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Summary. Terrestrial oviposition with free-living aquatic
larvae is a common reproductive mode used by am-
phibians within the central Amazonian rainforest. We
investigated the factors presently associated with diver-
sity of microhabitats (waterbodies) that may be main-
taining the diversity of reproductive modes. In par-
ticular, desiccation, predation by fish, competition with
other anurans and water quality were examined in 11
waterbodies as possible forces leading to the evolution of
terrestrial oviposition. Predation experiments demon-
strated that fish generally do not eat anuran eggs, and
that predacious tadpoles and dytiscid beetle larvae are
voracious predators of anuran eggs. The percentage of
species with terrestrial oviposition was only weakly cor-
related with the occurrence of pond drying, pH and
oxygen concentration, suggesting that anurans in this
tropical community are able to use the range of water
quality available for egg development. There was a ten-
dency for terrestrial oviposition to be associated with the
number of species of tadpoles using the waterbody, but
we consider this to be spurious as there was no obvious
competitive mechanism that could result in this relation-
ship. The percentage of species with terrestrial oviposi-
tion was significantly positively related to our index of
egg predation pressure, and negatively related to our
index of fish biomass. Egg predation pressure was also
negatively related to the index of fish biomass. These
results allow us to discount as improbable the hypothesis
that predation by fish on anuran eggs was an important
selective pressure leading to terrestrial oviposition in this
community. The strong positive relationship between
terrestrial oviposition and our index of egg predation
pressure indicates that these predators have exerted, and
are exerting, a significant selective pressure for terrestrial
oviposition. The strong negative relationship between the
occurrence of fish and the egg predators suggests the
surprising conclusion that the presence of fish actually
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protects aquatic anuran eggs from predation in this
tropical system, and allows aquatic oviposition to domi-
nate only in those waterbodies with moderate to high
densities of fish. Our results suggest that terrestrial ovi-
position is a “fixed predator avoidance” trait.
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oviposition — Amazon

Amphibians have many modes of reproduction (Duell-
man and Trueb 1986). Crump (1974) grouped them into
three broad categories: (I) Eggs deposited in water, tad-
poles develop in water (aquatic development); (II) Eggs
deposited out of water, tadpoles develop in water (semi-
terrestrial development); and (IIT) Eggs and young com-
pletely independent of standing water (terrestrial de-
velopment). Type I development is generally considered
to be primitive in relation to types IT and 11T (Goin 1959,
Tihen 1960; Goin and Goin 1962; Lynch 1973; Heyer
1975; McDiarmid 1978; Duellman and Trueb 1986;
however see Bogart 1981 for an alternative view). Type
11 is regarded as the first step in the evolution of totally
terrestrial development (Heyer 1969; McDiarmid 1978;
Crump 1982; Scott and Limerick 1983; Duellman and
Trueb 1986). Presumably the ancestors of species with
terrestrial development (type IIT) had life history stra-
tegies similar to those of extant type II species (McDiar-
mid 1978). Most frogs with semi-terrestrial development
occur in humid forested regions where aquatic habitats
are continuously available (Tihen 1960; Lee 1967).
Several hypotheses have been proposed to explain the
evolution of semi-terrestrial development from aquatic
development. Terrestrial egg development may decrease
the development time in water, and hence reduce mortal-
ity due to desiccation (Lee 1967; Crump 1974, 1982;
McDiarmid 1978; Duellman and Trueb 1986).
Duellman and Trueb (1986) suggested that anurans
evolved the ability to use ephemeral waterbodies as a
response to predation on eggs and tadpoles in permanent



waterbodies, even though periodic drying of this tempo-
rary environment may have led to increased mortality
due to desiccation. Predation on aquatic eggs and larvae
has been proposed as an important factor leading to ter-
restrial oviposition (Lutz 1948; Tihen 1960; Poynton
1964; Martin 1967; Coe 1974; Crump 1974, 1982;
McDiarmid 1978; Scott and Limmerick 1983). Downie
(1988) presented evidence to suggest that the primary
function of the foam nest in Physalaemus pustulosus was
to isolate eggs from predators. Fish (Noble 1927; Crump
1974; Kluge 1980; Scott and Limmerick 1983), and
predacious tadpoles (Crump 1974, 1982; Kluge 1980;
Polis and Myers 1985; Downie 1988) have been suggest-
ed as important egg predators. Some of these predators
have been shown to eat anuran eggs in laboratory experi-
ments (Dunn 1926, 1937; Laessle 1961 ; Licht 1968, 1969;
Heusser 1970; Grubb 1972; Crump 1983 ; Downie 1988).
Aquatic invertebrates are also cited as predators on am-
phibian eggs (Martin 1967; Crump 1974; Duellman and
Trueb 1986); however these authors did not specify
which invertebrates they considered important. Preda-
tion by leeches (Cory and Marion 1953; Cargo 1960;
Licht 1969; Wilbur 1980) and caddis flies (Dalrymple
1970) on amphibian eggs has been documented. Downie
(1988) found that odonate nymphs ate eggs of Physalae-
mus pustulosus. Salamanders are known to consume
anuran eggs (Licht 1969; Heusser 1971; Walters 1975)
but are not common in the humid tropics where most
semi-terrestrial development occurs.

Competition has also been suggested as a factor in-
fluencing the evolution of terrestrial oviposition (Lutz
1948; Savage 1961; Martin 1967; Coe 1974; Crump
1974, 1982; Duellman and Trueb 1986). Savage (1961)
proposed that larvae which hatch as soon as the pond fills
will be more advanced in development, and thus com-
petitively superior, by the time those resulting from post-
rain breeding have hatched.

Several authors (Alcala 1962; Goin and Goin 1962;
Scott and Limerick 1983) have proposed that the pre-
dominance of frog species with either semi-terrestrial or
totally terrestrial development at high altitudes is due to
the physical difficulties of embryonic and larval life in
swift streams. Additionally, eggs may be placed terrestri-
ally to avoid waterbodies with unfavourable chemical or
physical conditions (e.g., low oxygen, extreme tem-
peratures and low pH).

In this study, the ecological factors presently asso-
ciated with the local distributions of aquatic and semi-
terrestrial development in a community of Amazonian
rainforest frogs is investigated. Desiccation, predation,
competition and water quality are examined as forces
maintaining, and possibly leading to the evolution of,
terrestrial egg deposition.

Methods

Study site

The study was carried out in Reserva Florestal Adolfo Ducke
(RFAD), a 10 000-ha forestry reserve 25 km northeast of Manaus,
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Amazonas, Brasil. The vegetation consists of “terra firme” rain-
forest, a well drained forest not subject to seasonal inundation
(Guillaumet 1987). The climate is dominated by distinct wet and dry
seasons, most of the rain falling between December and May;
the mean annual rainfall for RFAD between 1965 and 1980 was
2362 mm (Marques Filho et al. 1981).

General methods

During this study, we encountered 35 of the 42 species of Anura
known to reproduce in primary rainforest in the central Amazon
region (Hero 1990). For each species we determined from field
observations whether development of eggs and tadpoles occurred
in aquatic or terrestrial environments. Egg deposition by frogs of
the genus Leptodactylus was always terrestrial (with the exception
of the Leptodactylus ocellatus “group”; Heyer 1969), even though
subsequent flooding sometimes resulted in floating foam nests. Eggs
develop in the foam nest, and following rains the tadpoles swim into
the pond or stream. Therefore, we consider this reproductive mode
to be terrestrial oviposition followed by aquatic tadpole develop-
ment (i.e. semi-terrestrial).

To determine the local distributions of frog species, detailed
observations were made on ten ponds (sites A-J) and one section
of stream (site L). Sites were located in undisturbed rainforest, and
were formed naturally, with the exception of pond J which was
formed by wheel ruts on a disused road. Sites were selected to cover
the range of habitats available, and contained most of the species
with aquatic tadpoles known to occur in the Reserve (Hero 1990).

Eggs were identified either by observing oviposition or by cul-
turing eggs to the tadpole stage, which could then be identified using
a key to tadpoles of the central Amazon rainforest (Hero 1990). The
12 waterbodies were visited in daylight hours at approximately
weekly intervals and the following observations were recorded:
presence or absence of egg/tadpole species, depth of water, presence
or absence of potential egg-predators (fish, naiads, aquatic beetles,
turtles, snakes, etc.).

To quantify the density and abundance of predators in each
habitat, we returned to ponds A-T at night at approximately weekly
intervals between January 1986 and November 1987. During night-
time visits, the presence or absence of eggs or tadpoles of anuran
species and the number, estimated body length and species of
suspected predators were recorded. Water temperature and dis-
solved oxygen levels were measured in each waterbody at approxim-
ately 6-week intervals using a YSI model 80 portable dissolved
oxygen and temperature meter.

Predation experiments

Anuran eggs were offered to potential predators in controlled ex-
periments. Predators used were species commonly encountered in
the waterbodies under investigation and taxa found to eat anuran
eggs in previous studies.

Experiments were conducted in the field to minimize differences
in temperature and water quality and to minimize transportation
effects on predators and eggs. Predator and prey sizes (TL, total
body length) were recorded and egg specimens preserved. Freshly
collected predators and eggs were used in each experiment. Experi-
ments were done in plastic basins of five colours: red, yellow, blue,
cream and grey. Replicates were distributed evenly among colours.
Individual predators were placed in a container and left without
food for 12 h. Twenty anuran eggs were then added and the number
of eggs remaining after 12 h was recorded. The percentage of eggs
caten by the end of each experiment was used as a measure of
palatability. Experiments were conducted between 29 March 1985
and 13 May 1989. The numbers of experiments performed with each
potential predator is given in Table 3.

Two species of fish (dequidens cf. tetramerus and Pyrrhulina sp.),
odonate naiads (Gynacanther sp.), water beetles (Dytiscidae and
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Hydrophylidae) and several species of tadpole were tested. Fish
were collected by dipnetting the streams at night, and transported
to the campsite in plastic bags where they were placed individually
in 35 cm by 25 cm rectangular plastic basins with 10 cm depth of
water. For Pyrrhulia sp. (TL 55-98 mm), eggs of six anuran species
were tested in 33 experiments; and for Aequidens cf. tetramerus
(TL 73-143 mm), eggs of three anuran species were tested in 12
experiments (Table 3). These species were chosen because they are
common in ponds and streams respectively, and readily eat many
species of tadpole in the field and under similar experimental con-
ditions (Hero et al., unpublished).

Odonate naiads (Gynacanther sp. TL 33.5-41.0 mm) were dip-
netted from a series of ponds along an access road within the
rainforest. Individual naiads were placed in round plastic basins of
22 cm diameter, with 6 cm depth of water. Eggs of two anuran
species were tested in ten experiments (Table 3).

Water beetles (Dytiscidae and Hydrophylidae, TL
13.4-15.5 mm) were collected from a series of ponds along an access
road within the rainforest. Three beetles were placed in round glass
jars of 6 cm diameter, with 10 cm of water. For dytiscids, eggs of
three species of anuran were tested in 18 experiments; and for Hy-
drophylids, eggs of one anuran species were tested in two experi-
ments (Table 3).

Tadpoles were collected in various waterbodies throughout the
reserve. Ten free-swimming tadpoles (Gosner 1960: stage 25) were
placed in round plastic basins of 22 cm diameter, with 6 cm depth
of water. Tadpoles of fourteen anuran species were tested in a total
of 255 experiments (Table 3).

Variables used in the analyses

The biotic and abiotic characteristics of each waterbody were mon-
itored between August 1985 and November 1987. The data were
then summarized for each waterbody in order to test the effects of
predator levels (fish, dytiscid beetles and egg-eating tadpoles),
potential competition levels (number of sympatric species) and, the
physical and chemical characteristics of the water (temperature and
dissolved oxygen). The variables used in the analyses are as follows:

1. The percentage of species with terrestrial oviposition per
waterbody: the number of species with terrestrial oviposition
divided by the total number of tadpole species encountered.

2. Index of fish biomass per waterbody: the mean of the sum of
the estimated lengths (cm) of all fish observed on each nocturnal
visit.

3. The number of tadpole species encountered in each water-
body.

4. The percentage dry days per waterbody: the percentage of
visits that the pond was dry.

5. An index of egg predation pressure in each waterbody: the
sum of the percentage of visits when each predator (tadpoles and
Dytiscidae) was present muitiplied by the mean egg palatability for
each predator (mean % of aquatic anuran eggs caten by that preda-
tor in palatability experiments — see Table 4). Other, and perhaps
more precise, indices of predation pressure can be formulated, but
we retain our a priori index to maintain the validity of the statistical
tests. There is no reason to believe our index of egg predation
pressure would be correlated with any confounding factors.

6. Minimum oxygen level recorded per waterbody.

7. Mean of the water temperatures recorded per visit, per water-
body.

Statistical analysis

We were specifically interested in testing hypotheses relating to
predation and the evolution of terrestrial oviposition. For these
analyses we used regression analyses and their associated statistical
tests (Wilkinson 1986). Due to the years of work necessary to
estimate predation pressure and the composition of the tadpole
community in each waterbody, it was not possible to obtain suf-

ficient replication to statistically test all possible alternative hypoth-
eses relating to the distribution of terrestrial oviposition. However,
we present a matrix of Pearson correlations including all probable
confounding variables so that the reader can make sensible deci-
sions as to the possibility of spurious results due to confounding
factors. Presenting the level of significance for each correlation in
a correlation matrix is statistical nonsense (Wilkinson 1986) but the
sample sizes are given so that significance levels may be calculated
for any a priori hypotheses that may be tested with our data.

Results
Distributions of anuran eggs and tadpoles

Thirty-five anuran species were found to reproduce in
rainforest habitat at RFAD (Hero 1990). Of the 25 spe-
cies with aquatic tadpoles, 18 reproduced in the 12 water-
bodies surveyed in this study (Table 1). Of these species,
11 had terrestrial egg-development and 6 had aquatic
egg-development. Life-history information on Chiasmo-
cleis cf. ventrimaculata is lacking, so this species was not
included in the analyses.

Waterbody characteristics

The biotic and abiotic characteristics varied greatly
among waterbodies, representing a wide range of hab-
itats available to anuran eggs and larvae. Ponds had
usually dried by the end of the dry season (August-
October) yet the shortest-lived waterbody held water
continuously for at least 8 months of the year, and all
other waterbodies contained water for at least 9 months
of the year (Table 2). Mean water temperatures in the
ponds ranged from 23.98 to 25.10° C (Table 2). Dissolved
oxygen content was low for all of the pond sites, with the
exception of pond B which approached the levels ob-
served in the stream (Table 2).

Distribution of potential egg-predators

The index of egg-predation pressure observed in the
waterbodies varied from 635 to 10390 (Table 2). Fish
were found in all waterbodies except I and J. The index
of fish biomass ranged from 0 to 131.33 (Table 2).

Palatability of anuran eggs

Fish ate few aquatic eggs, yet terrestrial eggs of Phyl-
lomedusa vaillanti were readily accepted by Pyrrhulina sp.
(Table 3). Odonate naiads and hydrophylid beetles ate
few eggs (Table 3). The predacious diving beetles (Ditici-
dae), and tadpoles of Leptodactylus pentadactylus, L.
knudseni, L. rhodomystax and Osteocephalus taurinus, ate
most eggs offered to them (Table 3). While Leptodactylus
pentadactylus tadpoles were only found in isolated terre-
strial holes (Hero and Galatti 1990), and are thus unlike-
ly to eat eggs of other anuran species, oophagy in this
species may be important for survival in a terrestrial
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Table 1. Distribution of tadpoles of eight anuran species and two
families of water beetle (Dytiscidae / Hydrophylidae) in the 12

the percentage of visits during which tadpole species were recorded.
The * column represents the known oviposition site: terrestrial (T)

waterbodies (A-L) sampled in this study. Each number represents

or aquatic (A)

Species Waterbody *
A B C D E F G H I J K L
Centrolenella oyampiensis (C o) 59 66 T
Hyla boans (H b) 29 A
Osteocephalus buckleyi (Ob) 4 A
Hvla granosa (H gr) 2 1 A
H. geographica (H ge) 56 30 74 66 32 70 A
Phyllomedusa vaillanti Pwv) 5 39 32 6 68 T
P. bicolor (P b) 38 24 T
Dendrophryniscus minutus (D m) 6 1 6 26 23 3 T
Colostethus marchesianus (C m) 45 54 47 11 63 5 T
Leptodactylus rhodomystax (Lr) 7 1 9 T
Osteocephalus taurinus O 11 19 13 15 319 4 A
Chiasmocleis cf. ventrimaculata (Cv) 10 8 ?
Hyla cf. nana (Hn) 14 A
Phyllomedusa tomopterna (P to) 4 84 T
P. tarsius (P ta) 84 T
Leptodactylus knudseni (L k) 11 55 T
Epipedobates femoralis (D) 40 T
Leptodactylus wagneri (L w) 4 T
Dytiscidae / Hydrophylidae 9 0 0 27 24 14 27 85 69 0 0
Ta!)le. 2. Summary Of. waterbody charac- Water- % Terr. Egg Index No. % Mean Mean
teristics (for explanations of variables refer bod Ovipos Predator  Fish Tad Dr D.O Tem
to the Methods section in the text) oy DOs. I . ) Y T . p-
ndex Biomass  Spp. Days  Conc. °C)
A 33 2680 41.6 3 0 0.925 24.05
B 67 635 1313 3 0 4.35 24.26
C 50 2079 40.7 4 0 1.34 24.36
D 50 1516 62.5 4 0 5.35 24.33
E 60 4096 9.0 5 22 1.66 24.20
F 75 3759 9.7 4 23 2.03 24.21
G 43 3918 15.0 8 21 0.80 23.98
H 67 4350 257 7 21 0.62 24.00
I 67 6172 0 3 40 0.84 25.10
J 88 10390 0 8 0 1.93 24.31
L» 33 1322 150 3 0 6.57 24.23

@ The true index of predation pressure in the stream is several orders of magnitude above
the ponds but to avoid having to transform fish densities in all ponds, and an undue influence
of site L on the statistical analyses, we arbitrarily set the index of fish biomass at 150

environment where food resources are probably limited.
Tadpoles of Hyla boans ate 20-100% of eggs offered to
them (Table 3). However these tadpoles are normally
found on the bottom of streams (pers obs.) and are
unlikely to encounter frog eggs. Tadpoles of the remain-
ing species Colostethus marchesianus Dendrophryniscus
minutus, Epipedobates femoralis, Hyla geographica, H.
granosa, Phyllomedusa bicolor, P. tarsius, P. tomopterna
and P. vaillanti ate few eggs, and are probably not impor-
tant predators of anuran eggs in this system (Table 3).

Factors Affecting the Distribution of Terrestrial
Oviposition

The proportion of species with terrestrial oviposition was
significantly (P=0.027, adj. r*=0.373) and positively
associated with the index of egg predation pressure

(Fig. 1) and, significantly (P=0.033, adj. r*=10.347) and
negatively associated with the log index of fish biomass
(Fig. 2).

The index of egg predation pressure was significantly
(P=0.00, adj. r*=0.82) and negatively associated with
the log-index of fish biomass (Fig. 3).

The physical factors mean temperature, dissolved
oxygen and % dry days, were not highly correlated with
the percentage of species with terrestrial oviposition
(Table 4). The number of species per waterbody was
highly correlated with the index of egg predation pres-
sure and the index of fish biomass, but was only weakly
correlated with the percentage of species with terrestrial
oviposition (Table 4). The partial correlation between the
percentage of species with terrestrial oviposition and the
number of species per waterbody independent of the
effect of egg predation pressure was 0.31. The partial



314

Table 3. Palatability of aquatic and terrestrial anuran eggs to poten-
tial predators. Numbers indicate the percentage of eggs consumed
after 12 h (rounded to the nearest %) with the number of replica-
tions indicated below in brackets (). Palatability is expressed as the

mean % of aquatic eggs eaten for the experiments with eggs that are
aquatic. Blank spaces indicate that no data are available. Abbrevia-
tions for anuran species are as in Table 1

Potential Eggs - Mean
Terrestrial Aquatic aP‘tE:ilﬁ‘t-
Predators P Lk. H.b. H.ge. 0.b. O.t y
TADPOLES
Dendrophryniscus minutus 1 0.5
(10)
Colostethus marchesianus 3 5 43
3 4
Epipedobates femoralis 29 29.0
®)
Hyla boans 20 100 55 45.6
(1 &) M
H. geographica 38 0 14 84 12 20.9
&) (5 (16) &) (12)
H. granosa 43 429
©
Osteocephalus taurinus 73 98 96 100 100 98.1
(10) (10 (10) ®) )
Phyllomedusa bicolor 2 0 1.6
(i1 &)
P. tarsius 0 0 0.0
) %)
P. tomopterna 0 0 0.0
(5 &)
P. vaillanti 15 3 1 1.5
M € (10)
Leptodactylus knudseni 100 100 100 100 100 100.0
&) 8) (11 (12) ®
L. pentadactylus 96 93 95 94.7
®) &) )
L. rhodomystax 100 100 100.0
&) (10)
INSECTS
Hydrophylidae 3 2.5
@
Dytiscidae 39 40 64 47.5
@) @ 1)
Odonate naiads 6 18 12.0
Q) ®
FISH
Aequidens tetramerus 7 18 0 5.8
&) @ 5
Pyrrhulina sp. 100 0 0 0 3 0.5
(3) 1n Q) ®) (6

correlation of the percentage of species with terrestrial
oviposition and egg predation pressure was 0.51 (in-
dependent of the number of species).

Some of the residual variance in the relationship be-
tween terrestrial oviposition and egg predation pressure
may be due to the influence of other selective pressures.

However, most can be attributed to errors in estimating
predation pressure, the small number of species (and
hence high coefficient of variation in some waterbodies),
and unique conditions, unrelated to terrestrial oviposi-
tion, in our sample of waterbodies. The clear trend is
strong evidence that predation pressure from tadpoles
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Fig. 1. The relationship between the percentage of species with
terrestrial oviposition (STO) and the index for egg predation pres-
sure (EPP) in each waterbody (n=11 waterbodies). The line re-
presents the least squares regression: STO=41.9+0.004 EPP (adj.
r?=0.373, P=0.027)
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" 0 1 2 3 4 5

L.n Index of Fish Biomass

Fig. 2. The relationship between the percentage of species with
terrestrial oviposition (ST0) and the log index of fish biomass for
each waterbody (n= 11 waterbodies). The line represents the least
squares regression: STO=76.8—6.6 In IFB (adj. r?=047,
P=0.033)

10,000
8,000 4
6,000
4,000 —‘

2,000

Index of Egg Predation Pressure

0

[¢)] 0 1 2 3 4 5
Ln Index of Fish Biomass
Fig. 3. The relationship between index for egg predators (EPP) and
the log index of fish biomass (n=11 waterbodies). The /ine re-
presents the least squares regression: EPP=8038.3—1471.9 In IFB
(adj. r2=0.820, P=0.000)

and dytiscids is a major factor affecting the evolution of
terrestrial oviposition in this system.

Discussion
Abiotic waterbody characteristics

The physical characteristics temperature, dissolved oxy-
gen, and the percentage of dry days were not highly
correlated with the distribution of aquatic ovipositors,
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Table 4. Matrix of Pearson correlation coefficients for the water-
body characteristics (n=11 waterbodies): STO = % of Species with
Terrestrial Oviposition; EPP=Index of Egg Predation Pressure;
[FB = Index of Fish Biomass; NOS = Number of anuran Species;
DD=9% Dry Days; DOC=Dissolved Oxygen Content; and,
MT = Mean Temperature

STO  EPP IFB NOS DD DOC
EPP 0.660
IFB —0.447 —0.700
NOS 0.356  0.616 —0.512
bD 0.292  0.320 —0.589 0.128
DOC —0.259 —049 0.830 —0.424 —0.541
MT 0.278 0256 —0.155 —0.409 0.413 —0.012

indicating that anurans in this tropical community are
able to utilize the wide range of water quality available
for egg development.

Drying of ponds has been proposed as a major factor
in the evolution of terrestrial oviposition (Lee 1967;
Crump 1974, 1982; McDiarmid 1978; Duellman and
Trueb 1986), yet in this study, little relationship was
found between the percentage of days when a pond was
dry and the percentage of terrestrial ovipositors. The
most ephemeral pond in this study contained water for
over 8 months of the year, which is more than enough
time for all the species in this community to complete
metamorphosis (observed egg and larval growth periods
in this study varied from 6 weeks to 6 months). The lack
of a relationship between terrestrial development and the
permanence of a pond is not surprising due to the high
rainfall experienced in tropical rainforest. Terrestrial ovi-
position is widespread in the tropics where drying of
ponds is probably not an important characteristic of the
available waterbodies (Tihen 1960; Lee 1967; Coe 1974;
this study). Terrestrial oviposition is probably limited to
wet terrestrial environments because desiccation of eggs
is not a problem there.

Competition

The number of species using a waterbody was positively
associated with the percentage of terrestrial ovipositors,
indicating possible competitive interactions. The com-
petition hypothesis was proposed by Savage (1961) for
ephemeral ponds where early tadpole arrival may be
crucial to avoid desiccation and ensures a competitive
advantage over other species. However, most terrestrial
oviposition occurs in the humid tropics where desiccation
is generally not a critical problem and egg development
is rapid. As eggs that develop terrestrially generally take
longer to hatch than those laid in water (pers obs.), there
is no reason to expect that tadpoles from eggs laid terres-
trially would gain a temporal advantage over those laid
in water.

Predation

Many tadpoles are known to eat eggs of anurans (Bal-
dauf 1947; Taylor 1954; Heusser 1970; Heyer et al. 1975;
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Seale 1980; Waldman 1982; Crump 1983; Polis and
Myers 1985; Downie 1988). The tadpoles investigated in
many of these studies are obligatory camivores living in
isolated waterbodies where alternative food is not avail-
able (Crump 1983). In the waterbodies investigated in
this study, three species of tadpole were voracious
anuran egg-predators (Leptodactylus knudseni, L.
rhodomystax and Osteocephalus taurinus). Tadpoles of
both L. knudseni and O. taurinus were regularly observed
eating anuran eggs in the field, suggesting that predation
by tadpoles is an important component of anuran egg
mortality in this system.

Predacious diving beetles (Dytiscidae) were also
found to be efficient egg predators. We have been unable
to find any reference in the literature to these beetles
preying on anuran eggs, although they are known to eat
tadpoles in other systems (Brodie et al. 1978). Dytiscids
commonly occur in ponds without fish (Macan 1974) and
are potentially an important group of predators on
anuran eges.

Dragonfly naiads did not eat the anuran eggs offered
to them even though they readily ate tadpoles under
similar experimental conditions (Hero et al., unpublish-
ed). These results are not surprising as naiads are pri-
marily visual and/or tactile predators, and normally con-
sume mobile prey (Pritchard 1965).

The rejection of anuran eggs by fish in this and other
studies (Licht 1968; Werschkul and Christensen 1977;
Grubb 1972) indicates that fish are not important anuran
egg predators. This may not apply to all systems as Licht
(1969) reported that eggs of four species of Rana and eggs
of Hyla regilla were readily eaten by stickleback Gas-
terosteus aculeatus and cutthroat trout Salmo clarkii. In
this study, the terrestrial eggs of Phyllomedusa vaillanti
were readily eaten by the fish tested, demonstrating that
the rejection of aquatic eggs was the result of an active
defense mechanism rather than an experimental artifact.

Rejection of anuran eggs by vertebrate predators has
been explained by unpalatability (Licht 1968, 1969) and
the physical protection of the egg capsule (Grubb 1972).
The effects of unpalatable chemicals on invertebrate
predators, however, are obscure. Choice tests have clear-
ly demonstrated that invertebrate predators prefer tad-
pole species without distasteful chemicals to those species
that are unpalatable (Formanowicz and Brodie 1982;
Formanowicz 1986). However, in a “no choice” situa-
tion, odonate naiads ate equal amounts of tadpole spe-
cies that clearly demonstrated a wide range of palatabil-
ity for fish predators (Hero et al., unpublished). Dytiscid
beetles and predacious tadpoles ate anuran eggs indiscri-
minately, suggesting that unpalatability of anuran eggs
has minimal effects on some predators (dytiscid beetles
and tadpoles) but is an important defence mechanisms to
deter fish.

Egg predators and the distribution of species with
terrestrial oviposition

Predation has been suggested as an important factor in
the evolution of terrestrial oviposition. The significant

positive relationship between egg predation pressure in
each pond and the proportion of frog species with terres-
trial oviposition strongly supports the contention that
predation by aquatic predators has been a major factor
in maintaining, and probably in the evolution of]
semi-terrestrial development in this tropical anuran
community.

Aquatic oviposition dominated in those waterbodies
with high fish biomass. The major tadpole predators of
eggs in this system have intermediate to high palatability
for fish, and are generally restricted to waterbodies with
low fish abundance (Hero et al., unpublished). Egg
predation pressure decreased as fish biomass increased,
suggesting that fish actually protect the eggs of some
anuran species by eliminating their predators, allowing
aquatic oviposition to predominate in waterbodies with
high fish biomass.

Community ecology

Predation and competition are known to have a major
influence on community structure in some systems (Paine
1966; Connell 1975; Wilbur 1987; Sih et al. 1985; Sih
1987; Martin 1988). Morin (1983, 1987), Wilbur (1987)
and Alford (1989) have demonstrated the importance of
predation in reducing the effects of competition in experi-
mental studies on amphibian larval assemblages, and
have emphasized that interactions between predation
and competition are a key to understanding community
dynamics. However, in many studies it is difficult to
distinguish between the effects of competition and preda-
tion without rigorous experimentation (Connell 1980;
Sih et al. 1985; Wilbur 1987).

Individuals can respond to predators or competitors
through “fixed avoidance traits” (Sih et al. 1985; Sih
1987) which can consist of either habitat selection, where
species use a habitat free of predators/competitors
(Petranka 1983; McPeek 1990), or evolutionary shifts in
life history traits where species can avoid predators/
competitors through an inherent aspect of their life his-
tory, such as nesting site selection for birds (Martin
1988), or nocturnal drift of stream invertebrates (Allan
1978). Individuals can also respond to the presence of a
predator/competitor by short term responses, such as
alterations in microhabitat use, activity period, and/or
behavioural avoidance (Alford 1986; Morin 1986; Sih
1986, 1987; Semlitsch 1987; Kats et al. 1987).

The diversity of reproductive modes in tropical
anuran assemblages is ideal for studying the effects of
predation on life history traits. As anuran eggs are un-
likely to compete per se, we consider that competition is
unlikely to be a factor affecting the evolution of re-
productive modes in our system. Our results suggest that
terrestrial oviposition is a “fixed predator avoidance”
trait (Sih 1987).
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