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ABSTRACT

Tadpoles involved in predator-prey interactions were studied in tropical wet forest in Costa Rica under laboratory and
field conditions. Larvae of the frog Leptodactylus pentadactylus and naiads of the odonate Pawmtala flavescens are im-
portant predators on larvae of several species of frogs. The predators discriminate the prey on the basis of size
and species, but not type of habitat in which predation occurs. A graphical model is proposed to illustrate the rela-
tionships between species diversity and habitat complexity as they affect the composition of tadpole communities. The
model is used to evaluate the relative importance of abiotic and biotic factors in determining the use of specific kinds
of aquatic habitats by frogs with larval stages. Predation by permanent aquatic predators (primarily fish) is con-
sidered to be the most important biotic factor influencing the temporal and spatial composition of tadpole communi-

ties. The development and maintenance of predatory feeding modes, including cannibalism, in certain tadpoles is ex-

amined in light of the model.

MoST TADPOLES are generalized herbivores (Jenssen
1967) that either scrape plant material from a sub-
strate or filter planktonic food directly from the
water, Only a few species are known to be carnivor-
ous although some instances of cannibalism among
tadpoles have been reported (Bragg 1964). We
were surprised, thetefore, to find a well-developed
predator-prey system in which tadpoles of one spe-
cies were carnivores on other tadpoles. This finding
was unusual not only because documented instances
of tadpoles feeding on other tadpoles are relatively
rare, but also because the carnivorous tadpoles were
found in relatively small puddles.

The predator-ptey interactions studied occur in
small rain-filled tropical puddles characteristically
utilized by opportunistic breeders. Experiments were
run to study the relative ability of predators to cap-
ture prey and their preference for certain prey spe-
cies, to ascertain the influence of microbabitat on
predator-prey -interactions, and to evaluate the influ-
ence of prey size on their ability to escape predation.

Results of these experiments led to a considera-
tion of tadpole habitats and to those factors control-
ling the diversity of tadpole communities. A model
is used to illustrate the relationship between pond
complexity and. predation as they affect the species
composition of a tadpole community. The predatory
feeding mode of tadpoles is considered in light of
this model.

METHODS AND MATERIALS

Observations and experiments wete made during two
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weeks in June 1973 (WRH and RWM) and two
weeks in August 1973 (DLW and RWM) in the vi-
cinity of the Osa Field Station, Rincén de Osa, Pun-
tarenas Province, Costa Rica. The station is surrounded
by the remnants of the lowland wet forests that once
covered much of the Golfo Dulce region. This area
receives more than 4000 mm of rain each year and
is the only remaining large tract of wet forest on the
Pacific coast of Middle America. Most of the work
was done in the immediate vicinity of the airfield
at Rincdn, an area of disturbed second-growth vege-
tation surrounded by relatively undisturbed wet
forest.

Our studies were conducted during the rainy sea-
son when most of the anuran species known from
the area were breeding. Breeding sites used by the
varjous species included very small (less than 1 m
diam.) puddles, usually in disturbed areas; small
temporary ponds (less than 20 m diam. and 1 m
deep); seepage areas along roads; and some sizable
(more than 20 m diam. and 1 m deep), more per-
sistent ponds. Larvae of the following species were
commonly found in the smallest ponds: Physalaemus
pustulosus, Leptodactylus poecilochilus, Leprodactylus
pentadactylus, and Smilisca phacota. Bufo marinus
sometimes used these temporary ponds but usually
bred in mote permanent sites.” Hyla rosenbergi
called from concealed sites near the puddles but only
bred in small mud depressions near seepage areas
along roads or near small temporary ponds. Most
of the other 37 frog species at Rincén bred in large
aquatic sites (permanent ponds, rivers, streams, etc.)



or had some form of terrestrial development.

Observations were made in the field and labora-
tory, but all experiments conducted at the field sta-
tion used freshly caught material. The two major
tadpole predators used were larvae of Leptodactylus
pentadactylus and naiads of the odonate Pantala
flavescens (Libellulidae). Both predator and prey
tadpoles and naiads were kept by species in holding
trays of plastic bags before each experiment. At the
conclusion of the experiments, the predators and the
remaining prey were preserved. Later these were
staged (Gosner 1960) and measured in the labora-
tory. All measurements, unless otherwise specified,
are in millimeters.

EXPERIMENTAL DESIGN
AND RESULTS

CAPTURE ABILITY AND PREFERENCE: The first ex-
periment was designed to test the effectiveness of
the predatory tadpole Leptodactylus pentadactylus
in capturing larvae of two common co-inhabitants
of temporaty ponds, and its preference for one spe-

cies over the other, although the experimental design.

did not specifically test this aspect. Larvae of Bafo
marinus and Physalaemus pustulosus were used as
prey. Experiments were run in three plastic trays
(19 x 12 x 7 cm) filled with clear water 2.5 cm
deep. 'The fitst run on 14 June used three experi-
mental units including 12 hatchling Bufo, 6 hatchling
Bufo and 6 small Physalaemus, and 12 small Phy-
salaemus, respectively. A single L. pentadactylus larva
was added to each tray and maintained in it for two
hours. The experiments were repeated at the same
time on 18 and 19 of June so that each individual
predator was exposed to all three prey conditions.
Sizes of predators and prey and results are listed in
table 1. Comparison of the numbers of prey indi-
viduals of Bufo marinus and Physalaemus pustulosus
captured by L. pentadactylus in the conwiners of
pure prey species indicated that significantly (P=

0.05) more Bxfo were eaten than Physalaemus. In
the containers where both prey wete offered, again
significantly more individuals of Bzfo were eaten.
It is possible that the statistical differences relating
to numbers of each type of prey eaten reflect their
differential success at avoiding predation rather than
predator choice or preference, or perhaps a combina-
tion of both. Unequivocably, however, it is bio-
logically significant that the predator ate both types
of prey (see discussion).

HABITAT: A second series of experiments, designed-
to determine the effect of habitat on feeding ef:
ficiency, were run using tadpoles of L. pentadactylns
as the predator and Bufo marinus, Smilisca phaeota,
Physalaemus pustulosus, and Hyla rosenbergi as prey.
Four of the same type of trays used in the previous
experiment were filled to a depth of 5 cm with
clear water, turbid water, clear water over a rocky
bottom, or clear water over leafy substrate, respec-
tively, conditions matching the natural habitats used
by the larvae. The rocks wete sufficiently large
and the leaves sufficiently loose so that both preda-
tors and prey could hide. Twelve prey of one spe-

- cies and three predators were added to each habitat

tray. Each experiment was run for one hour and re-
peated on three successive days so that each set of
predators was exposed to each habitat type.  The
sizes of the predators and prey, summary of experi-
mental results, and results of an analysis of variance
for a three-way factorial experiment are presented in
table 2. The groups of predators did not vary in
their feeding efficiency from day to day. The type
of habitat was not significant with respect to the
number of prey consumed by the predatois. There
were no significant prey by day interactions or day
by habitat interactions.

Two results were statistically significant. First,
the predators ate more of some prey species than
others. The mean numbers of each prey eaten were:

TABLE 1. Predator capture ability and preference experiments®

B. marinus P. pustulosus
Single-species trays 15 of 36 6 of 36 x2 = 3.90°
Mixed-species trays 14 of 18 5 of 18 x2 = 4.32°
Maximum Beak
Stage Body length Total length width width
Predator—L. pentadactylus 36-39 13.4-16.8 50.0-61.1 1.7-2.0
Prey —B. marinus 20-26 2.4- 5.0 47-11.1 1.5-3.5
Prey —P. pustulosus 24-26 2.1- 4.1 5.9- 9.9 1.5-2.7
a Specimen daca (measurements in millimeters) .
b 0.05 level of significance.
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TABLE 2. Habitat experiments showing total prey conswmed over four days by fowr sets of predatory Leptodactylus

pentadactylus.
Total Habitat

Stage Length Clear Turbid Rocks Leaves
Expt. A.
Predator L. pentadactylus 33-36 42.0-53.5
Prey Bufo marinus 26-27 7.9-11.9 28 38 40 40
Expt. B.
Predator L. pentadactylus 31-36 40.7-51.8
Prey Physalaemus pustulosus 25-27 7.9-11.9 16 18 19 25
Expt. C.
Predator L. pentadactylus 34-36 43.0-47.0
Prey Smilisca phacota 25 8.0-10.5 16 10 20 13
Expt. D.
Predator L. pentadactylus 32.34 44.0-49.0
Prey Hyla rosenbergi 22-25 7.5-12.0 27 29 19 26

Analysis of variance
Source DF MS F Value
Prey 3 87.87 18.85*
Day 3 229 049
Habitat 3 3.12 0.67
Prey by day interaction 9 15.78 3.38°
Prey by habitat interaction 9 605 130
Day by habitat interaction 9 7.30 1.57
Error 27 4.66

F (3,27, 5%) = 2.96, F (3, 27, 1%) = 4.60, F (9, 27,

5%) = 2.25, F (9, 27, 1%) = 3.15

2 (0.01 level of significance.

Bufo marinus, 9.1; Physalaemus pustulosus, 4.9;
Smilisca phaeota, 3.7; Hyla rosenbergi, 6.3. All two-
species comparisons are significantly different at
the 1 percent level (t-test) except for the mean
number of Physaluemus pustwlosus eaten compared
with Smilisca phacota and the mean number of
Smilisca phaeota eaten compared with Hyla rosen-
bergi. 'This finding supports the results of the first
set of experiments in which individual L. pentadac-
tylus ate more Bufo marinus than Physalaemus
pustulosus.

The prey by day interaction also was significant
as, within certain prey species, there was a day effect
which is the same as differential predation by the
same set of predators. The mean numbers of prey
eaten by ptrey species by day are given by species
in table 3. No statistically significant differences
due to day or number of Smilisca phaeots eaten were
found. More Physalaemus pustulosus were eaten at
the end of the experiment than at the beginning, but
the most striking differences are with Bufo marinus
and Hyla rosenbergi. Significantly more Bufo were
consumed during the last two days of the experiment
than during the first two days; significantly more
Hyla were consumed during the first two days than
the last two days (Duncan’s new multiple-range
test).
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TABLE 3. Mean number of prey eaten by prey species by

day.
Day
Species 1 2 3 4
Bufo marinus 3.5 4.8 8.9 9.5
Physalaemus pustulosus 3.8 3.8 5.5 6.5
Smilisca phaeota 2.0 4.0 4.8 4.0
Hyla rosenbergi 9.0 8.8 4.0 3.5
aN = 4 each cell, standard error = 1.08.

PREY SIZE: The third series of experiments was de-
signed to test the effect of prey size on capture by
predaceous naiads of the odonate Pamralz flavescens
(Libellulidae). The odonates were collected from
the same kinds of habitats as were the prey. The
experiments were run in round plastic bowls (22 cm
diameter) filled to a depth of 5 cm. Three ptrey
species, Smilisca phaecota, Physdlacmus pustulosus,
and Bufo marinus, were divided into three size class-
es. For each 90-minute trial, 12 individuals of each
size class of one of the species were put into the
experimental containers with two naiads. The same
group of predators was used in each trial, two naiads
being selected each day. The results of these tests
and an analysis of variance are presented in table 4.
Rate of feeding by naiad -predators varies significant-
ly with size, but not species, of prey.



TABLE 4. Dragonfly naiad predation on different-sized
tadpole prey.®

Number eaten

Small  Medium Large

Trial 1. Smilisca phacota

Stage 25 27-28 40-41

Total length 8-10 20.0-22.5 35-38

Number eaten 10 4 1
Trial II. Physalaemus pustulosus

Stage 25 28-29 40-41

Total length 7.5-8.0 11-13 20-22

Number eaten 12 7 3
Trial III. Bufo marinus

Stage 28-29 31-33 39-41

Total length 12-14 18-20 21.0-21.5

Number eaten 9 7 5

Analysis of variance

Source DF F Value

Prey 2 0.46

Size 1 27.97°

F (1,5,5%) 661, F (1,519%) = 16.3,

F (255%) = 5.79

a Predators were large naiads of Pamtala flavescens (Libellulidae),
21-23 mm total length, with well-developed wing pads and with
venation and color pattern beginning to appear.

b= 0.01 level of significance.

PREDATOR-PREY BEHAVIOR

Obsetrvations of the behavior of the predator and
prey larvae were made during the experiments and
in the field. Larvae of L. pentadactylus generally
swallowed their prey entire, starting from the front.
When L. pentadactylus grabbed a tadpole on the
back or side, the predator orally manipulated the
tadpole until the prey was oriented head first and
then swallowed it. Only one prey was observed
eaten tail first. Leprodactylus pentadactylus either
swam vigorously during capture keeping a constant
force on the prey or held the prey against a surface
by continuous tail movement. Prey that escaped
during this oral manipulation appeared unharmed.
Smaller prey items (e.g. mosquito larvae) were swal-
lowed whole without respect to orientation.

There was a definite maximum size of prey that
L. pemtadactylus larvae could swallow. In two in-
stances in which predators were unsuccessful in swal-
lowing prey and the individual predators could be
associated with individual prey, the maximum body
width of the prey was about twice the beak width
of the predator. For most experimental animals the
predator beak-prey width ratio fell below this value
(table 1). Groups of L. pentadactylus, however,
were able to eat prey too large for individual preda-
tors. When larger prey were introduced into a con-
tainer of about 25 predatots, several predators tore
the prey apart. ‘This group activity probably is not

a natural phenomenon as L. pemtadactylus larvae
generally tend to be dispersed in ponds and puddles
and to feed as individuals. However, when ponds
begin to dry and tadpole density increases, group
predation may occur.

In the experimental trays, the L. pemtadactylus
larvae tended to lie on the bottom as did those of
Physalaemus and Smilisca. The Bufo latvae tended
to swim around in the container usually near the
surface. Bufo larvae also behaved this way in the
field and were the only tadpole commonly active
during the day. In trays with clear water, the Phy-
salaemus larvae swam away from the L. pentadactylus
larvae when about one Physalaemus body width sep-
arated them. In contrast, the Bufo did not attempt
to swim away from the L. pemtadactylus until the
predator was very near or ‘actually touching.

The naiads and L. pentadactylus larvae foraged
differently. The najads waited until prey came
within range, and grabbed it without pursuit. Lep-
todactylus pentadactylus larvae used both waiting and
pursuit to capture larvae. A prey animal that came
close was grabbed; however, if the predator missed
it chased the prey. In the trays, the L. pentadactylus
sporadically changed waiting locations. If this be-
havior occurs in nature, it should stimulate prey
swimming and increase the probability of encounter
and capture.

DISCUSSION

The experimental results, combined with field obser-
vations, indicate that in certain kinds of tropical
habitats larval Leptodactylus pentadactylus are po-
tentially important aquatic predators (also see Heyer
1970, for evidence from field-collected larvae).
However, larval L. pentadactylus are facultative
predatory carnivores and may function and grow to
metamorphosis as substrate-scrapers (Vinton 1951).
None of the morphological characteristics usually as-
sociated with predaceous tadpoles of Scaphiopus
(eg. greatly hypertrophied jaw muscles, enlarged
mouthparts, notched beaks, etc, Orton 1954, Bragg
1964) are found in L. pemtadactylus larvae. How-
ever, some larval characteristics that may be related
to predatory habitats are: a relatively long tail
(about 709% of body length), the shape and termi-
nal position of the mouth and oral disc, and a well-
developed lateral line system (Heyer 1970). A long
muscular tail to provide strong thrust during swim-
ming would be useful in open water in keeping con-
stant pressure on struggling prey during oral manipu-
lation and also in increasing speed during pursuit
of prey. Many of the puddles and small ponds that
setved as natural habitat for L. pentadactylus larvae
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were turbid from frequent rains and influx flowing
over -disturbed ground, yet our results (table 2)

-show no significant difference in prey capture among

the four habitats. We suggest that the well-devel-
oped lateral line system of L. pentadactylus as com-
pared to other Leptodactylus radpoles is important
in prey detection and capture.

Significant differences were obtained in com-
paring results of the L. pentadactylus and Hyla rosen-
bergi experiments depending on the day, and hence
stage of the prey species (table 2, D). The prey
were in stages 22-23 at the beginning of the experi-
ment and in stage 25 by the end of the experiment.
It is during this period that the developing larvae
undergo transition to free-swimming tadpoles. Hylz
rosenbergi oviposits in a mud depression nest hol-
lowed out by the males. The eggs and early larval
stages are black and float in the surface film. Noble
(1927) suggested that the enormous external gills of
this species allow the tadpole to hold onto the
surface film. During the early, external-gilled stages
(stages 20-23), the larvae are ineffective swimmers
and easy prey for most aquatic predators. Once the
gills are covered (stage 25), the tadpoles are free-
swimming and better able to avoid predation. Our
results show that the early developmental stages of
H. rosenbergi are more susceptible to aquatic preda-
tion than other species of comparable age or than
later stages of the same species. The significance
of the mud depression nests is thus apparent. Spatial
isolation of the eggs and early larval stages of Hyls
rosenbergi in a depression that fills primarily by
seepage will isolate the larvae from aquatic predators.
In addition, the later breeding of Hyla rosenbergi
(first clutches found in August) as compared to the
predator L. pentadactylus (tadpoles and nests first
collected in June) increases their temporal suscepti-
bility to predation. Thus isolation of eggs and early
larval stages in mud depressions potentially decreases
mortality from aquatic predators such as L. pen-
tadactylus during the more susceptible early stages.

Wassersug (1971) demonstrated the relative un-
palatability of latval Bufo marinus to man, ie. a
vertebrate predator, as compared to latvae of seven
other species from the Osa. Later (1973), he
argued that the black larvae of Bufo form conspicu-
ous aggregates for greater visibility to predators than
those of non-aggregating, cryptically colored larvae of
other species. Unpalatability then is an adaptive
response of larval Bxfo which affords some protec-
tion from potential predators. Wassersug (1973)
suggested that this unpalatability would not be very
effective against invertebrate predators that suck
body fluids from their prey (e.g. belostomatids,
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most predaceous beetle larvae) or vertebrate preda-
tots that swallow their prey indiscriminately (some
salamanders). The present study demonstrates that
both Leptodactylus pentadactylus latvae and Pamtala
flavescens naiads feed readily on Bazfo marinus
larvae. The results of the experiments in which
L. pentadactylus ate more larvae of Bufo marinus
than of any other prey tested (tables 1, 2) suggest
that in some situations Bufo larvae were more vul-
nerable to predation. At the same total length Bzfo
larvae are bulkier and darker than the other species
tested including Physalaemus larvae.  The results of
the habitat experiments argue against visual hunting
by L. pentadactylus. The relatively well-developed
nature of the lateral line system indicates a reliance
on cues (e.g. movement, olfaction, etc.) other than
shape, colot, etc. for prey detection. Why were the
Bufo tadpoles more vulnerable to predation? The
constant but relatively slow swimming mode of high-
ly visible Bufo tadpoles, usually in aggregations,
makes them easy prey to aquatic predators that are
not deterred by unpalatability. In contrast, Phy-
salaemus lagvae are generally nocturnal, spend more
time on the bottom (exploiting their cryptic colora-
tion), and respond sooner to the approach of a pred-
ator. Wassersug (1971) reported that when larvae
of P. pustulosus ate distutbed, they burrow into the
mud bottom of a pond.

Most of the previous experimental work on tad-
pole palatability used fish or aquatic salamandets as
predators (see Wassersug 1973). Both of these
predators are likely to “chew” or bite their prey.
The species tested avoided Bzfo when given the op-
portunity to feed on other species (Wassersug
1973). When tadpoles of several species, including
Bufo, wete put into aquaria with certain fishes from
the Osa, the Bxfo larvae were generally avoided or
grabbed and rejected, whereas those of other species
often were eaten. It would appear that vertebrates
(fish, and possibly birds and mammals) may be the
major predators attuned to aposematic color and be-
havior and hence avoid Bzfo larvae. Our results in-
dicate that L. pentadactylus larvae 'and certain
odonate najads are exploiting the Bxfo behavioral
mode (slow but continuous movement in aggrega-
tions). The results (table 3) suggest that the pred-
ators may have learned to feed on Bufo mote ef-
ficiently during the course of the experiments. We
would not expect taste receptors to be well devel-
oped in predatory organisms that are evolutionarily
derived from essentially indiscriminate herbivores
(most tadpoles). Likewise, it appears that many in-
vertebrate predators (particularly odonate naiads)
feed indiscriminately on tadpole larvae (Wager



1965, Young 1967, Brockelman 1969, Heyer and
Bellin 1973).

Another aspect of predator-prey interactions in-
volving B#fo larvae that needs consideration is the
possibility of ontogenetic change in palatability. All
of Wassersug's Bufo marinus larvae (1971) were
more advanced (stage 30-32 vs. 20-26) and much
larger (bead-body length greater than 8 mm vs. less
than 5 mm) than those we used. One of us (WRH)
tasted small and large Bwfo marinus latvae. The
small larvae were of the same size range as those
eaten by L. pentadactylus in our experiments and
did not have an unpleasant taste. The large larvae
compatable to those used by Wassersug did taste
badly. Thus there may be an ontogenetic change in
palatability with older tadpoles (larger doses) be-
coming more unpalatable. Licht (1968, 1969)
demonstrated that the eggs of several species of Bufo
are toxic and unpalatable. We would not expect
unpalatability to characterize eggs and late larval
stages without being present in the early larval
stages also. However, the degree of unpalatability
in terms of amount of toxin ingested probably would
increase with increasing size of the larvae and may
account for the apparent ontogenetic change in taste.
This possibility should be studied in more detail
Predation studies using latge B. marinus tadpoles
and L. pentadactylus are needed. It may be that
palatability is unimportant to L. pentadactylus larvae
in terms of prey selection and that size and relative
availability are the important criteria.

The odonate experiments indicate that naiads of
Pantdla flavescens may be important predators on
tadpoles in puddles at the Osa. Pantala flavescens is
a cosmopolitan species that characteristically exploits
exposed water in temporary pools and has very rapid
growth (Needham and Westfall 1955). The naiads
used in this study were collected from temporary
pools that were built on 14 July; the predation ex-
periments were run between 20 and 24 August.
The maximum possible age of the naiads was 40
days, which is within the time required for tadpole
development. It is clear that odonate predation
decreases with increasing tadpole size (table 4).
Pritchard (1965) demonstrated that odonates are
prey-size limited and that moving or recently moved
prey are required to elicit an attack. He also
pointed out that neither color nor olfaction is an im-
portant criterion in prey selection. Although there
is some indirect evidence that naiads can discrimi-
nate prey on the basis of taste, Pantala flavescens
appears to be primarily a vision-oriented predator.
From these data and our results, we conclude that
odonate naiads ate important tadpole predators that

select prey by size, not by taste.

This study again demonstrates the importance of
prey size in naturally occurring predator-prey inter-
actions. The larger the tadpole, the lower its prob-
ability of being eaten by Panmtala flavescens naiads
or Leptodactylus pentadactylus larvae. For predator
and prey species that have coexisted over evolu-
tionary time, one predator-escape mechanism would
be for the prey to grow large quickly. Another
would be for the prey to start growing before the
predator so that the prey species are relatively larger.
For opportunistic breeders, these cases may be rela-
tively few (see below).

Results of this study indicate that predation upon
tadpoles (and probably other organisms as well, e.g.
mosquitoes) by tadpoles and by naiads is an im-
portant component of the ecology of species using
small puddles and ponds at the study site. Small
puddles ate characteristically used by opportunistic
breeders. One reproductive pattern of opportunistic
breeders is to lay numerous clutches in small, ephem-
eral habitats; due to the number of reproductive at-
tempts, some will be successful. Biological factors
(e.g. competition, predation) probably play a lesser
role in determining reproductive success of oppor-
tunistic frogs breeding in small, ephemeral puddles
than the abiotic factor of the puddles drying up. As
ephemeral puddles and ponds are short-lived phe-
nomena and frequently unpredictable in time and
space, not all will be utilized by frogs. In certain
instances the number of reproductively active frogs
may be fewer than the number of available ephem-
eral ponds; in other instances a very ephemeral pond
may not be found by reproductively active frogs.
Thus one would predict that many of the very
ephemeral habitats would have very few (1-2) or
no species of tadpoles. At the study site, most of
the ponds sampled had tadpoles of one to several
prey species, together with predatory L. pentadacty-
lus larvae, naiads, belostomatids, and other aquatic
organisms. Because the appatently ephemeral aquat-
ic sites at the Osa support several species including
a well-developed predator-prey system involving tad-
poles, we pose two questions which invite specula-
tion: 1) are the situations described at the study site
common or rare? 2) why do so few tadpoles eat
other tadpoles?

We expect that the situation described at the
Osa site is relatively rare for the following reasons.
Frogs that are opportunistic breeders ate adapted
to exploit short-lived aquatic habitats characteristic
of dry or very seasonal environments. Tadpoles of
predatory species are much larger than tadpoles of
the prey species that they eat, so, given equal growth
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