Gyrinophilus porphyriticus),
wood frog tadpoles, and a variety of insects such as caddis ¯ies,
midges, mosquitoes, and odonates. The ponds dry in late summer
and re®ll in late autumn.

We partitioned each dried pond bed in half in the autumn using
a fence constructed of wooden posts, plastic clothesline, and clear
plastic sheeting. We buried sheeting at the base of the fence and

622



staked the bottom to prevent tadpoles or invertebrates from tres-
passing. We contoured bottom sediments in each half with a rake
to match halves as closely as possible with respect to size, shape,
and depth. Ponds ®lled in November and contained a variety of
invertebrates when the experiment was conducted in late April-
early May.

In early March, we transferred all wood frog egg masses that
were laid in the ponds to nearby 0.9-m-diameter plastic wading
pools that contained pond water. We fed hatchlings that emerged
in late March commercial rabbit pellets every 2±3 days so that
tadpoles grew at rates similar to tadpoles in nearby ponds. On 28
April we sampled pond invertebrates in each pond half using a
15 cm ´ 15 cm ®ne-mesh net (mesh size=0.35 mm) that was
dragged nearly vertically about 1 cm deep through bottom sedi-
ments over a distance of 30 cm. This captured invertebrates in the
bottom sediment along with zooplankton and insect larvae in the
®rst 14 cm of the water column. We collected three subsamples
from each pond half; these were pooled and preserved in 10%
formalin.

Immediately after taking dredge samples, we randomly assigned
treatments to pond halves and added 2000 tadpoles to halves that
received tadpole treatments. Tadpoles used in the experiment were
haphazardly drawn from the wading pools and assembled into lots
of 2000; lots were then randomly assigned to the pond halves.
Tadpole densities in ponds (approximately 700 tadpoles m)2) were
below the median local density that occurs in natural breeding sites
in the region (Biesterfeldt et al. 1993) and near the upper limit of
average densities in ponds that we have sampled in western North
Carolina (the average tadpole density on pond bottoms may exceed
900 tadpoles m)2; authors, unpublished work).

We resampled pond invertebrates after 5 days and 14 days in
the same way. Samples were washed in a No. 25 US standard sieve
(mesh diameter=0.71 mm), hand-sorted, and preserved in 70%
ethanol. Mesh size was not su�cient to prevent small invertebrates
and the earliest instars of chironomids from passing through. We
identi®ed preserved specimens to taxonomic levels that were fea-
sible given the large sample size (n > 11,000). To determine if there
was evidence of size-selective predation, we haphazardly selected a
subsample of 30 midges (the numerically dominant group) from
each pooled sample and estimated mean volume using ocular
micrometer measurements of length and width.

Field evidence of egg predation by ranid tadpoles

Studies of ecological interactions among North American Rana
tadpoles have focused on resource competition even though the
tadpoles of some species such as the wood frog and bullfrog are
known egg predators on other anurans (Ehrlich 1979; Petranka
et al. 1994). In eastern North America R. catesbeiana, R. clamitans,
and R. sylvatica often co-occur locally, but partially segregate with
respect to breeding sites (Werner and McPeek 1994; Wellborn et al.
1996). Optimal habitats are ephemeral ponds for the wood frog
(R. sylvatica), ®sh-free semipermanent or permanent ponds for the
green frog (R. clamitans), and permanent ponds with ®sh for the
bullfrog (R. catesbeiana). The tendency for these and other anurans
to sort out along hydrological gradients has been explained in
terms of predator distributions, antipredator defenses of tadpoles,
adult choice of oviposition sites, life-history constraints such as the
minimum duration of the larval stage, and competitive interactions
between tadpoles (Kats et al. 1988; Hopey and Petranka 1994;
Werner and McPeek 1994; Wellborn et al. 1996). Here, we present
®eld observations and data which suggest that egg predation may
also play a role in excluding wood frogs from habitats with high
densities of larger ranid tadpoles.

We examined predation on wood frog embryos by R. clamitans
tadpoles at the Tulula Wetlands in Graham Co., western North
Carolina. This site is a disturbed wetlands complex that is being
used as a mitigation site and contains numerous ponds ranging
from highly ephemeral puddles to permanent ®sh ponds. Ten large
semipermanent to permanent ponds were constructed on the site in
1995±1996 and have since been used by R. sylvatica and R. clami-

tans for breeding. In 1997 we observed aggregates of overwintering
R. clamitans tadpoles feeding on R. sylvatica eggs in two ponds
with high densities of R. clamitans tadpoles.

To determine density e�ects and to verify what appeared to be
mass mortality of embryos due to tadpole predation, we estimated
densities of R. clamitans tadpoles and hatchling R. sylvatica in these
and ®ve other ponds (three constructed; two natural) that con-
tained both species. We sampled ponds within 7±10 days after the
wood frog hatch terminated using open-bottomed galvanized trash
cans (bottom area=0.11 m2; 20±64 samples per pond depending on
pond size). These were pushed into the pond bottom at roughly
equidistant points then dipnetted until ®ve consecutive sweeps
yielded no tadpoles. We used average catch to estimate tadpole
densities of both species. We estimated embryonic survival for
R. sylvatica using data on number of egg masses in ponds, mean
number of eggs per mass based on direct counts of eggs in dissected
masses (mean=1006 eggs/mass; n=8), pond surface area, and es-
timated number of hatchlings in ponds at the time of sampling. We
used linear regression to examine relationships between densities of
R. clamitans tadpoles in ponds and survival of R. sylvatica em-
bryos. Other egg predators in the ponds included red-spotted newts
(Notophthalmus v. viridescens) and Ptilostomis caddis¯ies. We
rarely observed these feeding on R. sylvatica embryos during
4 years of study and considered both to be insigni®cant egg pre-
dators at this study site.

Statistical analyses

We analyzed data using SAS, version 6.09 (SAS Institute 1989).
For the laboratory experiment we analyzed data with a General
Linear Model procedure using ranked values because certain data
sets violated the assumption of normality and could not be cor-
rected using transformations. In the ®eld experiment, we did not
analyze snails, cladocerans, stone¯ies, stratiomyid ¯ies, and water
boatmen individually because they occurred in fewer than three
ponds. For the remaining taxa, and for all taxa pooled, we used a
one-tailed signed rank test to compare densities of invertebrates in
matched pond halves. We did not use paired t-tests because dis-
tributions of di�erences between pairs often grossly violated the
assumption of normality. For all other analyses we used parametric
tests.

Results

Experiment 1: wood frog predation on invertebrates
in laboratory tanks

In the laboratory experiment, we observed tadpoles
attacking, killing, and consuming both midges and
oligochaetes. Large oligochaetes (often >5 times the
length of tadpoles) were bitten into pieces <1 cm; these
were consumed by either the attacker or nearby tad-
poles. Chironomids were either swallowed whole or torn
into pieces prior to being consumed. After 2 days prey
survival di�ered signi®cantly depending on presence of
tadpoles (F1,54=201.80; P<0.0001) and type of prey
(P=0.02). The interaction term was not signi®cant
(P=0.24). Prey survival in the absence of tadpoles was
>98% in all prey treatments; in the presence of tadpoles
mean survival varied from 24±54% among prey cate-
gories (Fig. 1). Pairwise comparisons of prey survival
using a Tukey-Kramer test revealed that average sur-
vival was signi®cantly lower for small chironomids
compared to large oligochaetes. The comparison of
small and large chironomids was marginally insigni®-
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cant (power=0.36); however, the general trend among
groups was for predation rates to decrease with
increasing prey size (Fig. 1).

Experiment 2: e�ects of tadpole addition in the ®eld

Chironomids (71%), copepods (16%), cladocerans
(7%), and oligochaetes (4%) were the numerically
dominant group among 11,505 invertebrates recovered
from dredge samples (Table 1). Mean number of indi-
viduals in matched tadpole and control treatments did

not di�er signi®cantly for any taxon in samples taken
immediately prior to adding tadpoles to ponds (signed
rank test: range of P-values 0.19±0.74; Fig. 2), and the
total number of invertebrates in tadpole versus control
halves di�ered by only 1.5% (P=0.95). Five days after
tadpole additions, total invertebrates in tadpole treat-
ments were reduced to 49% of controls (signed rank test
here and below; P=0.004), primarily because of lower
densities of chironomid larvae (P=0.01). Average
reduction in absolute numbers of chironomids was
1288 midges m)2 of pond bottom based on estimates
from dredge samples. The mean density of copepods in
the tadpole treatment was signi®cantly lower than con-
trols after 5 days (P=0.04), while the di�erence for
oligochaetes was near signi®cance (P=0.09). The latter
value suggests that oligochaetes were minor prey of
tadpoles. Copepods and oligochaetes were both rare in
samples on day 14 and neither comparison was signi®-
cant. Densities of benthic, case-building caddis¯ies and
mosquitoes that frequent the water column were not

Fig. 1 Survival of midge larvae and oligochaetes after 2 days in
laboratory containers with and without tadpoles. Bars are
means+1 SE

Table 1 Absolute and relative abundances of taxa collected in
samples. Numbers re¯ect pooled data for all samples taken during
the study

Taxon Absolute
number

Relative
number

Ironoquia sp. (caddis¯y) 78 <1%
Platycentropus radiatus (caddis¯y) 39 <1%
Ptilostomis sp. (caddis¯y) 4 <1%
Plecoptera (stone¯y) 1 <1%
Lymnaea (snail) 14 <1%
Corixidae (water boatmen) 4 <1%
Stratiomyidae (¯y) 1 <1%
Aedes stictus (mosquito) 189 1.6%
Oligochaeta (worms) 426 3.7%
Cladocera (water ¯eas) 768 6.7%
Copepoda (copepods) 1,822 15.8%
Chironomidae (midges) 8,159 70.9%
Total 11,505

Fig. 2 Mean number of
pond invertebrates recov-
ered from dredge samples
before (28 April) versus
5 days (3 May) and 14 days
(12 May) after additions of
tadpoles to ponds. Bars are
means+1 SE; P-values are
for sign rank tests using the
mean values for each pond
half (n=8 ponds)
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signi®cantly reduced by the addition of tadpoles
(P>0.05).

Despite strong evidence of predation on soft-bodied
benthic invertebrates, the absolute number of midges in
samples increased after tadpole addition. This presum-
ably re¯ects the fact that midges grew rapidly over the
course of the experiment (four-fold increase in average
body volume; Fig. 3) and were more likely to be trapped
in sieves when samples were processed. The mean body
size of midges did not di�er signi®cantly between
treatments on any of the sample dates (paired t-test;
P>0.36; Fig. 3), suggesting that midge size did not
strongly in¯uence tadpole predation rates. Mean midge
size in ®eld samples were much smaller than those in the
laboratory experiment, with the maximum average size
(day 14) approximating the small size class used in the
laboratory experiment.

Field evidence of egg predation by ranid tadpoles

We ®rst observed green frog tadpoles eating R. sylvatica
eggs shortly after the eggs were deposited. Within
2 weeks all egg masses had been consumed in Pond 1X
(43 masses contained an estimated 43,258 embryos) and
Pond 4X (15 masses containing an estimated 15,090
embryos). We did not capture any R. sylvatica hatch-
lings in can samples and did not observe R. sylvatica
tadpoles in these ponds during the remainder of the ®eld
season. These data and observations indicate cata-
strophic mortality from tadpole predation.

Estimates of tadpole densities in seven ponds shared
by R. clamitans and R. sylvatica indicate a strong inverse

relationship between green frog tadpole density and
survival of wood frog embryos to hatching (F1,6=23.17,
P=0.005, r2=0.82; Fig. 4). Our data and ®eld obser-
vations suggest that ponds with green frog densities that
exceed about 15 tadpoles m)2 act as population sinks
for R. sylvatica; beyond this density embryonic mortality
approximates 100%.

Discussion

Evidence of macrophagous predation
by generalized tadpoles

Our studies of ranid tadpoles demonstrate that gener-
alized tadpoles can function both as omnivorous, mic-
rophagous suspension feeders and opportunistic,
macrophagous predators. Our ®eld studies are the ®rst
to provide experimental evidence of tadpole predation
on benthic macroinvertebrates. R. sylvatica tadpoles
appear to be selective predators that favor soft-bodied
benthic invertebrates over nektonic forms or species
with protective cases or shells. When attacking prey, a
tadpole uses its ®nned tail to thrust forward before bit-
ing with the beak. Prey that are soft-bodied, relatively
sedentary, and that are resting on ®rm substrates that
allow tadpoles to e�ectively attack prey with their
thrusting beaks appear to be most vulnerable to
R. sylvatica predation. Harpacticoid copepods were
common in our samples and the decrease in copepods
following tadpole additions presumably re¯ects preda-
tion on these benthic forms. We suspect that tadpoles
also feed on the eggs and hatchlings of a variety of other
aquatic organisms such as odonates, snails, and caddis
¯ies that are relatively invulnerable during later stages of
development.

Our ®eld data suggest that egg predation may also
play a role in excluding wood frogs from habitats with
high densities of larger ranid tadpoles. R. clamitans
tadpoles can cause complete reproductive failure in
R. sylvatica when densities of overwintering tadpoles are

Fig. 3 Mean size of midge larvae for control and tadpole treatments.
Tadpoles were added to ponds immediately after samples were taken
on 28 April. Bars are means+1 SE and P-values are for paired t-tests
using the mean size of midges from each pond half

Fig. 4 Relationship between density of overwintering green frog
tadpoles and embryonic survivorship of the wood frog
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high. At the Tulula Wetlands, ponds with high densities
of R. clamitans tadpoles act as population sinks that
could in¯uence the metapopulation dynamics of
R. sylvatica. Although previous studies suggest that ®sh
and invertebrate predation may exclude R. sylvatica
from permanent ponds, our data indicate that tadpole
predation by large ranids may also function similarly.

Predation by generalized tadpoles on other amphib-
ians has been documented in eight families of anurans
from both temperate and tropical regions of the world
(Table 2). Although predation on embryos or hatchlings
is most common, tadpoles of certain species prey on
free-swimming tadpoles (e.g., Heyer et al. 1975; Kluge
1981; Peixoto and Gomes 1997) or metamorphosing
individuals that are attempting to leave ponds (Wright
1931; Crump 1986, 1992). Both con- and heterospeci®c
predation are well documented.

Invertebrates such as copepods, ostracods, cladocer-
ans, rotifers, mosquito larvae, midge larvae, and other
insects have been found in the guts of a taxonomically
diverse array of anuran tadpoles (Table 2). These could
re¯ect either scavenging or predation, and dietary
studies alone cannot conclusively demonstrate preda-
tion. Our laboratory studies show that R. sylvatica
tadpoles can easily kill and consume relatively large prey
such as chironomids and oligochaetes, and observations
by others have documented tadpoles preying on aquatic
organisms such as insect larvae and crustaceans (e.g.,
Mulaik 1937; Blaustein and Margalit 1996). Thus, we
assume that invertebrates found in tadpole guts fre-
quently re¯ect predation rather than scavenging.

Protein and other high quality food resources such as
lipids are often limiting in plant material commonly
consumed by tadpoles and the inclusion of concentrated
protein and lipid sources in the diet from animal matter
can accelerate growth and development and increase size
at metamorphosis (Nathan and James 1972; Steinwasc-
her and Travis 1983; Pandian and Marian 1985; Crump
1992; Kupferberg 1997). Because generalized tadpoles
have corni®ed beaks that are capable of piecing animal
tissues, we see no design constraints that would limit
tadpoles to herbivory or omnivorous microphagy. Se-
lection should generally favor opportunistic predation,
particularly on anuran embryos and hatchlings that may
represent future competitors for scarce food resources.

The realization that generalized tadpoles often func-
tion as macrophagous predators requires a reexamina-
tion of the ecological and evolutionary roles of tadpoles
in aquatic systems. We discuss two of the most relevant
issues in the next sections.

Species interactions, food web links,
and community organization

Generalized tadpoles frequently have been used by
community ecologists to examine species interactions
and rules of community assembly. Studies primarily
have been conducted in ®eld enclosures or seminatural

outdoor tanks and run as black box experiments (Wil-
bur 1984; Hairston 1989; Gurevitch et al. 1992). The
implicit assumptions in almost all of these studies are
that tadpoles function as omnivorous grazers or sus-
pension feeders, occupy lower trophic levels in experi-
mental communities, and primarily interact either
through exploitative competition for food resources
(e.g., Morin 1983; Wilbur 1987) or interference mecha-
nisms involving the transmission of growth inhibiting
microorganisms (e.g., Gri�ths et al. 1991). If these basic
assumptions are false, then interactions that can occur
among community members through both direct and
indirect pathways are far more intricate and the causal
mechanisms for experimental results are less certain.

Wilbur and Alford (1985) and Morin (1983) are two
examples of many studies where tadpoles may have
played duel roles as omnivorous ®lter-feeders and mac-
rophagous predators. These studies examined tadpole
interactions in seminatural communities established in
metal tanks. In the former study, hatchling gray tree-
frogs (Hyla chrysoscelis) that were added to tanks con-
taining larger tadpoles of the southern leopard frog
(Rana sphenocephala) had signi®cantly lower premeta-
morphic survival than controls without Rana. Wilbur
and Alford (1985) attributed the low survival of H.
chrysoscelis to priority e�ects related to competition for
food. Because tadpoles of R. sphenocephala are known
egg predators (Seale 1980) and can likely prey on
hatchling tadpoles as well, we suggest that predation of
Rana on hatchlingHylamay have contributed to the low
survival of Hyla.

In the second example, Morin (1983) studied com-
petitive interactions in tadpole communities by added
hatchlings of six species to experimental tanks in ac-
cordance with the natural breeding phenology of the
species. When predators were absent Scaphiopus hol-
brooki tended to dominate the assemblage, while Hyla
gratiosa and Pseudacris crucifer had very low survival to
metamorphosis. Morin logically attributed these pat-
terns to superior competitive ability of S. holbrooki for
limited food resources. However, two of the community
members (S. holbrooki; R. sphenocephala) are known
anuran predators. Because tadpoles of S. holbrooki are
capable of preying on eggs, tadpoles, and even large,
metamorphosing conspeci®cs (Wright 1931; Ball 1936;
Richmond 1947), this species may have preyed on
P. crucifer ± a relatively immobile species that would be
vulnerable to attack. We also cannot rule out predation
by large R. sphenocephala tadpoles on H. gratiosa
hatchlings. Thus, both resource competition and pre-
dation by tadpoles may have in¯uenced community as-
sembly. Our use of these examples is not intended to
criticize the conclusions of these authors, but to en-
courage future researchers to more fully consider the
potential signi®cance of macrophagy by generalized
tadpoles when designing experiments and interpreting
results.

Interestingly, Woodward (1982b) is the only re-
searcher who has considered tadpole predation in
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Table 2 Examples of macrophagy by generalized tadpoles. Scien-
ti®c names are given for all predators and prey that are amphibians
(codes: EGG eggs, HA hatchlings, TAD free-swimming tadpoles,
INV invertebrates, CON conspeci®cs). Codes for conditions re¯ect
the experimental setting or data set that conclusions were derived

from (G analyses of gut contents, L laboratory observations or
experiments, S seminatural experiments, N observations in natural
habitats). Data for Spea are for instances where predation appears
to be due primarily to noncannibalistic morphs

Predator taxa Prey type Prey taxa Conditions Source

Bufonidae
Bufo arenarum EGG CON N Crump 1992
B. bufo INV Arthropods G Diaz-Paniagua 1989
B. bufo EGG B. calamita N, S Banks and Beebee 1987
B. calamita INV Rotifers G Diaz-Paniagua 1985
B. calamita EGG CON N, S Banks and Beebee 1987
B. viridis INV Mosquitoes S Blaustein and Margalit 1996

Dendrobatidae
Dendrobates auratus TAD D. auratus N Duellman and Trueb 1986;

Crump 1992

Discoglossidae
Discoglossus pictus INV Arthropods G Diaz-Paniagua 1985

Hylidae
Hyla geographica EGG CON; Osteocephalus spp. L Magnusson and Hero 1991
H. granosa EGG H. geographica L Magnusson and Hero 1991
H. meridionalis INV Rotifers; arthropods G Diaz-Paniagua 1985
H. minuta TAD CON; Physalaemus sp. L Peixoto and Gomes 1997
H. pseudopuma EGG; HA CON L, N Crump 1983
H. rosenbergi EGG; TAD CON N Kluge 1981
Litoria alboguttata EGG: HA Bufo marinus L Crossland and Alford 1998
L. bicolor EGG B. marinus L Crossland and Alford 1998
L. infrafrenata EGG: HA B. marinus L Crossland and Alford 1998
L. nigrofrenata EGG B. marinus L Crossland and Alford 1998
L. rubella EGG B. marinus L Crossland and Alford 1998
Osteocephalus taurinus EGG Hyla; Osteocephalus spp. L, N Magnusson and Hero 1991
Osteopilus septentrionalis TAD CON L Crump 1986
Phyllomedusa bicolor EGG H. geographica L Magnusson and Hero 1991
P. vaillanti EGG H. geographica L Magnusson and Hero 1991

Leptodactylidae
Leptodactylus knudseni EGG CON; other anurans N Hero and Galatti 1990
L. knudseni EGG Hyla; Osteocephalus spp. L, N Magnusson and Hero 1991
L. pentadactylus INV; HA B. marinus; H. rosenbergi;

Physalaemus pustulosus;
Smilisca phaeota; mosquitoes

L Heyer et al. 1975

L. pentadactylus EGG; TAD H. rosenbergi L, N Kluge 1981
L. rhodomystax EGG H. geographica L Magnusson and Hero 1991
Physalaemus pustulosus EGG; TAD H. rosenbergi N Kluge 1981
Pleurodema nebulosa TAD CON N Cei 1979

Myobatrachidae
Lechriodus ¯etcheri INV; TAD Mosquitoes S Pimm and Kitching 1987
L. ¯etcheri TAD CON L Martin 1967
Limnodynastes ornatus EGG; HA Bufo marinus L Crossland and Alford 1998

Pelobatidae
Pelobates cultripes INV Ostracods; arthropods; rotifers G Busack and Zug 1976
P. cultripes INV Arthropods; rotifers G Diaz-Paniagua 1985
P. cultripes EGG B. calamita L, N Tejedo 1991
Scaphiopus holbrooki INV; EGG Ostracods; CON G, N Richmond 1947
S. holbrooki TAD CON N Ball 1936
S. holbrooki TAD CON L Wright 1931
S. hurteri TAD CON L Bragg 1964
Spea bombifrons TAD Scaphiopus couchi L, N Bragg 1964
S. bombifrons TAD CON L Bragg 1964
S. bombifrons TAD Bufo cognatus N Bragg 1940
S. multiplicata INV Anostracan shrimp L Pfennig 1990
S. multiplicata TAD Rana pipiens S Woodward 1982b

Pelodytidae
Pelodytes punctatus EGG B. calamita L, N Tejedo 1991
P. punctatus INV Arthropods G Diaz-Panagua 1989

627



studies of experimental tadpole communities. He con-
cluded that tadpoles of Spea multiplicatus ate all R.
pipiens within 2±3 days after 7-day-old Rana tadpoles
were added to ®eld enclosures. Although some canni-
balistic Spea morphs likely occurred at low frequencies
in these experimental populations, the catastrophic
mortality of tadpoles that occurred within 2±3 days of
Rana addition strongly suggests that noncannibalistic
morphs with generalized morphology were the major
source of mortality.

Experimental ecologists have made little progress in
understanding how opportunistic predation by general-
ized tadpoles a�ects community structure in natural
systems. Experimental studies of the wood frog
(R. sylvatica) in the southern Appalachians provide the
most compelling evidence that macrophagous tadpoles
can potentially function as keystone predators in orga-
nizing pond communities. Wood frog tadpoles are both
suspension feeders and opportunistic predators. Like
many species that inhabit ephemeral ponds, the tadpoles
often reach high densities, have high activity levels, and
form large feeding aggregates (Wassersug 1973). Wood
frog tadpoles cannibalize the eggs of late breeders (Pet-
ranka and Thomas 1995) and will readily consume the
eggs of American toads (Bufo americanus), gray tree-
frogs (Hyla chrysoscelis), and other anurans that
cooccur locally (Petranka et al. 1994). The tadpoles are
major predators on spotted salamander (Ambystoma
maculatum) embryos, and in some cases may nearly
eliminate this top predator from vernal ponds (Petranka
et al. 1998). As demonstrated here, the tadpoles also
prey upon soft-bodied benthic invertebrates. These
documented food web links- coupled with the potential
for wood frog tadpoles to compete with other anurans as
suspension feeders- re¯ect the complex ecological roles
that macrophagous tadpoles can potentially have in
organizing pond communities both through top-down
and bottom-up e�ects. Wood frog tadpoles, for
example, could adversely a�ect spotted salamanders by
consuming embryos, by competing directly for inverte-

brate prey such as chironomid larvae, or by reducing
zooplankton levels by ®lter-feeding on phytoplankton.
Our data suggest that wood frog tadpoles function both
as keystone predators and microphagous suspension
feeders in small ephemeral ponds in the southern
Appalachians.

Freshwater habitat gradients revisited

Seasonal hydroperiod a�ects both alpha and beta
diversity in freshwater ponds. Changes in biotic and
abiotic parameters along the gradient from highly
ephemeral to permanent ponds play a key role in shaping
organismal behaviors and life history traits, limiting the
adaptive responses of aquatic organisms, and restricting
the distribution of species and communities to a subset
of the gradient (e.g., Heyer et al. 1975; Woodward 1983;
Kats et al. 1988; Semlitsch 1988; Skelly 1995, 1997;
Smith and Van Buskirk 1995; Hecnar and M'Closkey
1996; Wellborn et al. 1996). Seasonally ephemeral ponds
have been portrayed as having few or no predators,
while semipermanent and permanent ponds have high
loads of predatory insects and ®shes, respectively, which
can limit species distributions along the gradient (Well-
born et al. 1996; Skelly 1997). The tradeo�s between
selection for rapid growth and development rates versus
antipredator behaviors is viewed as a critical driving
force that shapes life history traits and behaviors and
organizes communities along the gradient.

The view that ephemeral ponds have few or no pre-
dators is based on the assumption that generalized tad-
poles are not macrophagous predators. In reality,
ephemeral ponds may pose extreme predation risk to
certain occupants because high tadpole densities, intense
competition for food resources, time constraints associ-
ated with living in temporary habitats, and the low
nutritional value of plant matter favor opportunistic
predation by tadpoles. Thus, it is not surprising that
most species that are egg predators (Table 2), cannibals

Table 2 (Contd. )

Predator taxa Prey type Prey taxa Conditions Source

Ranidae
Hoplobatrachus occipitalis TAD CON N Boll et al. 1998
Pyxicephalus adspersus TAD CON N Grobler 1972
Rana catesbeiana EGG;HA R. blairi L Ehrlich 1979
R. clamitans EGG R. sylvatica N This study
R. perezi INV Arthropods G Diaz-Paniagua 1985
R. sylvatica EGG; HA Bufo americanus N, S Petranka et al. 1994
R. sylvatica EGG; HA CON L, N Petranka and Thomas 1995
R. sylvatica EGG Ambystoma maculatum N, S Petranka et al. 1998
R. sylvatica INV Chironomids; oligochaetes; copepods L; N This study
R. temporaria EGG Bufo calamita N, S Banks and Beebee 1987
R. temporaria EGG B. calamita; Bombina variegata;

Hyla arborea
S Heusser 1970

R. temporaria INV Insects, cladocerans G Savage 1961
R. tigrina TAD CON L McCann 1932
R. sphenocephala EGG R. pipiens/R. blairi N Seale 1980
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(Crump 1983, 1992; Pfennig 1990; Pfennig et al. 1993),
specialized carnivores (Blair 1976; Ruibal and Thomas
1988), or that have been found to have relatively high
occurrences of macroinvertebrates in their guts (Table 2)
inhabit temporary ponds.

We believe that a less stereotypic view of the rela-
tionship between predation risk and pond permanence
will lead to a more comprehensive understanding of
community organization along hydrological gradients.
Much depends on local conditions and species-speci®c
interactions, and the rules of assembly may not be as
straightforward as we once thought. At the Tulula Wet-
lands, for example, American toads almost never oviposit
in ephemeral ponds with high densities of wood frog
tadpoles. These are high-risk sites where egg and hatch-
ling predation is usually catastrophic (Petranka et al.
1994). Adult toads actively avoid sites with wood frog
tadpoles and typically use either road side puddles that
are not used as breeding sites by R. sylvatica, or semi-
permanent ponds where green frog tadpoles eliminate
wood frogs via egg predation. With respect to American
toads, semipermanent ponds usually o�er less risk than
ephemeral ponds with R. sylvatica ± the reverse of that
typically portrayed for freshwater hydrological gradients.
The same may apply for a variety of aquatic organisms
that are vulnerable to tadpole predation. Woodward
(1982b), for example, concluded that R. pipiens is re-
stricted to more permanent ponds because of tadpole
predation by ephemeral pond tadpoles. Similarly, Blau-
stein andMargalit (1996) found thatmosquito larvaemay
su�er heavy predation from tadpoles that hatch in small
pools prior to their arrival of ovipositing mosquitoes.

We view spatiotemporal patterns along hydrological
gradients as being complex, dynamic, and often unpre-
dictable. For a given species such as the American toad
or a midge, predator gradients may reverse from year to
year depending on predator population dynamics and
breeding success. We see the landscape as an ever
changing mosaic where predation risk varies in complex
spatial and temporal patterns, particularly in ®sh-free
ponds. Generalized tadpoles that function as opportu-
nistic predators are an important part of the predation
risk landscape, and the boom-and-bust reproductive
patterns and local extinction events that characterize
many anuran species (Hecnar and M'Closkey 1996;
Semlitsch et al. 1996) contribute much to spatiotempo-
ral variability in predation risk. This unpredictability
may explain in part why many aquatic organisms with
biphasic life cycles assess predation risk and choose
oviposition sites opportunistically (Resetarits and Wil-
bur 1989; Petranka and Fakhoury 1991; Petranka et al.
1994), and why aquatic forms often show strong be-
havioral ¯exibility with respect to predator avoidance.
Although the traditional predator gradient model clearly
is helpful in explaining many patterns along hydrologi-
cal gradients (e.g., Skelly 1995, 1997; Smith and Van
Buskirk 1995; Wellborn et al. 1996), it also obscures the
complexity of predator-prey interactions by treating
tadpoles as microphagous omnivores and by ignoring

the high predation risk associated with predatory tad-
poles that inhabit temporary ponds.

Although herpetologists and amphibian biologists
have long been aware of dietary specializations and
macrophagy by tadpoles, too many members of the
scienti®c community who fall outside this realm have
stereotypic views of tadpoles as being ``herbivores'' or
strict microphagous suspension feeders. Clearly, the time
has arrived for a more realistic view of the functional
roles of generalized tadpoles in aquatic systems. Tad-
poles show much diversity in feeding niches, and future
studies likely will reveal that many generalized species
play duel roles as both microphagous suspension feeders
and macrophagous predators. We encourage researchers
to reconsider the long-held notion that tadpoles are
``herbivores'' and to reevaluate the mechanisms by
which generalized tadpoles organize communities, drive
life history evolution, and generate patterns of biodi-
versity across the landscape.

Acknowledgements We thank C. Byron, B. Jenkins, R. Shaw, and
A. Vitale for ®eld assistance. Support for this work was provided
by The Center for Transportation and the Environment, North
Carolina Department of Transportation, and The Institute for
Transportation Research and Education, North Carolina State
University.

References

Altig R, Johnston GF (1989) Guilds of anuran larvae: relationships
among developmental modes, morphologies, and habits. Her-
petol Monogr 3:81±109

Ball SC (1936) The distribution and behavior of the spadefoot toad
in Connecticut. Trans Conn Acad Arts Sci 32:351±379

Banks B, Beebee TJC (1987) Spawn predation and larval growth
inhibition as mechanisms for niche separation in anurans.
Oecologia 72:569±573

Biesterfeldt JM, Petranka JW, Sherbondy S (1993) Prevalence of
chemical interference competition in natural populations of
wood frogs, Rana sylvatica. Copeia 1993:688±695

Blair WF (1976) Adaptation of anurans to equivalent desert shrub
of North and South America. In: Goodall DW (ed) Evolution
of desert biota. Texas Press, Austin, pp 197±222

Blaustein L, Margalit J (1996) Priority e�ects in temporary pools:
nature and outcome of mosquito larva-toad tadpole interac-
tions depend on order of entrance. J Anim Ecol 65:77±84

Boll S, Spieler M, Linsenmair KE (1998) Adaptations of amphib-
ians to unpredictable and extreme conditions. Scienti®c Report
1.1, Biozentrum, University of Wurzburg (http://www.bio-
zentrum.uni-wuerzburg.de/bericht/zoo3/engber.htm#1.1)

Bragg AN (1940) Observations on the ecology and natural history
of Anura. I. Habits, habitat and breeding of Bufo cognatus Say.
Am Nat 74:424±438

Bragg AN (1964) Further study of predation and cannibalism in
spadefoot tadpoles. Herpetologica 20:17±24

Busack SD, Zug GR (1976) Observations on the tadpoles of Pelo-
bates cultripes from southern Spain. Herpetologica 32:130±137

Calef GW (1973) Natural mortality of tadpoles in a population of
Rana aurora. Ecology 54:741±758

Cei JM (1979) Albinismo e canibalismo en larvas de Pleurodema
nebulosa de la region precordillerana de la provincia de San
Juan, Argentina (Anura, Leptodactylidae). Publ Oc Inst Biol
Anim Univ Nac Cuyo. 11:1±3

Crossland MR, Alford RA (1998) Evaluation of the toxicity
of eggs, hatchlings and tadpoles of the introduced toad

629



Bufo marinus (Anura: Bufonidae) to native Australian aquatic
predators. Aust J Ecol 23:129±137

Crump ML (1983) Opportunistic cannibalism by amphibian larvae
in temporary aquatic environments. Am Nat 121:281±287

Crump ML (1986) Cannibalism by younger tadpoles: another
hazard of metamorphosis. Copeia 1986:1007±1009

Crump ML (1992) Cannibalism in amphibians. In: Elgar MA,
Crespi BJ (eds) Cannibalism: ecology and evolution among
diverse taxa. Oxford University Press, New York, pp 256±276

Diaz-Paniagua C (1985) Larval diets related to morphological
characters of ®ve anuran species in the biological reserve of
Donana (Huelva, Spain). Amph-Rept 6:307±322

Diaz-PaniaguaC (1989)Larval diets of twoanuran species,Pelodytes
punctatus and Bufo bufo, in SW Spain. Amph-Rept 10:71±75

Duellman WE, Trueb L (1986) Biology of amphibians. McGraw-
Hill, New York

Ehrlich D (1979) Predation by bullfrog tadpoles (Rana catesbeiana)
on eggs and newly hatched larvae of the plains leopard frog
(Rana blairi). Bull Md Herpetol Soc 15:25±26

GosnerKL (1960)A simpli®ed table for staging anuran embryos and
larvae with notes on identi®cation. Herpetologica 16:183±190

Gri�ths RA, Edgar PW, Wong AL-C (1991) Interspeci®c compe-
tition in tadpoles: growth inhibition and growth retrieval in
natterjack toads, Bufo calamita. J Anim Ecol 60:1065±1076

Grobler JH (1972) Observations on the amphibian Pyxicephalus
adspersus Tschudi in Rhodesia. Arnoldia (Rhodesia) Misc Publ
6:1±4

Gurevitch JL, Morrow L, Wallace A, Walsh JS (1992) A meta-
analysis of competition in ®eld experiments. Am Nat 140:539±
572

Hairston NG Sr (1989) Ecological experiments: purpose, design,
and execution. Cambridge University Press, Cambridge

Hecnar SJ, M'Closkey RT (1996) Spatial scale and determination
of species status of the green frog. Conserv Biol 11:670±682

Hero J-M, Galatti U (1990) Characteristics distinguishing
Leptodactylus pentadactylus and Leptodactylus knudseni in the
Central Amazonian Rainforest. J Herpetol 24:227±228

Heusser H (1970) Spawn eating by tadpoles as possible cause of
speci®c biotype preferences and short breeding times in Euro-
pean anurans (Amphibia: Anura). Oecologia 4:83±88

Heyer WR, McDiarmid RW, Weigmann DL (1975) Tadpoles, pre-
dation, and pond habitats in the tropics. Biotropica 7:100±111

Hopey ME, Petranka JW (1994) Restriction of wood frogs to ®sh-
free habitats: how important is adult choice versus direct pre-
dation? Copeia 1994:1023±1025

Kats LB, Petranka JW, Sih A (1988) Antipredator defenses and the
persistence of amphibian larvae with ®shes. Ecology 69:1865±
1870

Kluge AG (1981) The life history, social organization, and parental
behavior of Hyla rosenbergi Boulenger, a nest-building gladia-
tor frog. Misc Publ Mus Zool Univ Mich 160:1±170

Kupferberg SJ (1997) The role of larval diet in anuran metamor-
phosis. Am Zool 37:146±159

Lannoo MJ, Townsend DS, Wassersug RJ (1987) Larval life in the
leaves: arboreal tadpole types, with special attention to the
morphology, ecology, and behavior of the oophagous Osteo-
pilus brunneus (Hylidae) larva. Field Zool NS 38:1±31

Magnusson WE, Hero J (1991) Predation and the evolution of
complex oviposition behaviour in Amazon rainforest frogs.
Oecologia 86:310±318

Martin AA (1967) The biology of tadpoles. Aust Nat Hist 15:
326±30

McCann C (1932) Notes on Indian batrachians. J Bombay Nat
Hist Soc 36:152±180

Morin PJ (1983) Predation, competition, and the composition of
larval anuran guilds. Ecol Monogr 53:119±138

Mulaik S (1937) Notes on Leptodactylus labialis (Cope). Copeia
1937:72±73

Nathan JM, James VG (1972) The role of protozoa in the nutrition
of tadpoles. Copeia 1972:669±679

Orton GL (1953) The systematics of vertebrate larvae. Syst Zool
2:63±75

Pandian TJ, Marian MP (1985) Predicting anuran metamorphosis
and energetics. Physiol Zool 58:538±552

Peixoto OL, Gomes MDR (1997) Hyla minuta (NCN). Tadpole
behavior. Herpetol Rev 28:146±147

Petranka JW, Fakhoury K (1991) Evidence of chemically-mediated
avoidance response of ovipositing insects to bluegills and green
frog tadpoles. Copeia 1991:234±239

Petranka JW, Thomas DAG (1995) Explosive breeding reduces egg
and tadpole cannibalism in the wood frog, Rana sylvatica.
Anim Behav 50:731±739

Petranka JW, Hopey ME, Jennings BT, Baird SD, Boone J (1994)
Breeding habitat segregation of wood frogs and American
toads: the role of interspeci®c tadpole predation and adult
choice. Copeia 1994:691±697

Petranka JW, Rushlow AW, Hopey ME (1998) Predation by tad-
poles of Rana sylvatica on embryos of Ambystoma maculatum:
implications of ecological role reversals by Rana (predator) and
Ambystoma (prey). Herpetologica 54:1±13

Pfennig D (1990) The adaptive signi®cance of an environmentally-
cued developmental switch in an anuran tadpole. Oecologia
85:101±107

Pfennig D, Reeve HK, Sherman PW (1993) Kin recognition and
cannibalism in spadefoot toad tadpoles. Anim Behav 46:87±94

Pimm SL, Kitching RL (1987) The determinates of food chain
lengths. Oikos 50:302±307

Resetarits WJ Jr, Bernardo J (1998) Experimental ecology: issues
and perspectives. Oxford University Press, Oxford

Resetarits WJ Jr, Wilbur HM (1989) Choice of oviposition site by
Hyla chrysoscelis: role of predators and competitors. Ecology
70:220±228

Richmond ND (1947) Life history of Scaphiopus holbrookii hol-
brookii (Harlan). Part I. larval development and behavior.
Ecology 28:53±67

Ruibal R, Thomas E (1988) The obligate carnivorous larvae of the
frog, Lepidobatrachus laevis (Leptodactylidae). Copeia
1988:591±604

SAS Institute (1989) SAS user's guide, 4th edn. SAS Institute Cary
NC USA

Savage RM (1952) Ecological, physiological and anatomical ob-
servations on some species of anurans. Proc Zool Soc Lond
122:467±514

Savage RM (1961) The ecology and life history of the common
frog. Isaac Pitman, London

Seale DB (1980) In¯uence of amphibian larvae on primary pro-
duction, nutrient ¯ux, and competition in a pond ecosystem.
Ecology 61:1531±1550

Seale DB, Beckvar N (1980) The comparative ability of anuran
larvae (genera Hyla, Bufo, and Rana) to ingest suspended blue
green algae. Copeia 1980:495±503

Semlitsch RD (1988) Allotopic distribution of two salamanders:
E�ects of ®sh predation and competitive interactions. Copeia
1988:290±298

Semlitsch RD, Scott DE, Pechmann JHK, Gibbons JW (1996)
Structure and dynamics of an amphibian community: evidence
from a 16-year study of a natural pond. In: Cody ML, Small-
wood J (eds) Long-term studies of vertebrate communities.
Academic Press, San Diego, pp 217±248

Skelly DK (1995) A behavioural trade-o� and its consequences for
the distribution of Pseudacris treefrog larvae. Ecology 76:150±
164

Skelly DK (1997) Tadpole communities. Am Sci 85:36±45
Smith DC, Van Buskirk J (1995) Phenotypic design, plasticity, and

ecological performance in two tadpole species. Am Nat
145:211±233

Stebbins RC, Cohen NW (1995) A natural history of amphibians.
Princeton University Press, Princeton

Steinwascher K, Travis J (1983) In¯uence of food quality and
quantity on early larval growth of two anurans. Copeia
1983:238±242

Tejedo M (1991) E�ect of predation by two species of sympatric
tadpoles on embryo survival in natterjack toads (Bufo
calamita). Herpetologica 47:322±327

630



Wassersug RJ (1973) Aspects of social behavior in anuran larvae.
In: Vial JL (ed) Evolutionary biology of the anurans. University
of Missouri Press, Columbia, pp 273±297

Wassersug RJ (1975) The adaptive signi®cance of the tadpole stage
with comments on the maintenance of complex life cycles. Am
Zool 15:405±417

Wassersug RJ (1980) Internal oral features of larvae from eight
anuran families: functional, systematic, evolutionary and eco-
logical considerations. Misc Publ Mus Natl Hist Univ Kansas
68:1±146

Wellborn GA, Skelly DK, Werner EE (1996) Mechanisms creating
community structure across a freshwater habitat gradient.
Annu Rev Ecol Syst 27:337±363

Werner EE, McPeek MA (1994) Direct and indirect e�ects of
predators on two anuran species along an environmental gra-
dient. Ecology 75:1368±1382

Wilbur HM (1984) Complex life cycles and community organiza-
tion in amphibians. In: Price PW, Slobodchiko� CN, Gaed WS

(eds) A new ecology: novel approaches to interactive systems.
Wiley, New York, pp 195±224

Wilbur HM (1987) Regulation of structure in complex systems:
experimental temporary pond communities. Ecology 68:1437±
52

Wilbur HM, Alford RA (1985) Priority e�ects in experimental
pond communities: Responses of Hyla to Bufo and Rana.
Ecology 66:1106±1114

Woodward BD (1982a) Tadpole interactions in the Chihuahuan
Desert at two experimental densities. Southwest Nat 27:119±
121

Woodward BD (1982b) Tadpole competition in a desert anuran
community. Oecologia 54:96±100

Woodward BD (1983) Predator-prey interactions and breeding-
pond use of temporary-pond species in a desert anuran com-
munity. Ecology 64:1549±1555

Wright AH (1931) Life-histories of the frogs of Oke®nokee Swamp.
Macmillan, New York

631


