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INTRODUCTION

If it is not small enough to cat nor large

enough to eat you, and does not put up a

squawk about it, mate tvith it. D. L. Jameson

(1955).

But, reproduction in frogs is more

complicated than Jameson's whimsical

statement indicates. Six years ago,
when I collected my first tropical frogs,

I was immediately impressed with the

diversity of the fauna. My first surprise
was finding more than 35 sympatric

species of frogs within the first week. I

encountered the flashy and gaudy color

patterns, such as those of the Hyla leu-

cophijUata group, and the morphologi-
cal oddities, such as Hemiphractus and

Pipa. However, the most impressive

aspects of the diversity were the bi-

zarre modes of reproduction. Being
a temperate-zone biologist, I was ac-

customed to the "generalized" life his-

tory of frogs
—egg deposition in water,

aquatic larval development, metamor-

phosis, following which the frogs spend
most of their lives on land. But many
tropical species lay their eggs out of

water and have aquatic larvae, and oth-

ers have completely eliminated the tad-

pole stage. It seems as though evolution-

ary forces operant on tropical frogs fa-

vored more "imaginative" life histories

than those of temperate frogs.

The greatest anuran species richness

of any area in the world studied to date

is found at Santa Cecilia, Ecuador (81

species )
. Upon examination of the modes

of reproduction (egg deposition site and

type of development ) ,
it is apparent that

a great diversity of modes exists—prob-

ably the greatest in any known region.

It seems reasonable to assume that as

anuran speciation occurred in the trop-

ics, the evolutionary thrust included this

diversity of reproductive modes. Envi-

ronments, as measured by niche diver-

sification, life span of the habitat, and
climatic variables, as well as competition
and predation no doubt operated on the

genetic potential of organisms in bring-

ing about physiological, morphological,
and behavioral changes. These influenced

and were influenced by the evolution of

reproductive diversity.

The premise of this study is that the

reproductive diversity at Santa Cecilia

allows coexistence of a great number of

anuran species by means of partitioning
of breeding sites. In order to investigate
this premise, I have analyzed the repro-
ductive strategies operant within a di-

verse community of Neotropical frogs.

Several aspects of the reproductive char-

acteristics of each species of frog are

considered: (1) behavioral and mor-

phological adaptations, (2) habitat par-

titioning as judged by egg deposition

site, (3) temporal partitioning of the

environment judged by breeding season-

ality, (4) size-fecundity relationships,

(5) volumetric relationships of female

to egg-complement volume, and (6) de-

velopmental relationships (number of

eggs deposited, size of eggs, number of

days until hatching, size at hatching), as

related to the egg deposition and devel-

opmental sites. The data are synthesized
into a discussion incorporating interpre-

tation of reproductive strategies in terms

of spatial and temporal environmental

partitioning, reproductive effort of the

adult frogs, and the ecological and evolu-

tionary significance of the reproductive

diversity.
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Description of Study Site

Santa Cecilia is a small Quecchua
Indian village located on the north bank
of the Rio Aguarico, a tributary of the

Rio Napo, in the upper Amazon Basin

in eastern Ecuador ( Fig. 1 ) . The village
is situated at 00°06' N, 76°51' W, at an

elevation of 340 meters. Maximum relief

in the area is less than 20 meters. The
soils along the Rio Aguarico are sandy,
and the forest soils are mostly laterites

with a layer of humus and leaf litter sev-

eral centimeters in depth. Rainfall is

aseasonal, although there are wetter and

drier months. My weather records indi-

cate that for the period July 1971-June

1972, the driest months were August

(220.5 mm), September (251.5 mm),
and February (243.0 mm); the wettest

were October (422.0 mm), November

(530.5 mm), and March (619.0 mm)
(Fig. 2). Total annual rainfall accumu-

lation was 4279.0 mm. Local residents

claimed that the wet and dry patterns of

that particular year were typical. The
maximum temperature in the shade dur-

ing the year was 35° C, and the minimum

temperature at night was 18°C.

Biological field studies at Santa Ce-

cilia were initiated by The University of

Kansas in November 1966. Between

then and June 1971, about 23 man-

months of field work were spent survey-

ing the herpetofauna and recording

basic ecological obsei-vations. When
studies began at Santa Cecilia, the area

was mostly covered with primary rain

forest, consisting of both swamp and

high-ground forests. However, by 1971

much of the area had been cleared by
settlers so that most of the immediate

area (3 km-) is now partially lumbered

or under agriculture.

Methods

Field work at Santa Cecilia was car-

ried out from June 1971 through mid-

July 1972 and April-May 1973. The ini-

tial 13 months was divided into 20 peri-

ods of time, each of 20 days (except

for the last period, of 15 days). Calling

activities of males and reproductive con-
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Fig. 1.—Map of Ecuador showing the location of Santa Cecilia.

ditions of females were recorded for as

many species as possible within each 20-

day period. Species assemblages (com-

position, abundance, and activity) at

certain ponds were recorded at regular
intervals throughout the year to obtain

information on spatial and temporal uti-

lization of breeding sites. Collections

and observations were made both by day
and night. The present study deals with

74 of the 81 species known from Santa

Cecilia. The other seven species were
not obtained during 1971-72; volumetric

data were accumulated during April-

May 1973. Size-fecundity data were re-

corded mainly from individuals collected

during 1971-72. For those species repre-
sented by less than 20 gravid females,

mature ovarian eggs were counted from

individuals collected from Santa Cecilia

in previous years whenever possible.

Daily weather data consist of maximum
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Fig. 2.—Monthly mean minimum and maximum ambient air temperatures and monthly rainfall ac-

cumulation for the period July 1971-June 1972.

and minimum ambient temperature (in

thatched shelter), rainfall accumulation,

and phase of the moon and associated

cloud cover.

Field work was carried out in a 3 km-
area. Three main forest trails were
worked in addition to a variety of clear-

ings and other disturbed, forest-edge
environments (Fig. 3). Primary forest

about 3 km west of Santa Cecilia also

was studied; several species of frogs
were found either exclusively or in great-
er abundance there. This area consists

of both swampy depressions and high-

ground, mature forest. The canopy is

about 85 percent closed; the ground
cover is more sparse and the leaf litter

deeper than in the forest immediately
around Santa Cecilia.

Eight aquatic sites were investigated

extensively throughout the year ( Fig. 3
) .

Ephemeral refers to those aquatic envi-

ronments with a life span of generally
less than two weeks. Temporary sites are

those in which water is present for at

least two weeks at a time, but are known
to dry up. The pennanent environments

were filled with water throughout the

study period. The sites are as follows:

(1) Air Strip Edge Ditches (5-20 X

< 1 m). The Texaco Petroleum Com-

pany cleared an air strip at Santa Cecilia

in late 1964; continued maintenance re-

sults in much forest-edge habitat. The
ditches along the edge of the air strip are

often filled with water and are consid-

ered ephemeral environments; (2) Clear-

ing Swamp—water-filled depression (
12

X 5 m) amidst dense, grassy vegetation
in a man-made clearing; (3) Forest Edge
Swamp A—temporary swamp (15 X 7

m
) by the edge of a road, surrounded on

three sides by second-growth forest; (4)

Forest Edge Swamp B—temporary

swamp ( 8 X 5 m ) by the edge of a road,

immediately surrounded by dense, grassy

vegetation and second-growth forest; ( 5 )

Heliconia Swamp—relatively large (50

X 15 m), temporary forest swamp
choked with broad-leafed Heliconia

plants; (6) Second-growth Forest

Swamp—permanent, forest swamp (70

X 15 m) in thick vegetation; (7) Palm

Pond—large, permanent pond ( 100 X
30 m) in mature forest, with the depres-
sion filled with spiny palm trees; and

(8) Lake—permanent, deep lake (300

X 100 m) in second-growth forest. In

addition, numerous temporary swamps
and the river edge were studied.



MISCELLANEOUS PUBLICATION MUSEUM OF NATURAL HISTORY

Meters

Fig. 3.—Map of Santa Cecilia showing the three main forest trails (indicated by dashed lines)

and the eight aquatic breeding sites: (1) Air Strip Edge Ditches, ASED; (2) Clearing Swamp,
CS; (3) Forest Edge Swamp A, FESA; (4) Forest Edge Swamp B, FESB; (5) Heliconia Swamp,

HS; (6) Second-Growth Forest Swamp, SGFS; (7) Palm Pond, PP; and (8) Lake, L.

In order to determine size-fecundity

relationships, series of individuals of each

species for which gravid females were
found in sufficient abundance were pre-
served throughout the study period. Fe-

cundity measures are based on ovarian

complement (number of "mature" ovar-

ian eggs). I am unable to define "ma-

ture eggs" because the criteria are spe-

cies-specific. The larger the eggs, the

better developed they are; thus, an arbi-

trary cut-off point for each species was
used. In those species with non-pig-
mented eggs, generally the more yellow

(as contrasted to white) the eggs, the

more mature they are. Pigmented eggs

generally become darker with maturity.
Snout-vent length and egg diameter were

measured with a millimeter rule and re-

corded to the nearest 0.5 mm. Volumetric

relationships were based on ovarian com-

plement rather than ovulated eggs be-

cause the latter less frequently are en-

countered for the majority of the species
studied. Frog and egg volumes were
determined by means of water displace-

ment; measurements were taken to the

nearest 0.1 or 1.0 ml in graduated cylin-

ders. A gallon jar containing 250 ml of

water, calibrated to the nearest 10 ml,

was used for the two large species. De-

velopmental data for species with aquatic
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larvae were obtained by placing either

amplectant pairs or males and gravid
females together in plastic containers

with water and vegetation. Amplectant

pairs of Eleutherodactyhis were placed
in containers with soil, bark, and leaves.

Once eggs were deposited, adults were

removed, and the eggs counted ("clutch

size"), and diameters of 10 eggs meas-

ured. Containers with developing eggs
were kept in one area of the laboratoiy

(a thatched shelter), away from direct

sunlight. The developing embryos were

checked several times daily, and hatch-

ing times recorded when approximately
50 percent of the tadpoles had broken

through the egg membrane. Generally,
the time span between the first and last

hatching was less than ten hours.

Variables were checked for normality

(gi and g2 statistics) and homogeneity
of variances (F,„ax test) in all statistical

analyses involving parametric tests (So-
kal and Rohlf, 1969

) ; results are included

in the appropriate tables. In certain

cases, data were transformed to their

natural logs to eliminate curvilinearity

and minimize the spread of data points.

In other instances, log transformation

was used to produce normal distribution

of data points. The community matrix

is based on species associations obtained

from similarity coefficients, using the

equation S ^= ^jk/^^jk + w), in which
u = number of characters in unmatched

cells, and rijk
= number of paired posi-

tive characters (Sokal and Sneath, 1963).
Ovarian size factor (Duellman and

Crump, 1974) is an index of egg mass

relative to body length (CS(OD)/SVL,
in which CS =: mean clutch size, OD =
mean ovum diameter, and SVL = mean
snout-vent length of the gravid females

)
.

Specimens have been deposited in the

herpetological collection at the Museum
of Natural History, The University of

Kansas.

SPECIES COMPOSITION AND
MODES OF REPRODUCTION

Eight families of frogs are represented
at Santa Cecilia: Pipidae (1 species),

Leptodactylidae ( 25 species ) ,
Bufonidae

(4 species), Dendrobatidae (5 species),

Hylidae (37 species), Centrolenidae (3

species), Microhylidae (5 species), and
Ranidae (1 species), a total of 81 sym-
patric species. Several of the species
seem to be endemic to the upper Ama-
zon region. The distribution of others is

peripheral to the Amazon Basin or on
the eastern slopes of the Andes, whereas
others are widespread in the Amazon
Basin.

Concerning the distribution of frogs
in the New World, of the eight families

of frogs at Santa Cecilia, none is exclu-

sively South American. Three are found

only in Central and South America ( Cen-

trolenidae, Dendrobatidae, and Pipidae),
and the other five families are found in

North America as well as in Central and
South America. Of the 25 genera at

Santa Cecilia, ten are endemic to South

America (Ceratophrys, Ctenophryne,

Dendrophryniscus, Edalorhitm, Hampto-
phryne, Ischnocnema, Lithodytes, Nyc-
tbnantis, Osteocephalus, and Sphaeno-

rhynchiis) . The remaining 15 genera are

found in Central America; the origin and

distribution of these genera have been

discussed by Savage ( 1966). He referred

to the genus Rana as being "extratropical

North America." Only one species occurs

in South America. Five genera are con-

sidered "widespread tropical" (equally

strong species differentiation in Central

and South America): Bufo, Eleuthero-

dactyhis, Hyla, Fhrynohyas, and Phyllo-

medusa. The remaining nine genera are

considered "South American" (centers

of distribution and differentiation in

South America )
.

As used here, mode of reproduction
is a combination of oviposition site and

type of development. I recognize 10

modes within the frog fauna at Santa Ce-

cilia: (1) eggs deposited in ditches,

puddles, swamps, ponds, lakes, and

streams, with free-swimming aquatic lar-

vae; (2) eggs deposited in tree cavity

above ground, with free-swimming

aquatic larvae; (3) eggs deposited in

basin constructed on ground by the male,
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with free-swimming aquatic larvae; (4)

eggs deposited on vegetation above wa-

ter, with free-swimming aquatic larvae

(tadpoles hatch and fall into water);

(5) eggs deposited in foam nest on or

near water, with free-swimming aquatic

larvae; (6) eggs deposited on land, with

free-swimming aquatic larvae (tadpoles
carried to water on dorsum of adult);

( 7 ) eggs deposited in foam nest on land

and larvae develop within foam; (8)

eggs deposited out of water, with direct

development; (9) eggs carried in de-

pressions on dorsum of aquatic female,
with direct development; ( 10 ) eggs car-

ried in depressions on dorsum of terres-

trial female, with direct development.

See Appendix 1 for a complete list of the

species found at Santa Cecilia and their

corresponding reproductive mode. These
modes of reproduction may be classified

generally into three groups on the basis

of oviposition site and development of

the young in relation to water
(
Table 1

)
.

A total of 36 species from five families

deposit eggs in open, unprotected bodies

of water, in which subsequent larval de-

velopment occurs. The range in snout-

vent length of these species is 19.0 mm
to 132.0 mm. Some are terrestrial, others

arboreal; some breed in forest or forest-

edge environments, others in open, dis-

turbed areas. Most of these species lay

many eggs.

Table 1.—Modes of Reproduction of the Anuran Fauna at Santa Cecilia.
The numbers in parentheses indicate the seven species not found during the present study.
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A survey of the order Anura indicates

an evolutionary trend in reproduction
toward terrestriality ( Goin, 1960

)
. As in

most animals, the immature stages of

amphibians are particularly vulnerable

to predators. The anuran fauna at Santa

Cecilia illustrates many of the ways in

which problems associated with egg dep-
osition and larval development in open
water have been alleviated. The larvae

of some species in mode 1 have acceler-

ated development; their "strategy" is to

metamorphose and leave the water as

soon as possible. The two species repre-

senting modes 2 and 3 deposit eggs in

isolated sites, thereby reducing vulner-

ability of the eggs and aquatic larvae to

certain environmental hazards and pred-
ators.

Another group (25 species) deposits

eggs out of water, but retains larval de-

velopment. Four families exhibit con-

vergence toward this evolutionary step

reducing vulnerability of eggs (modes
4-6). Centrolenids and hylids deposit

eggs over standing or running water;

upon hatching, the tadpoles drop into

the water and undergo further develop-
ment. Dendrobatids deposit large terres-

trial eggs; subsequently, the tadpoles are

carried to water on the dorsum of an

adult. Many leptodactylids produce
foam nests in which eggs are suspended.
The nests are placed either on the water

surface or near water, and the hatchlings

undergo aquatic development. In addi-

tion to the adult behavioral and physio-

logical modifications from the general-
ized reproductive mode, some species
exhibit morphological adaptations asso-

ciated with these modes of reproduction.

Likewise, the larvae exhibit morphologi-
cal adaptations for the "unconventional"

entrance into the aquatic environment.

These morphological modifications are

discussed later.

A third group (
17 species )

shows

convergence in the evolutionary step of

total independence from water, in that

neither eggs nor young are left unpro-
tected in water (modes 7-10). One lep-

todactylid produces a foam nest with

egg suspension on land, and the larvae

undergo complete development and

metamorphosis within the nest. Four-

teen other leptodactylids deposit non-

aquatic eggs. The free-swimming,

aquatic larval stage is completely elim-

inated and the young hatch directly into

small froglets. Two species, one aquatic
and one terrestrial, exhibit complete pa-
rental care. The eggs of both species are

either buried or attached to the dorsum
of the female; development is direct in

both species.

The mode of reproduction is un-

known for three leptodactylids. Predic-

tions concerning these species appear in

the synthesis of results section; the sug-

gestions are predicated on ovarian egg

complement size.

BEHAVIORAL AND
MORPHOLOGICAL
REPRODUCTIVE
ADAPTATIONS

Numerous surveys have concerned

evolutionary trends in amphibian repro-
ductive modes and descriptions of life

histories (Goin, 1960; Harvey, 1963;

Jameson, 1955, 1957; Lutz, 1947, 1948;

Lynn, 1961; Noble, 1927, 1931; Orton,

1951; Tihen, 1965). A commonly pro-

posed evolutionary trend in reproduc-
tion is that frogs have evolved toward

greater terrestriality. The "generalized"

frog is considered to have mode 1 repro-

duction, in which eggs are deposited

directly in water and development oc-

curs therein. About 46 per cent of the

species of frogs at Santa Cecilia exhibit

this mode of reproduction. The remain-

der have specialized oviposition sites

and/or direct development. And, many
species possess specialized behavioral

and/or morphological modifications.

Male Htjia boans construct basins in

sand, gravel, or mud along the edge of

the river. Adult males have a protruding

prepollex (vestigial digit on the inner

side of the first digit on the forefoot)

and a long, curved prepollical spine. The

spine probably aids in grasping the fe-

male during amplexus. Lutz (1960) ob-
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served aggressive behavior between male

Hyla faber [same species group as H.

hoans and H. rosenbergi; same mode of

reproduction (Duellman, 1970)], and
claimed that the spines were used in

physical combat. The eggs are heavily

pigmented; they are deposited as a sur-

face film, probably to maximize respira-
tion area in the oxygen-poor environ-

ment typical of shallow, small bodies of

water. Duellman
(
1970 ) described tad-

poles of this species from Panama as

follows: "Hatchling tadpoles have a

total length of about 4.5 mm. Large,
filamentous gills and prominent oral

suckers are present; the yolk sac is still

large." Noble (
1931

)
described the tad-

poles of the closely related species, HyJa

rosenbergi, as having "enormous pinnate

gills which adhere to the surface film of

the basin." The feather-shaped gills are

probably an adaptation to the low supply
of oxygen in the basins.

There are four groups of anurans that

deposit eggs on vegetation above water:

(
1

)
centrolenids (

2 species ) , (
2

) phyl-
lomedusines (4 species), (3) Hyla leu-

cophyllata group (5 species), and (4)

Hyla parviceps group (2 species). The

phyllomedusines possess opposable
thumbs. The female searches for a suit-

able oviposition site above water, with

the male on her dorsum during am-

plexus; because most phyllomedusines
are heavy-bodied, the opposable thumb

likely evolved as an adaptation for in-

creased arboreal efficiency. Male Phijl-

lomedusa have horny nuptial excres-

cences on the thumbs; presumably these

aid in grasping the female during am-

plexus. The other hylids of this mode
and the centrolenids lack these struc-

tures. The centrolenids and phyllomedu-
sines deposit non-pigmented eggs,

whereas the species of Hyla deposit

lightly to heavily pigmented eggs. Cen-

trolenella munozonim deposits eggs on

the underside of leaves; the oviposition
site is unknown for Centrolenella miclas.

The Hyla deposit eggs on the upper sur-

faces of leaves. Usually H. bokerrnanni

and H. brevifrons deposit eggs on the

distal tips of leaves, whereas members
of the Hyla leiicophyllata group often

deposit eggs on the middle of the leaf.

Phyllomedusa palliata deposits its clutch

on the upper surface of leaves, usually
at the distal tip nearest the water. Phyl-
lomedusa tarsius, in contrast, encloses

the egg mass with leaves (
"closed nest"

)
.

This reduces the exposed surface of the

clutch and presumably lowers desicca-

tion rates and reduces loss due to preda-
tion. Five egg clutches of P. tarsius

were observed at Santa Cecilia. The
clutch consists of both empty gelatinous

egg-capsules and egg-containing cap-
sules (Fig. 4). All had eggs dispersed

throughout the entire clutch, although
the top and bottom of the egg mass gen-

erally consisted of mainly eggless cap-
sules. Agar (1909) described this char-

acteristic of the closed nest of Phyllo-

medusa sauvagii in detail. He suggested
that the empty egg-capsules have a

three-fold function: the plugs at the top
and bottom of the nest provide protec-
tion from the sun and air, the empty
capsules provide an extra source of fluid

for the developing embryos, and the

plug at the bottom serves to keep the

entire nest intact until hatching occurs.

The eggs of six species of Leptodac-

tylidae are suspended in a frothy mass

of mucus, air, and water ("foam nest"),

produced by kicking of the male during

amplexus. Adult male Leptodactyltis

pentadactylus and L. loagneri have pre-

pollical spines; these seem to facilitate

amplexus, because mated pairs of these

species are c^uite active. In addition,

the former species has a cluster of horny

spines on the chest and greatly enlarged
forearm muscles. Heyer (1969) dis-

cussed the adaptive shift between the

aquatic and terrestrial zones as demon-
strated by species of Leptodactylus. He
divided the species into five groups
based on oviposition site. The groups,
with the corresponding representatives

from Santa Cecilia, are as follows: (1)

L. mekmonotus group—L. discodactylus

and L. icagneri; (2) L. ocellatus group
—

no species at Santa Cecilia; (3) L. pen-
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Fig. 4.—Phtjllomedusa tarsius egg clutch, showing empty gelatinous egg-capsules. Mean egg
diameter is 3.5 mm.

tadactijlus group—L. pentadactijlus; (4)
L. fusctis group—L. mystaceus; and (5)
L. marmoratus group—L. andreae. L.

discodactijlus and ivagneri reflect the

primitive Leptodactylus pattern in that

the foam nest is placed on top of the

water (Heyer, 1969). L. pentadactylus
shows the first step towards terrestriality;

nests are placed in cavities or potholes

by the edge of water, thus providing

protection from pond predators. The
next adaptive step is that represented by
L. mystaceus, in which the nest is placed
in a burrow made by the male. Partial

larval development occurs within the

nest, thereby giving the tadpoles a po-
tential developmental advantage (i.e.

earlier metamorphosis) over the other

species of larvae in the aquatic environ-

ment. Heyer also suggested that possi-

bly the species of the L. fuscus group
avoid much food and space competition
in the pond. The egg masses of these

species are less subject to desiccation

than the more exposed nests of groups
1-3. L. andreae represents the most spe-
cialized type of reproductive behavior
and larval development; this species is

completely independent of standing
bodies of water. The nest is produced
in an "incubating chamber" similar to

that made by members of the L. fuscus

group. All larval development occurs

within the nest; the young feed entirely

upon the large yolk stores from the eggs.
There is a trend towards decrease

in numbers of eggs per nest and increase

in egg diameter from the most aquatic

(groups 1-2) to the most terrestrial

(group 5) groups. In general, those spe-
cies depositing eggs in more exposed
situations (L. pentadactylus and wag-
neri) have pigmented eggs, whereas
those using more sheltered situations

(
L.

andreae and mystaceus) lack melano-

phores. An exception is L. discodacty-

lus, which, although it places the nest on
the water surface, has non-pigmented
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eggs. Zweifel (1968) discussed two

adaptive features of pigmented eggs;
dark eggs absorb heat more readily and
thus may promote more rapid develop-

ment, and the melanin may serve to

shield the embryos from ultraviolet radi-

ation. The larvae of most of the species
of Leptodactylus have muscular, thin

bodies, probably an adaptation that fa-

cilitates migration from the foam nest to

adjacent water. Larvae of L. andreae

develop within the nest; these have not

been observed at Santa Cecilia. Physa-
Iciemus petersi tadpoles have round, ro-

bust bodies in contrast to the other lep-

todactylids, perhaps because the foam
nests are produced on the water surface;

thus, the tadpoles are not subject to the

transient dangers encountered by most

Leptodactylus larvae.

Five species of frogs (Dendrobati-

dae) deposit terrestrial eggs; the larvae,

upon hatching, are carried to water on

the dorsum of the adults. Presently, it

is suspected that whether males or fe-

males transport the larvae is species-

specific, but the suspicion is based on

small sample sizes. Only one male Colo-

stethus marchesianus, two male Dendro-

hates parvulus, and a female Phyllohates

femoralis were found transporting tad-

poles, but this mode of reproduction is

assumed to be similar for the other two

species. The snout-vent length of the C.

marchesianus was 18.5 mm; three tad-

poles were found on the dorsum, rang-

ing from 8.0 to 8.5 mm in total length.

The snout-vent lengths of the D. parvu-
lus were 19.0 and 18.5 mm; the first car-

ried six tadpoles (
12.0 to 13.0 mm

)
and

the second, five larvae (not measured).
The female P. femoralis was 25.5 mm in

snout-vent length and carried 11 tadpoles

(9.0 to 11.0 mm). The four adults had

no apparent (visible) modifications on

the dorsal surface for attachment of the

larvae. The larval body form is de-

pressed slightly, and the anteroventral

half of the tadpole is slightly concave in

each species. This shape probably fa-

cilitates the larva's fitting onto the slight-

ly curved surface of the adult's dorsum.

The tail is sturdy and the tail fin rela-

tively shallow.

Several investigators have described

adaptations in other dendrobatids. Ruth-

ven and Gaige (1915) discussed the

breeding habits of a frog identified as

Prostherapis (^ Colostethus) suhpunc-
tatus. They thought the tadpoles were
attached to the adult by their lips. Like-

wise, Barbour (1926) stated that the lar-

vae of several species of Phyllohates and
Dendrohates adhere to the adult by
"sucker-like mouths." No other sugges-
tions of oral adaptations have been re-

ported. Stebbins and Hendrickson

(
1959

) studied the tadpole-carrying
habit of a dendrobatid identified as

Phyllohates (= Colostethus) suhpunc-
tatus from near Bogota, Colombia. They
stated that the tadpoles were attached

to the back of the adult frog by a sticky

mucus, probably from dermal glands of

the adult. I observed no trace of mucus
on any animals from Santa Cecilia, nor

has Stephen R. Edwards (personal com-

munication) observed any on individuals

of many species of Colostethus. The tad-

poles are capable of maintaining their

position on the dorsum in spite of con-

siderable physical disturbance. Release

seems to be a combination of larval and

adult activity, and is probably correlated

with larval age and the activity of the

adult in relation to the physical environ-

ment. It is unknown how the larvae

initially become situated on the dorsum

of the adult.

Fourteen species of frogs (genus

Eleutherodactylus) deposit large, non-

aquatic eggs in which development takes

place within the egg capsule, resulting

in the hatching of a miniature replica
of the adult. The eggs are non-pig-
mented and protected by several dense

jelly layers. Noble (
1931 ) described the

tails of the developing embryos as broad

and thin; the dorsal and ventral fins are

highly vascularized, presumably to act

as the respiratory organ for the embryo

during the intraoval development. Hatch-

ling Eleutherodactylus have a. horny pro-

jection ("egg tooth") on the tip of the
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snout used in ripping the jelly capsule

during hatching. The "egg tooth" is shed

soon after hatching.

No adult female Hemiphractus pro-

hoscideus with eggs or young attached,

or with evidence of previous attachment,

has been found. This reproductive mode
is documented in the other four species
of Hemiphractus (Trueb, 1974); the

method of attachment is expected to be

the same in H. proboscideus as in Hemi-

phractus panamensis, in which the eggs
are carried in separate depressions on the

dorsum of the female. Development is

completed within the egg. Duellman

(
1970

)
described the method of attach-

ment of young H. panamensis to the

adult female. The gills of each juvenile

frog are embedded in pits on the dor-

sum of the female; two pairs of white

cords extend from the gills to the throat

of the young frog. Noble (1917) did

histologic examinations of the gills of

hatchling froglets. He showed that the

cords contain blood vessels and striated

muscle and that the blood vessels ana-

stomose in the gills. Because the gills

apparently are separated from vascular

tissue in the female, the developing frogs

probably do not derive nourishment or

oxygen from the parent. Duellman

(1970) suggested that the gills serve to

obtain oxygen from the atmosphere and

to provide firm attachment to the female

for transportation.

BREEDING SITE UTILIZATION

The 74 species observed in the course

of field work are considered here to be

the Santa Cecilia "anuran community."

Community is used in the loose sense, as

defined by MacArthur (
1971 ) to be "any

set of related organisms living near each

other and about which it is interesting

to talk." Of prime importance is the

question: how are 74 species of frogs

able to coexist in so small an area? One

possible answer lies in the temporal and

spatial partitioning by the animals of en-

vironmental resources such as food,

breeding sites, and shelter. Shelter sites

were not studied for logistic reasons;

frogs are difficult to find in their inactive

periods, and species are encountered
with differential success. Stomach con-

tent analyses indicate that the majority
of the species are opportunistic feeders;
there is extensive overlap of prey items.

For the present study, I assume that

abundance of prey items did not signifi-

cantly limit the spatial and temporal
distribution of breeding activities of the

74 species. The premise of this study is

that breeding sites represent a poten-

tially limiting resource, because "X
number of aquatic environments is less

than "N" number of species. There may
be competition for space either in the

tadpole stage or in the adult stage, at

egg deposition sites. If this is true, dif-

ferential spatial and temporal utilization

of the sites should exist.

Spatial Utilization

Breeding habitats and egg deposition
sites for all of the 81 species are listed

in Appendix 1. The 14 species of Eleu-

therodactijhis deposit eggs either on the

ground amidst leaf litter or in vegetation
above ground. Because these micro-

environments are structiu-ally complex,

breeding sites probably are not limited

for these species. Leptodactyhis andreae

produces foam nests on the ground in

humid places away from open bodies of

water. Presumably, Hemiphractus pro-

boscideus exhibits complete parental
care with the eggs and young being car-

ried on the dorsum of the female. Hijla

boans constructs nests in the mud along
the bank of the Rio Aguarico, and Nijc-

timantis rugiceps probably deposits eggs
in tree cavities. There is no interspecific

overlap in breeding sites for the latter

four species.

Of the 74 species, 53 utilize water-

filled ditches, puddles, ponds, swamps,
a lake, or streams for breeding purposes.

Spatial utilization of breeding sites was
studied to determine whether the species
demonstrate regular or clumped distribu-

tions among the available sites with re-

gard to breeding activities.
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None of any of the species for

which the breeding sites are known is

distributed regularly within the habitats.

The three major environments are for-

est, forest-edge and open, disturbed

areas. Some species are habitat special-

ists, breeding in a restricted variety of

sites. Hyla geographica, for example,
breeds only at the large, permanent lake.

Many species of tree frogs are habitat

generalists, breeding in all three major
environments. However, no species was
found breeding at each of the eight sites

studied in the three environments.

Biotic interactions with other species

may prevent a species from breeding at

a site even when physical conditions are

appropriate. For example, Hyla triangti-

him breeds at both of the open area sites

and both forest-edge swamps, but only
at one of the forest sites. Distance of the

forest site from the clearing probably
is not the reason that individuals do not

breed at the three sites because two of

the swamps are closer to the clearing
than is the lake. The amount of open
water and density of surrounding vege-
tation do not seem to be restricting fac-

tors because the species breeds in a

wide variety of habitats (from shallow

water in low, grassy vegetation to the

large lake with minimal peripheral vege-

tation). The species also breeds in

ephemeral, temporary, and permanent
water. The most parsimonious explana-
tion is that Heliconia Swamp, Palm

Pond, and Second-growth Forest Swamp
are already "packed" with species, in-

hibiting the presence of Hyla triangu-
lum. The proximate factor may be acous-

tical interaction, competition for calling
or breeding sites, or a combination of

these factors. Thus, there seems to be a

definite pattern to species distributions,

resulting from physical requirements and

biotic interactions, with the net result

being spatial partitioning of the breed-

ing sites.

In order to elucidate this partitioning,

eight aquatic breeding sites and 26 asso-

ciated species with aquatic larvae were
studied in detail (Table 2). Two sites

were in disturbed areas, two at the edge
of forest, and four in forest. Heliconia

Swamp, located in the forest, had the

largest number of species (22) associ-

ated with it. Of these, only 16 were
found calling and/ or breeding. Tem-

poral utilization was studied extensively
at this site and is discussed in the follow-

ing section. Two of the forest sites had

relatively few species associated with

them. Only four species were found ac-

tually calling and/or breeding at the

lake and eight at the second-growth
forest swamp. It is interesting to note

that these permanent sites (also with

deep water) have the fewest species

breeding at them. Seventeen species
were found at the fourth forest swamp
(Palm Pond), 15 of which were calling

and/or breeding. The disturbed area and

forest-edge sites had similar numbers
of species with 16 and 19 at the former

and 19 and 15 at the latter sites. The
numbers of species calling and/ or breed-

ing were 13, 15, 16, and 15, respectively.
In several cases, although calling males

were found, no gravid females, eggs, or

tadpoles attributable to the species were
observed. The maximum number of spe-
cies breeding at any site was 14 (of 53

potential species ) ; the maximum number
of species breeding synchronously at a

given site was ten (see below).

These eight sites then were assessed

for number of shared species actually

breeding for every habitat combination

(Table 3). The water-filled ditches

along the edge of the runway had no

species in common with Second-growth
Forest Swamp. Superficially, this seems
anomalous because the sites are in close

proximity (Fig. 3). However, the vege-
tational physiognomy and water depth
at the two sites are drastically different.

The former has shallow, ephemeral wa-

ter, choked with low, dense, grassy vege-
tation, whereas the latter is a deep, per-
manent pond, with large peripheral

vegetation. The species involved may
be specialized to the water depth, tem-

perature, turbidity, certain chemical

properties, amount of open water, or
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Table 3.—Matrix of Similarity Coefficients for Eight Aquatic Sites Based on Shared
Species Breeding at the Sites. i

A.S.E.D. C.S. F.E.S.A. F.E.S.B. H.S. S.G.F.S. P.P. L.

A.S.E.D.

C.S. .

F.E.S.A.

F.E.S.B.

H.S. ._...

S.G.F.S. _

P.P.

L.

Total

Species

Breeding

X
6(0.46)

5(0.28)

7(0.47)

2(0.11)

0(0.00)

1(0.05)

1(0.08)

9

X
7(0.41)

7(0.44)

4(0.22)

3(0.21)

5(0.28)

1(0.08)

10

X
9(0.50)

9(0.53)

4(0.24)

7(0.35)

1(0.06)

14

X
8(0.47)

2(0.11)

6(0.30)

1(0.06)

13

X
3(0.19)

9(0.56)

0(0.00)

12

X
4(0.25)

2(0.22)

X
0(0.00)

13

X

^ The sites are as follows: Air Strip Edge Ditches, ASED; Clearing Swamp, CS; Forest Edge Swamp A, FESA;
Forest Edge Swamp B, FESB; Heliconia Swamp, HS; Second-Growth Forest Swamp, SGFS; Palm Pond, PP; Lake,
L. See Appendix 3 for raw data. In each column the first figure indicates the nimiber of shared species; the figure
in parentheses is the similarity coefficient.

some other variable. The maximum num-
ber of shared species between two sites

is 9, exhibited between two forest

swamps (
Hehconia Swamp and Pahu

Pond), two forest-edge swamps (A and

B), and between one forest and one

forest-edge swamp (HeHconia Swamp
and Forest Edge Swamp A). The high-
est simihirity coefficient (taking into

consideration both total numbers of spe-
cies at each site and number of shared

species) is 0.56, between the two for-

est swamps. Thus, 56 per cent of all

the species found breeding at either site

are found breeding at both sites.

The preceding data indicate that spa-
tial partitioning does exist. The range
of similarity coefficients representing

species associations at the eight breeding
sites is 0-1 (Table 4), which means that

some species combinations never were
found breeding at the same sites, where-
as other pairs always were found in mu-
tual association. It is assumed that the

higher the similarity coefficient, the more
similar are the requirements for breed-

Table 4.—Community Matrix of Similarity Coefficients of 26 Species of Frogs

Breeding at Eight Sites.

Species 1 6 8 9 10

1

2

3
4

5

6

7

8

9

10

11

12

13

14

15
16

17

18

19

20

X
0.33

0.20

0.20

0.33

0.20

0.60

0.75

0.50

0.40

0.29

0.75

0.50

0.14

0.25

0.33 0.20

X
X

0.33 0.20

-- 0.33

...... 0.60

1

0.20 0.33

0.25 0.17

0.33 0.20

..... 0.75

...... 0.20

...... 0.50

0.25 0.17

0.33

..... 0.60

0.67

0.20



CRUMP: REPRODUCTIVE STRATEGIES IN A TROPICAL ANURAN COMMUNITY 19

Table 4.—Community Matrix of Similarity Coefficients of 26 Species of Frogs
Breeding at Eight Sites.—Continued.

Species 123456789 10

21 0.25

~
025

~ ~
033 040 025 017 Z

22 0.33 _..-. 0.60 0.33 0.20 ._.... 0.67 0.60 0.67
23 0.60 0.20 0.14 0.33 0.17 0.25 0.14 0.67 0.20
24 0.20 ..... 0.50 0.20 0.33 ..... 0.60 0.50 0.33

25 0.20 ...... 0.50 0.20 0.33 ...... 0.60 0.50 0.33

26 ...... - 0.33 0.33 1 ...... 0.20 0.33

Species 11 12 13 14 15 16 17 18 19 2o"

1 ..-..- 0.75 0.50 0.40 . 0.29 0.75 O50 014 025
2 - 0.25 0.33 ..... ...... .... 0.25 0.33

3 ...... 0.17 0.20 0.75 0.20 0.50 0.17 ...... 0.60 0.67

4 ...... 0.40 0.20 0.17 0.50 0.29 0.40 0.50 0.33

5 . . 0.25 0.33 0.17 ...... . 0.20

6 1 ...... ..-.-. . . 0.25 0.14 ..... ...... 0.17

7 0.17 0.29 0.33 0.80 0.33 0.83 0.29 0.14 0.67 0.40

8 . 0.17 0.20 0.75 0.20 0.50 0.17 ..... 0.60 0.67

9 ..-..- 0.80 0.60 0.50 0.14 0.57 0.80 0.60 0.43 0.40

10 0.50

11 X ...... .... . . 0.25 0.14 ...... .... 0.17

12 ...... X 0.40 0.33 0.17 0.43 1 0.75 0.29 0.20

13 ...... 0.40 X 0.40 ...... 0.29 0.40 0.50 0.14 0.25

14 ...... 0.33 0.40 X 0.17 0.67 0.33 0.17 0.50 0.50

15 0.25 0.17 ...... 0.17 X 0.50 0.17 0.20 0.60

16 0.14 0.43 0.29 0.67 0.50 X 0.43 0.29 0.83 0.33

17 ...... 1 0.40 0.33 0.17 0.43 X 0.75 0.29 0.20

18 ...... 0.75 0.50 0.17 0.20 0.29 0.75 X 0.14

19 0.17 0.29 0.14 0.50 0.60 0.83 0.29 0.14 X 0.40

20 ..... 0.20 0.25 0.50 ..... 0.33 0.20 . 0.40 X
21 0.33 0.20 ...... 0.20 0.25 0.33 0.20 ...... 0.40 0.33

22 ...... 0.50 0.33 0.80 0.33 0.83 0.50 0.33 0.67 0.40

23 0.17 0.80 0.33 0.29 0.14 0.38 0.80 0.60 0.25 0.17

24 ...... 0.17 0.50 0.75 0.20 0.50 0.17 0.20 0.33 0.25

25 . 0.17 0.50 0.75 0.20 0.50 0.17 0.20 0.33 0.25

26 - . ...... 0.25 0.33 0.17 ...... ...... 0.20

No. Pot. 5
Species 21 22 23 24 25 26 Sites Assoc.i Coef.

1 0.25 0.33 0.60 0.20 0.20

2 ..-- ..... 0.20

3 0.25 0.60 0.14 0.50 0.50 0.33

4 ...... 0.33 0.33 0.20 0.20 0.33

5 ...... 0.20 ..... 0.33 0.33 1

6 0.33 .... 0.17

7 0.40 0.67 0.25 0.60 0.60 0.20

8 0.25 0.60 0.14 0.50 0.50 0.33

9 0.17 0.67 0.67 0.33 0.33

10 ...... -.-.. 0.20

11 0.33 ..... 0.17

12 0.20 0.50 0.80 0.17 0.17

13 ...... 0.33 0.33 0.50 0.50

14 0.20 0.80 0.29 0.75 0.75 0.25

15 0.25 0.33 0.14 0.20 0.20 0.33

16 0.33 0.83 0.38 0.50 0.50 0.17

17 0.20 0.50 0.80 0.17 0.17

18 ...... 0.33 0.60 0.20 0.20

19 0.40 0.67 0.25 0.33 0.33 0.20

1 Entries under the heading "Pot. Assoc." represent the total number of potential species associations

(number of species found breeding s>inpatrically).

3
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Table 4.—Community Matrix of Similarity Coefficients of 26 Species of Frogs
Breeding at Eight Sites.—Continued.
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Table 6.—Occurrence and Breeding Activity^ of 20 Species at Heliconia Swamp.

Species 1

H. alhogutiata
H. hokermanni GC
H. brcvifrons
H. calcarata -

H. cnicntomma C
H. favosa
H. funerea
H. garbei
H. geographica FM
H. leiicophyllata

H. manuorata ..._

H. parviceps
H. rliodopepla GC
H. sarayaciiensis C
P. palliata

P. tarsiiis C
C. ventrimaculata

H. boliviana

L. mystaceus
L. pentadactijlus

20-Day Time Period

3 4 5 10

G
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bilis), and two are dendiobatids (Den-
drohates pictus and CoIostetJms inar-

chesianus); no breeding activities were

observed for these species. Non-gravid
females of Hyla caJcarata, H. <ieog,raph-

ica, and Leptodactylus pentadactylus

occasionally were found at the swamp;
these species are excluded from the dis-

cussion, because no calling males were

observed. One male Hyla favosa was

found, but no females. Males of each

of the remaining 16 species, with the

exception of Hyla albofi^tittata, were

found calling. Gravid females of 12 of

these species were found.

Thus, it is probable that at least 16

species breed in the swamp. The maxi-

mum number of species observed calling

at one time was ten. However, the

maximum number of species observed

breeding synchronously was six. Of

these, three deposit eggs on vegetation
above water (Hyla bokermanni, H. sa-

rayacuensis, and Phyllomedtisa tarsius),

and three deposit eggs directly in water

(Hyla cnientomma, H. parviceps, and
H. rhodopepla), thereby creating less

demand on potentially limited oviposi-
tion sites. Three species ( H. boker-

manni, H. parviceps, and H. rhodopepla)
almost always were found breeding fol-

lowing heavy rains. Others (Hyla gar-

bei, H. sarayacuensis, PhyUomedusa pal-

liata, and P. tarsius) bred occasionally
at the swamp. Hyla garbei bred only
when there was at least 0.6 m of water

in the swamp. The cyclic patterns of

the other species are unexplainable in

the absence of detailed environmental

measurements, but they seem less af-

fected by the physical environment than

by interspecific associations. Both spe-
cies of PhyUomedusa often were found

calling synchronously, but gravid fe-

males or egg clutches of only one species
were found during any 20-day period.

Herpetologists have suggested that

on any given night the most abundant

species calling and/or breeding at a site

will be the one that arrives first and be-

gins vocalizing, attracting other males.

Perhaps this explains the presence or

absence of certain species at Heliconia

Swamp at a particular time. Occasion-

ally, species calling and breeding in

abundance at sites less than a kilometer

from the swamp were absent from Heli-

conia Swamp, yet on the preceding and

following nights individuals of the spe-
cies were breeding in great abundance
there. No differences in climatic factors

or the physical environment were de-

tected. Therefore, I suggest that the

presence and absence of species is at

least partly related to the existing biotic

associations. Although at times H. bok-

ermanni was the most abundant species,

at other times H. rhodopepla was more
abundant. But sometimes both species
were calling and breeding in such abun-

dance that it was impossible to single

out one as dominant with the data at

hand. No one species within the com-

munity can be identified as the reason

for another's absence. If competitive in-

teractions are important, a synergistic

interaction of numerous species is prob-

ably responsible for the presence and

absence of certain species at a particular

breeding site at a given time.

Annual Breeding, Patterns.—Within

the anuran community at Santa Cecilia,

it is possible to discern distinct annual

breeding patterns. I have grouped the

species into three categories on the basis

of annual reproductive activity
—contin-

uous breeders, opportunistic breeders,

and sporadic breeders (Table 7). A spe-

cies is designated a continuous breeder

if gravid females and/or juveniles were

found throughout the year. Appendix 4

indicates the number of females and the

per cent gravid females found per 20-

day time period. At least ten species are

continuous breeders. Others probably
should be included in this group, but

more data are necessary to verify this

conclusion. For example, male Leptodac-

tylus mystaceus were found calling

throughout the year, but only 16 gravid

females were found (in July, October,

November, January, February, March,

and May )
.

Eight hylids are classified as oppor-
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Table 7.—Breeding Patterns of 49 Species of Frogs at Santa Cecilia. i

Continuous
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nent forest swamp and stream), Hijla

geographica (lake), and Hyla albogut-
tata (breeding site unknown).

The remaining 25 species were found

too infrequently to discern breeding pat-

terns.

Females of 17 species were abundant

throughout the year (30 or more indi-

viduals found). For these species, at

least 55 per cent of all females found

contained mature ovarian eggs (Appen-
dix 4). Eight are species that deposit

eggs directly in water. Only 55.4 per
cent of all female Dendrophryniscus mi-

nutus contained mature ovarian eggs,

whereas 98.2 per cent of the Hyla rho-

dopepla were gravid with mature eggs.

For these eight species, the mean per-

centage of females found to be gravid
was 79.2. Hyla bokermanni and Hyla

triangidum are the only species deposit-

ing eggs on vegetation above water for

which females were found in abundance;
92.4 per cent of the former species and

90.0 per cent of the latter contained

mature ovarian eggs. Nearly all female

dendrobatids were gravid; the percent-

age gravid of the three most abundant

species was 92.3, 93.0, and 96.4. Of the

14 species of Eleutherodactylus, females

of only four species were found in abun-

dance; the range of females containing
mature ovarian eggs was 60.0 to 88.9

per cent.

Many of these percentages seem sus-

piciously high. Among the hylids this

is explained by the fact that females

were usually found at aquatic breeding
sites. Females generally do not come to

the site until they are ready to deposit

eggs. The low percentage of gravid

Hyla albogiittata is consistent with the

fact that individuals were found scat-

tered throughout the forest, rather than

at breeding sites. The figures for the

dendrobatids may be biased in one or

both of two ways—since at least 50 per
cent of the dendrobatids seen escaped,
females laden with mature eggs are

possibly easier to capture, and, possibly,

while their eggs are developing, females

take shelter in secluded microhabitats.

Gravid females were found both on the

ground amidst leaf litter by day and

sleeping on vegetation up to 0.5 m from

the ground at night. The few non-gravid
individuals were found in the same habi-

tats.

I have no data concerning the num-
ber of times individual females breed

annually. However, indirect evidence

suggests that females of each reproduc-
tive mode (with the possible exception
of the species that deposits eggs in tree

cavities and those two species in which
the eggs and young are attached to the

back of the female) lay multiple

clutches, throughout the year. All of

these females contained immature eggs
in addition to the mature ovarian com-

plement. It is unlikely that all of these

undeveloped eggs are wasted; the most

parsimonious explanation is that they
are deposited at some later date. Direct

evidence for multiple clutches does exist

for one female Hyla rhodopepla. A
marked individual deposited 390 eggs
in May 1972. She was released the fol-

lowing day and recaptured 31 days later;

at this time she deposited another 260

eggs. Both clutches were fertilized and

subsequently hatched.

QUANTITATIVE REPRODUCTIVE
VARIABLES

Certain reproductive factors are

quantifiable (size-fecundity and volu-

metric relationships, sexual dimorphism
in size, ovum diameter, intraoval devel-

opmental time, and hatchling size); when
examined within and between both spe-

cies and modes of reproduction, analysis

of these factors enhances our under-

standing of anuran reproductive strate-

gies and their evolutionary and ecologi-

cal significance. Either as a means of or

as a result of coexistence, species do par-

tition breeding and oviposition sites tem-

porally and spatially (preceding section).

The following section demonstrates that

no two species possess an identical com-

plement of reproductive characteristics.
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Size-Fecundity Relationships

Snout-vent lengths were measured
and mature ovarian egg complements
counted for all species for which gravid
females were found. Ranges and means
of these variables, maximum ova diam-

eters (nearest 0.5 m), and ovarian size

factors are listed in table 8.

Several investigators ( Henderson,

1961; Oplinger, 1966; Pettus and Angle-

ton, 1967) have shown that as size in-

creases within a species the number of

eggs produced increases. In order to de-

termine whether my data show this re-

lationship, product-moment correlation

coefficients of ovarian complement on

body size were computed for all species

having a sample size of at least ten. Both

variables were converted to their natural

logarithms to reduce curvilinearity and

minimize the spread of data points. The
data were subsequently re-checked for

Table 8.—Summary of Reproductive Data for 66 Species Based on Mature Ovarian Egg
Complement. An asterisk indicates data from Largo Agrio ( 16 km. from Santa

Cecilia ) .

Species N
Range
SVL

Mean
SVL

Range
# eggs

Mean
# eggs

Max. Ovarian

Egg size

Diam. factor

E. perezi 1

E. acuminatus 5

E. altamazonictis 20
E. conspicillatus 10

E. croceoingiiinis 86
E. diadematus 1

E. lacrimosus 11

E. lanthanites 68
E. martiae 18

E. ockendeni 29
E. paidulus 1

E. pseiido-
acitminatus 12

£. quaquaversus 1

E. variabUis 148
I. quixensis 34
L. andreae 12

L. discodactylus 5
L. mystaceus 22
L. wagneri 6
L. lineatus"* 1

C. marchesianus 40
C. satdi 4
D. parvulus 109
D. pictus 48
P. femoralis 12

H. alhogiittata 21

H. bifiirca 8

H. boans 25
H. bokermanni 29
H. brevifrons 15

H. calcarata 10

H. cruentomma 18

H. fasciata 27
H. favosa 1

H. funerea 13

H. garbei 21
H. geographica 7

H. granosa — - 11

38.0
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Table 8.—Summary of Reproductive Data for 66 Species Based on Mature Ovarian Egg
Complement. An asterisk indicates data from Largo Agrio ( 16 km. from Santa

Cecilia ) .

—Continued.

Species N
Range
SVL

Mean
SVL

Range
# eggs

Mean
# eggs

Max.

Egg
Diam.

Ovarian

size

factor

H. lanciformis 23

H. IcticopliyUata 6

H. marmorata 7

H. minuta 5

H. parviceps 101

H. punctata 20

H. rhodopepla 52

H. rubra 66

H. saraijacuensis 14

H. triangulum 23

O. buckleyi" 1

O. leprieurii'* 16

O. taurinus 1

P. coriacea 1

P. palliata 15

P. tarsius 15

P. tomopterna —_ 5

P. vaillanti 5

S. carneus 1

C. midas 2

C. munozorum .— ^._. 1

C. bassleri 3

C. ventri-

maculata 1

H. boliviana 2

B. marintis 5

B. ttjpJionius 14

D. minutus 41

R. palmipes 25

79.0-94.0
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Table 9.—Correlation Between SNOtrr-

Vent Length and Number Mature Ovarian

Eggs for 41 Species of Frogs.

Species N

E. altama-

zoniciis 11

E. conspicil-

latits 10

E. croceoin-

guinis 86
E. Jacrimosus . 11

E. lanthanites . 68
E. martiae 18

E. ocke7uleni _ . 18

E. pseudoacu-
minatus 12

E. variabilis 148
/. quixensis 23
L. andreae 12

L. mijstaceus .. 16

C. marchesi-

amis 40
D. pawuJus __.. 109
D. picttis 48
P. femoralis __._ 12

H. albogiit-

tata 21

H. hifiirca 20
H. boans 25
H. boker-

manni 29
H. brevifrons .. 15

H. calcarata .... 10

H. cruen-

tomma 18

H. jasciata 27
H. funerea 13

H. garbei 21

H. granosa 11

H. lanciformis 23
H. leitco-

phyllata 12

H. marmorata .. 10

H. parviceps .. 101

H. punctata .... 15

H. rhodopepla 52
H. rubra 66

H. saraya-
cuensis ._ 14

H. triangulum .. 19

P. palliata 15

P. tarsius 15

B. typhonius . 14

D. minutus 41

R. palmipes .... 25

Normality
SVL # eggs

+
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month variation in both snout-vent

length and fecundity, although there is

no significant correlation between the

two variables (Table 11). For five of

the seven months, fecunditv of H. rubra

seems to be related to snout-vent length,
but in May there is a sudden decrease in

fecundity. This may be related to the

decrease in rainfall ( Fig. 7 ) , because the

species is dependent upon ephemeral,

Table 10.—Correlation' and Regression Coefficients of Size-Fecundity Data for Three
Modes of Reproduction.

Mode of

Reproduction
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jas'o'n'd'j'f'
MONTHS

AM J

1971-72

Fig. 8.—Relationships between snout-vent

length, fecundity, and rainfall per month for

Eleutherodactylus variabilis. For the rainfall

scale see figure 9. The closed circles represent
snout-vent length, the open circles, number of

mature ovarian eggs.

by water displacement for 23 species of

frogs (Table 12). A product-moment
correlation analysis was run on the 23

species as a group in order to determine
the relationship between snout-vent

length and body volume, using means
for each species. The non-transformed

data yield a significant correlation co-

efficient of 0.892 (P < 0.01). A second

analysis was run on the ten species that

deposit eggs in water; again the coeffi-

cient (0.916) is highly significant (P <
0.01). In both cases the relationship is

curvilinear, supporting the commonly ac-

cepted theory that volume increases at

a much greater rate than does body
length. Because body volume is a more
realistic measure of an animal's "size"

than is snout-vent length, volume prob-

ably is a more accurate measure of size

in the determination of size-fecundity

relationships.
A third variable relevant to fecundity

is body weight. Two studies have con-

cluded that weight and snout-vent length

correlation with monthly rainfall, fe-

cundity of the latter species may be
related to weekly rainfall. Because tree

frogs of mode 1 are dependent upon
water for egg deposition and subsequent
larval development, they probably are

capable of regulating egg production
and maturation in close association with

climatic variation. There are no obvious

explanations for decreasing fecundity in

E. lanthanites and the significant be-

tween-month variation in size of gravid
E. croceoingtiinis (Fig. 11); environ-

mental variables regulating reproductive

performance of species with direct de-

velopment are extremely difficult to in-

terpret. There is no significant monthly
variation in either snout-vent length or

fecundity in Dendrobates parvulus.

Volumetric Relationships

Body volume and volume of the ma-
ture ovarian complement were measured

60-

-^ 50

E
o
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<
Li-

ce:
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-30

O

-25

MONTHS 1971-72

Fig. 9.—Relationship between rainfall and fe-

cundity for Eleutherodactylus lanthanites. The
solid lines connect consecutive months, the

dashed lines, non-consecutive months.
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MONTHS 1971-72

Fig. 10.—Relationship between rainfall and fe-

cundity for Hyla parviceps. The solid lines

connect consecutive months, the dashed lines,

non-consecutive months.

are highly correlated in lizards ( Davis,

1967; Turner and Gist, 1970). Gromko,
Mason, and Smith-Gill (

1973 )
examined

the relationship between dry weight and

volume of tadpoles. They found that the

volume^/' of water displaced by a tad-

pole is highly correlated with dry weight
at metamorphosis. This correlation is

much greater than that for snout-vent

length with dry weight, indicating that

volume^/'^ is a more reliable indicator of

biomass than weight. Whether a 1:1 re-

lationship between weight and volume

exists in frogs is unknown.
We can re-examine fecundity-size

relationships among 23 species of frogs

by using volume as the index of size. In

order to minimize the spread of data

points and reduce curvilinearity, the

mean body volumes and egg volumes

were transformed to their natural log-

arithms; the data are distributed nor-

mally. The points were plotted and the

regression line computed (Fig. 12); the

correlation coefficient (0.976) is highly

significant (P < 0.01). Thus, species
with larger body volumes have larger

volumes of eggs. This relationship pre-
vails within the reproductive modes
studied. In the ten species that deposit

eggs in water, the correlation coeflRcient

(0.870) is significant (P < 0.01); posi-
tive trends are evident for the other

modes.

Clutch volume expressed as a per-

centage of the total volume was ex-

amined (Table 12). The means for the

23 species range from 3.1 to 18.2 per
cent, the smallest being that of the

largest species, Bufo marinus (fecundity
based on ovarian count = 6000 eggs)
and the largest percentage being that of

j'a's'o'n'd'j'f'm'a'm'j

MONTHS 1971-72

Fig. 11.—Relationship between rainfall and

snout-vent length for Eleiitherodactyhis cro-

ceoinguinis. The solid lines connect consecu-

tive months, the dashed lines, non-consecutive

months.

the small tree frog Hyla cruentomma

(mean fecundity = 472.9 eggs). The

product-moment correlation coeflBcient

between snout-vent length and per cent

clutch volume is -0.376 (P < 0.1). The
inverse relationship indicates that as

snout-vent length increases, proportion-

ately less of the total volume is accounted
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Table 12.—Stjmmary of VoLtrMEXRic Data for 23 Species Based on Matxjre Ovarian Egg
Complement.^
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Table 13.—Sexual Dimorphism in Size for gravid females and adult males of 61 Species of
Anurans.

Males Females Ratio

Species N Range SVL X
9-

N Range SVL X SVL/ ,5 SVL t

H. albogiittata -..-_ 10 27.0-31.0 28.8 10 35.0-45.0 40.7 1.41

H. calcarata 10 32.0-38.0 35.9 10 47.0-61.0 53.9 1.50
H. cruentomma ___. 10 24.0-28.0 26.2 10 26.0-.30.0 27.6 1.05

H. fasciata 10 33.0-37.0 35.7 10 45.0-50.0 47.7 1.34

H. funerea 10 31.0-36.0 33.2 10 33.0-43.0 38.0 1.14

H. garhei 10 34.0-38.0 35.4 10 41.0-45.0 42.0 1.19

H. geographica . - 10 40.0-49.0 44.2 7 64.5-68.0 66.6 1.51

H. granosa 10 36.0-43.0 39.0 10 40.0-44.0 41.2 1.06
H. lanciformis ._, _. 10 71.0-80.0 74.9 10 81..5-94.0 87.0 1.16
H. marmorata -._.. 10 35.0-43.0 39.1 10 46.0-53.0 49.3 1.26

H. 7ninuta 4 20.0-22.0 21.3 5 23.0-24.0 23.8 1.12

H. parviceps 10 16.0-18.0 17.1 10 20.5-25.0 23.1 1.35
H. punctata 10 33.0-40.0 36.4 10 35.0-40.0 36.8 1.01

H. rhodopepla .._ -_ 10 18.0-23.0 21.3 10 27.0-27.5 27.2 1.28
H. rubra 10 31.0-34.0 32.3 10 35.0-41.0 38.7 1.20
H. boliviana 10 32.0-37.0 34.3 2 40.0-44.0 42.0 1.22
R. palmipes 10 88.0-102.0 92.3 10 108.0-125.0 116.8 1.27
B. marinus 10 87.0-127.0 104.1 5 115.0-146.0 1.32.6 1.27
B. typhonius - 10 41.0-62.0 52.3 10 58.0-86.0 75.3 1.44
D. miimtus 10 13.0-15.0 14.2 10 18.0-21.0 19.4 1.37
H. boans ...._ 10 81.0-116.0 103.8 10 80.0-110.0 98.0 0.94
H. bifurca ._.. 10 23.0-26.0 25.1 10 29.0-34.0 31.8 1.27
H. bokermanni __ 10 20.0-23.0 22.0 10 23.0-25.5 23.9 1.09
H. bremfrons 10 16.0-20.0 18.3 10 18.0-23.0 21.0 1.15
H. leucophtjllata .. 10 32.0-36.0 33.9 10 40.0-44.0 42.0 1.24
H. saraijacuensis _. 10 23.0-27.0 25.0 10 31.0-37.0 33.5 1.34
H. trionguhnn 10 23.0-28.0 25.5 10 36.0-39.0 .37.6 1.47
P. palliata ..-. 10 40.0-44.0 42.1 10 44.0-49.0 46.3 1.10
P. tarsius 10 83.0-92.0 86.9 10 100.0-111.0 104.9 1.21

P. tomopterna . _ 10 42.0-47.0 45.3 5 55.0-60.0 57.2 1.26
P. millanti 10 49.0-56.0 52.1 5 68.0-84.0 78.8 1.51

L. discodactijlus . 7 26.0-29.0 27.4 5 33.0-35.0 33.6 1.23
L. mystacens 10 49.0-53.0 51.3 10 53.0-58.0 55.0 1.07
L. wagneri 10 42.0-,59.0 48.4 6 51.0-80.0 68.2 1.41
L. andreae _. 10 22.0-26.0 24.3 10 25.0-29.0 26.5 1.09
C. marchesiamts _. 10 16.0-17.0 16.4 10 16.0-18.0 17.0 1.04
C. sauli 4 20.0-22.0 21.3 4 24.0-26.0 24.8 1.16
D. parvulus 10 18.0-20.0 18.6 10 20.0-22.0 21.1 1.13
D. pictus 10 18.0-21.0 19.5 10 20.0-24.0 22.1 1.13
P. femoralis 10 21.0-25.0 23.4 10 24.0-28.0 25.9 1.11
£. acuminatus ...... 8 17.0-21.0 18.9 5 27.0-31.0 29.2 1..54

E. altamazonicus .. 10 17.0-21.0 18.6 10 27.0-31.0 28.5 1.53

E. conspicillatm _. 10 26.0-30.0 28.5 10 40.0-44.0 42.2 1.48

E. croceoinguinis .. 10 14.0-16.0 15.1 10 20.0-22.0 20.4 1.35

E. lacrimosus .-. 10 17.0-23.0 19.5 10 22.0-29.0 24.2 1.24

E. lanthanites . _. 10 25.0-29.0 26.8 10 36.0-42.0 39.0 1.46

E. martiae 10 14.0-17.0 15.3 10 19.0-23.0 21.7 1.42

E. ockendeni 10 17.0-21.0 18.8 10 24.0-28.0 26.3 1.40

E. pseudo-
acuminatus 10 16.0-19.0 16.9 10 19.0-22.0 21.0 1.24

E. variabilis 10 16.0-18.0 16.7 10 23.0-26.0 24.3 1.46

/. quixensis 10 39.0-48.0 42.2 10 48.0-56.0 52.7 1.23

10.980***

13.769***

2.278*

17.955***

4.474***

10.378***

16.744***

2.713*

7.204***

10.465***

5.338**

13.306***

0.432ns

11.184***

9.185***

9.219***
4.350***

6.156***

12.333***

1.258ns

12.712***

4.749***
3.793**

12.320***

11.920***

21.909***

5.579***

10.320***

13.260***

12.211***

10.089***

5.543***

4.745***
4.208***
2.250*

5.170**
7 777***

5.3.32***

3.883**

11.027***

16.896***

22.940***

14.957***

5.850***

14.077***

13.509***

12.257***

9.460***

20.642***

8.310***

', P < 0.001; »• P < 0.01;
» P < 0.05; ns, not significant.
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cant sexual dimorphism in size charac-

teristic of nearly all of the species ex-

amined. There are at least two possible

explanations for the dimorphism. Firstly,

although the sizes of males are limited

by certain physiological and functional

restrictions, it probably is advantageous
for individuals to be as small as possible,

in order to reduce energy expenditure for

body maintenance; furthermore, a small

male is less apt to compete with a larger

female for available food resources.

Secondly, larger females can accommo-
date either larger eggs or more eggs. If

reproductive efficiency requires in-

creased energy expenditure to increment

the egg mass, there will be a selective

advantage for increased female body
size. However, there is an upper limit

beyond which it is neither efficient nor

feasible to grow due to the physiological
stresses and energetics involved in the

production of additional eggs. There is

also an opposing selective force operant
on females, which, like males, must re-

strict body size as much as possible to

conserve energy for body maintenance.

Due to the allometric relationship

between surface and volume one

would expect that large frogs could

carry a much greater volume of eggs
relative to their body length than small

frogs. However, my results show that

small species have a greater proportion
of the total body volume represented by

eggs than do larger species. Thus, the

total length of an animal is perhaps
a greater limit to fecundity for smaller

species than for larger ones.

If size (measured by either snout-

vent length or body volume) is "criti-

cally" important in fecundity of small

species, the following prediction can be

made: sexual dimorphism in size should

be greater in small species than in large

species, within a reproductive mode.

Given the correlation between size and

fecundity within a reproductive mode,
a second prediction follows: within any

reproductive mode, sexual dimorphism
in size should be positively correlated

with fecundity. The results of Kendall

rank-order correlation tests on species
within each of the four reproductive
modes represented by at least five spe-
cies indicate that there is no correlation

between either female snout-vent length
or body volume and sexual dimorphism
in size. Neither is there any correlation

between fecundity and size dimorphism.
But, in general, those species with the

most similar sexual dimorphism in size

are members of the same species group.
For example, the pairs Hijla granosa and

H. punctata, and Hijla calcarata and H.

geographica, and the trio Hijla bifurca,

H. sarayacuensis, and H. triangulum are

all the most similar species in sexual

dimorphism in size, each pair or trio

belonging to the same species group.
Both predictions are rejected, and it is

concluded that sexual dimorphism in

size is determined more by systematic

relationships than by reproductive con-

siderations.

Mean snout-vent length ratios of am-

plectant pairs of frogs found in the field

were calculated and compared with

those figures obtained from random sam-

ples of gravid females and adult males

(Table 14). Statistical tests were not

run on the data due to small sample
sizes in most cases. Of the 20 species,

14 show 0.05 units or less variation be-

tween the two ratios. The ratios of

amplectant Biifo marinus and Hijla lanci-

formis indicate less sexual dimorphism
in size than the random samples indi-

cate, whereas there is greater sexual di-

morphism in size in Hyla bifurca, H.

bokermanni, H. marmorata, and H. par-

viceps than expected by the random

sample ratios. Males were larger than

anticipated in the two large species and

smaller than expected in the tree frogs

less than 50.0 mm mean snout-vent

length.

Assortative mating is related to sex-

ual size dimorphism. Data on snout-vent

lengths and female-to-male ratios for 96

pairs of frogs of 20 species found amplex-

ing in the field are summarized in table

14. Product-moment correlations were
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Table 14.—Comparison of Female-to-Male Snout-Vent Length Ratios of Amplectant
Pairs Found in the Field Versus Ratios Calculated from Random Samples/

Mean Mean 9 SVL
S 9

Species N SVL SVL ^ SVL

E. aciitninatus 1 19.5 31.0 1.59

E. altamazonicus 9 19.1 28.4 1.50
E. cwceoingiiinis __ 9 15.1 20.2 1.34
E. lacrimosus 2 20.3 24.8 1.22

£. hnthanites 1 25.5 38.5 1.51

E. martiae 8 15.3 21.8 1.43
E. ockendeni 2 19.5 26.5 1.36
E. pauhihis 1 15.0 19.0 1.27

£. psciidoacuminatits 3 17.3 20.5 1.19

E. variabilis 10 16.4 23.6 1.45
B. marimis 3 111.0 124.0 1.12

H. bifiirca 1 23.5 33.5 1.43

H. bokermanni 2 21.0 24.8 1.18

H. brevifrons 6 18.3 20.6 1.13

H. cruentomma 4 25.3 26.3 1.04

H. garbei 19 34.7 41.7 1.20

H. hnciformis 1 81.0 84.5 1.04

H. maimorata 6 37.3 49.6 1.33

H. paiviceps 5 16.4 24.4 1.49

P. palliata - 1 44.0 48.0 1.09

1 See Table 13 for results of /-tests for each species and sample sizes for the random samples,

Random
Sample
Ratio

1.54

1.53

1.35

1.24

1.46

1.42

1.40

1.24

1.46

1.27

1.27

1.09

1.15

1.05

1.19

1.16

1.26

1.35

1.10

run on the four species with sample
sizes of nine or greater (Htjia g,arbei,

Eleiithewclactijhis altamazonicus, E. cro-

ceoinguinis, and E. variabilis) in order

to determine if large females "choose"

large males. The null hypothesis, that

there is no significant correlation be-

tween snout-vent lengths, was accepted
on the basis of the correlation coefficients

(-0.014, -0.068, 0.083, and 0.092, re-

spectively). Thus, there is no apparent
assortative mating regarding size in

these four species.

Developmental Relationships

In order to study developmental re-

lationships between fecundity, ovum di-

ameter, number of days until hatching,
size at hatching, and ovarian size factor,

I brought amplectant and ovulated frogs
into the laboratory, where they deposited

eggs. Egg deposition and hatching were
successful for 18 species (Table 15).
All containers of developing eggs were

kept in the shade in one corner of the

laboratory in order to approximate iden-

tical developmental conditions for all

species. Because intraoval develop-
mental time is probably temperature-

dependent, it is likely that shade had a

negative influence on duration of de-

velopment.
Ten species of hylids are represented

by sufficient data to warrant statistical

analysis of the variables (Table 16).
There is no significant correlation be-

tween snout-vent length and fecundity
in any of the species.

The measurement of egg diameter is

not sufficiently accurate (only to the

nearest 0.5 mm
)
to allow rigorous analy-

sis of its relation to other developmental
variables, but in certain instances trends

are suggested. Only four of the above

species (Htjla bokermanni, H. marmo-

rata, H. triangulum, and Pht/llomediisa

tarsitis) vary in egg diameter. Larger
individuals of the first two species de-

posit smaller eggs (r ^ — 0.933, P <
0.01 and r = - 0.596, P < 0.01, respec-

tively), although there is no evidence of

greater fecundity. For P. tarsius, the

more eggs produced, the smaller they
are (r =^ -0.932, P < 0.05). Within
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mode 1 (eggs deposited in water), spe-

cies with the largest clutch sizes also

have the largest ova diameters, probably
due to overall body size. This trend is

not evident for those species of mode 4

(eggs deposited on vegetation above

range
than

of

m
water), possibly because the

clutch sizes is much narrower

mode 1.

Salthe and Duellman (1973) con-

cluded that, regardless of reproductive
mode, the larger the ovum diameter, the

Table 15.—Summary of Developmental Data for 18 Species of Frogs^
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Table 16.—Product-Moment Correlation Coefficients of Reproductive Data from Individ-

uals Depositing Eggs in the Laboratory, Family Hylidae.^

Correlation Coefficient Normality

SVL/ N eggs/ egg
Species N SYh/N eggs egg. diani. egg diam. SVL N eggs diam.

H. cnientomma .. 5 0.618 (NS) X X + + X~
H. garhei 18 0.432 ( NS ) X X + + X
H. marmorata ...... 6 0.028 (NS) -0.933 (.01) -0.256 (NS) + + +
H. parviceps _...._ 13 0.179 (NS) X X + + X
H. rJwdopepla _... 43 0.034 ( NS ) X X - + X
H.hifurca 15 0.140 (NS) X X + + X
H. bokermaimi . 20 -0.301 (NS) -0.596 (.01) -0.179 (NS) + + _
H. sarayacuensis . 7 0.627 (NS) X X + + X
H. triangulum „__ 9 -0.310 (NS) -0.413 (NS) 0.611 (NS) + + _
P. tarsius 5 0.579 (NS) -0.396 (NS) -0.932 (.05) - + +

^ An X indicates that correlation was not computed because of the absence of variation in egg diameter for the

particular species. A "-|-" indicates that the data are distributed nonnally, and a
"—"

indicates a significant depar-
ture from normality.

larger the hatchling. They also stated

that a negative correlation exists be-

tween ovum size and intraoval develop-
mental time. Although there is much

overlap in mean ovum diameter between
the two hylid modes of reproduction 1

and 4, there is no overlap in the intra-

oval developmental time (Fig. 13).

4.0-
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Without exception, all species depositing

eggs on vegetation above water take

longer to develop and hatch than those

depositing eggs in water. There is no

apparent relationship between ovum di-

ameter and intraoval developmental
time within the species of mode 1; the

range of variation of both variables is

slight (Fig. 13). With the exception of

two species (Hijla brevifrons and H.

sarayacuensis) , representatives of mode
4 indicate a positive relationship be-

tween ovum diameter and number of

days until hatching. Hatchling size

ranges from 3.8 to 6.0 mm for species of

mode 1 and from 4.2 to 12.6 mm for

species of mode 4.

Developmental time (and therefore

hatchling size) in mode 4 is probably
more the result of a synergistic interac-

tion of factors than the sole result of

ovum diameter. There is less tempera-
ture fluctuation affecting aquatic eggs
than those deposited on vegetation, and

the effects of wind and rain are probably

greater on mode 4 than on mode 1 eggs.

Experimentation in the laboratory indi-

cates that for egg clutches of PhijUome-
dusa and Hijla (both leucophyUata and

parviceps groups), hatching time is re-

duced and often initiated by the occa-

sional sprinkling of water onto the

clutch. Hyla bifurca eggs took equal
amounts of time to develop and hatch

whether placed in shallow water or en-

tirely out of water, whereas eggs of H.

sarayacuensis developed nearly twice as

rapidly when placed in shallow water

as when left out of water.

On 29 April 1973, a gravid female

and male of each of four species of the

Hyla leucophyUata group were collected;

subsequently they deposited eggs in the

laboratory. The four sets of eggs were
raised under identical environmental

conditions. There are two reproductive

patterns in this species group. The two
smallest species, H. bifurca and H. sara-

yacueivsis, have the lowest fecundity and
the largest ovum diameter; the eggs take

longer to hatch than the other two spe-

cies, and the resultant larvae are larger

(Table 17). At the end of ten days the

tadpoles maintain a size advantage over

the larvae of H. leucophyUata and H.

trianguhim. Because most of the species
breed sympatrically and synchronously,
the intraoval developmental time and

hatchling size differences may represent
an evolutionary step towards possible
reduction of larval competition.

Table 17.—Comparisons of Developmental
Data for Four Species of the Hyla leuco-

phyUata Group.

^Ja -:s

to
c

o
a 3

SVL Female

(mm) 32.5 43.0 36.0 40.0

No. Eggs 173 570 138 546

Ovum Diam.

(mm) 2.0 1.5 2.0 1.5

# Days 'til

Hatch. 5.0

Size Hatchling

(mm) 6.5 6.0 7.0 5.5

Size 2 Days 8.0 7.0 8.5 6.5

Size 4 Days 9.0 8.0 9.0 7.0

Size 6 Days 9.0 8.0 10.0 7.5

Size 8 Days 9.5 8.5 10.5 8.0

Size 10 Days 9.5 8.5 10.5 8,0

3.6 5.3-6.0 3.6

Relation of Reproductive Variables

TO Aquatic Site

A fundamental consideration in size-

fecundity relationships is whether a frog

can invest less energy into body mainte-

nance (small body size) and reproduc-
tion (lower fecundity) if the egg depo-
sition site is less vulnerable to predators.

It can be predicted that within the

genus Hyla, species that deposit eggs in

open, unprotected bodies of water

(mode 1) have a greater egg mass, in-

cluding both fecundity and ovum diam-

eter, relative to body length (ovarian
size factor) than species that deposit

eggs on vegetation above water (mode
4). Fifteen species of Hyla of mode 1
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and seven species of mode 4 (data from

Table 8) indicate that species that de-

posit eggs in water have a significantly

higher egg mass relative to body size

(snout-vent length) than do those spe-
cies that deposit eggs out of water (t =:

2.222, P < 0.05). The range of the for-

mer mode is 8.89 to 42.00 (X = 20.47),
and the latter is 3.78 to 20.94 (X =
11.08).

As previously indicated, the species
of Hijla that deposit eggs in water re-

quire fewer days to hatch than those

species depositing eggs on vegetation
above water. This is presumed to in-

crease chances of survival in a temporary

aquatic environment. The longer the

tadpoles take to hatch, the greater the

risk of their environment drying up
before metamorphosis is completed.
Also, the more rapid is development,
the less vulnerable are the eggs to

aquatic predators; once the tadpoles

hatch, they are capable of actively avoid-

ing predators.

It can be predicted that within spe-
cies of Hyla (

mode 1 only ) , those breed-

ing in ephemeral and temporary water

should have a greater egg mass relative

to snout-vent length (ovarian size fac-

tor) than those species breeding in more

permanent environments. The following

species were examined—ephemeral to

more temporary environment: H. garbei,
H. lanciformis, H. marmorata, and H.

rubra; less temporary to permanent en-

vironment: H. calcarata, H. cruentomma,
H. fimerea, H. geographica, H. granosa,
H. parviceps, H. punctata, and H. rho-

dopepla. The ovarian size factors for

the first group range from 19.72 to 37.06

(X = 26.60) and for the second group
from 10.05 to 42.00 (X = 19.73). A
Student's f-test indicates a non-signifi-

cant difference between the two groups

{t = 1.057, P < 0.4), although the mean
is larger for the first group, as predicted.
The fact that fecundity is not greater in

those species breeding in more tempo-
rary environments suggests that either

temporary environments are not a

greater risk in terms of survivorship or

some other mechanism is compensating
for the hazards of the unpredictability.

Perhaps there is less predator pressure
in temporary water and/ or species in

temporary water undergo development
and metamorphose faster than their

counterparts in more permanent envi-

ronments and therefore are subjected to

aquatic predators for a shorter period of

time. No supporting data for these sug-

gestions are available at present.

Intraoval developmental time and

size of hatchling for temporary versus

permanent environments for species
within mode 1 (same groups as in pre-

ceding test) were examined (data from

Table 15). The range in developmental
time for the first group is 1.6 to 3.3 days

(X = 2.48) and 1.6 to 3.6 (X = 2.68)
for the second. The range in hatchling
size is 4.7 to 6.0 mm (X = 5.20) and
3.8 to 6.0 mm (X = 4.58) for the first

and second groups, respectively. Stu-

dent's f-tests indicate no significant dif-

ferences; values of t are 0.363 (P < 0.9)

for developmental time and 1.178 (P <
0.4

)
for hatchling size.

Comparison of Fecundity Measures

Mature ovarian complement size was

compared to the number of eggs de-

posited for 26 species (Table 18). Fe-

males were dissected after oviposition in

the laboratory to learn if the entire clutch

had been deposited; in each case, all or

nearly all the eggs were released. There-

fore, the two fecundity measures are

comparable. Four of the 16 species
tested by Student's f-tests show signifi-

cant differences (
P < 0.05 ) between the

two measures. All are tree frogs having
a mean fecundity of greater than 500

eggs (Hyla cruentomma, H. garbei, H.

ru])ra, and H. triangulum) . In each case

a significantly greater number of eggs

was deposited in the laboratory than

indicated by the mean ovarian egg count.

The discrepancy may be due to small

sample sizes of deposited eggs, especially

for H. cruentomma and H. rubra.
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SYNTHESIS OF RESULTS BY
REPRODUCTIVE MODE

The 30 species that deposit eggs in

water (mode 1) demonstrate a wide

range in each of the reproductive varia-

bles. Included in this mode are the

smallest (19.1 mm snout-vent length) to

the next-to-the-largest species (132.6

mm) at Santa Cecilia. Fecundity ranges
from 143 eggs for Sphaenorhychits car-

neus to more than 8500 eggs for Bujo
marinus. On an overall basis, larger spe-

cies produce more eggs (P < 0.01).

However, only three of the 16 species

tested show a significant correlation be-

tween snout-vent length and fecundity.

The range in maximal ovarian egg diam-

eter is 1.0 to 2.0 mm, which together
with snout-vent length and fecundity

yields a wide range in the ovarian size

factor index (6.22 to 97.26). The larger

the body volume, the greater the egg

complement volume. Sexual dimorphism
in snout-vent length ranges from essen-

tially none (
female-to-male ratio of Hijla

punctata = 1.01) to the female being
half again the size of the male (

ratio =
1.51 for Hijla geographica) . Species
with the largest clutch sizes also have

the largest ovum diameters. There is

no apparent relationship between ovum
diameter and intraoval developmental

time, although this may be due to only

slight range in variation of both vari-

ables. There is no significant relation-

ship between either developmental time

or hatchling size and the "permanence"
of the environment. All of the species

have at least slightly pigmented eggs.

Some species breed in ephemeral and /or

temporary water, others in permanent
water. Fecundity is not significantly

greater (P < 0.4) in those species breed-

ing in ephemeral-temporary water than

for those breeding in more permanent
water. Some species breed in the forest,

others in forest-edge environments, and

others in disturbed, open areas; the

breeding habitat is unknown for many
of the species. Species breed continu-

ally, opportunistically, or sporadically.

Nyctimantis rugiceps is the only rep-

resentative of mode 2 reproduction. No

gravid females were found. Males call

continually throughout the year from

water-filled tree cavities (often bamboo

trees) in both forest and forest-edge

environments. It is assumed that eggs
are deposited in the cavities and that

larval development occurs therein.

Mode 3 reproduction is represented

only by the large tree frog, Hyla hoans

( mean female snout-vent length ^ 99.0

mm
)

. The mean number of ovarian eggs
is 3154.8, and the maximum ovarian egg
diameter is 2.0 mm, yielding an ex-

tremely high ovarian size factor of 63.73.

Larger females (snout-vent length) pro-

duce significantly more eggs (
P < 0.05

)
.

Males are slightly larger than females.

Eggs are heavily pigmented. The only

breeding site of H. hoans is along the

edge of the river. Breeding is sporadic,

usually during drier periods when the

river level is low.

Thirteen species deposit eggs on veg-
etation above water (mode 4). These

range in size from small tree frogs (20.9

mm snout-vent length, Byla brevifrons)

to the large Phijllomedusa tarsius ( 105.3

mm). Likewise, fecundity exhibits a

wide range, from 18 eggs of Centrole-

nella munozorum to over 1000 eggs for

Phyllomedusa vaillanti. On an overall

basis, larger species produce more eggs

(P < 0.05). Only three of the eight

species tested for size-fecundity corre-

lations show a significant relationship

(P < 0.05). Maximal ovarian egg diam-

eter ranges from 1.0 to 3.5 mm, yielding

a wide spectrum of ovarian size factors

(1.17 to 28.28). There is a trend for

species with larger body volumes to have

larger ovarian egg complement volumes.

The female-to-malc snout-vent length

ratios range from 1.09 for Hyla hoker-

manni to 1.51 for Phyllomedusa vaillanti.

Tadpoles of species of mode 4 take

longer to liatch than those of species

that deposit eggs directly in water. With

the exception of two species, there is a

positive relationship between ovum di-

ameter and number of days until hatch-
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ing. The sprinkling of water onto the

egg clutch speeds up the developmental

process and initiates hatching in some

species. Species of this reproductive
mode have a significantly lower egg mass

relative to body length than those spe-

cies that deposit eggs in water. Egg
pigmentation ranges from none to heavy.

Species breed over still and running

water, in ephemeral, temporary, and per-

manent situations. Breeding occurs in

forest, forest-edge, and disturbed, open
areas. None of the species breeds con-

tinually; of those known, all are oppor-
tunistic or sporadic breeders.

Five leptodactylids produce foam

nests and have aquatic larval develop-
ment (mode 5); quantitative reproduc-
tive data are available for three of these.

Snout-vent length ranges from 33.6 mm
(Leptoclactylus discodactijhis) to 68.2

mm ( Leptoclactylus ivagneri), and fe-

cundity from 234.8 eggs to 1740.0 eggs
for the same two species, respectively.

Maximal ovarian egg diameter ranges
from 1.0 mm for L. discodactylus to 2.5

mm for L. mystaceiis. The ovarian size

factors range from 6.99 to 38.27. Sexual

dimorphism in size ranges from practi-

cally none (female-to-male snout-vent

length ratio = 1.07, L. mystaceus) to

1.41, L. wagneri. Leptodactylus wagneri
is the only one of these three species with

egg pigmentation. Breeding habitats are

known for three species: L. mystaceus
and L. icagneri breed in open, disturbed

areas and in forest-edge environments,

and L. pentadactylus breeds in forest

and forest-edge situations. Leptodacty-
lus mystaceus is considered to be a con-

tinuous breeder, and L. pentadactylus
a drier-period, sporadic breeder.

Five dendrobatids deposit terrestrial

eggs and the larvae subsequently are

carried to water on the dorsum of the

adult (mode 6). All are small frogs

(snout-vent lengths from 17.8 to 25.6

mm
)
and have low fecundity (

8.9 to 22.7

eggs). Dendrohates pictus is the only

species having a significant (
P < 0.05 )

correlation between snout-vent length
and fecundity. Maximal ovarian egg

diameter ranges from 1.5 to 3.0 mm;
the ovarian size factors all are extremely
low (0.66 to 1.77). Volumetric data

were taken for three species; as expected,
the species with the greatest snout-vent

length (Dendrohates pictus) has the

greatest body volume and egg comple-
ment volume. There is little variation in

sexual dimorphism in snout-vent length

(female-to-male ratios range from 1.04

to 1.16). Eggs are moderately pigmented
in all species. All species breed in forest

and/or forest-edge environments based

on calling activity of the males and oc-

currence of gravid females. Based on

the occurrence of gravid individuals and

juveniles, it is suggested that all species

except Colostethiis sauli (for which

there are few data) are continuous

breeders.

Leptoclactylus andreae is the only

species that produces a foam nest in

which the larvae undergo complete de-

velopment (mode 7). The mean snout-

vent length of gravid females is 26.7

mm, and the mean number of mature

ovarian eggs is 8.7. There is no signifi-

cant correlation between snout-vent

length and fecundity. The maximal

ovum diameter is 3.0 mm; the ovarian

size factor is low (0.98). Females are

significantly (P < 0.001) larger than

males, although the female-to-male

snout-vent length ratio is low (1.09).

The eggs are unpigmented. Gravid fe-

males were found sporadically through-

out the year in forest and forest-edge

environments.

Fourteen species of Eleutherodacty-

lus deposit terrestrial or arboreal eggs
which undergo direct development

(
mode 8

)
. Most species are small, rang-

ing in snout-vent length from 19.0 to

44.5 mm. Fecundity is low (4.8 to 43.0

eggs) and ovarian egg diameter is large

(2.0 to 3.5 mm). The ovarian size fac-

tors are correspondingly low, ranging
from 0.66 for E. paulidus to 3.54 for E.

conspicillatus. Generally, larger species

produce more eggs (P < 0.01). Three

of the nine species tested show signifi-

cant correlation (P < 0.05 to 0.01) be-
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tween snout-vent length and fecundity-
Volumetric data are available for four

species. The larger the mean snout-vent

length of the species, the larger is the

mean body volume and egg complement
volume. Females are significantly larger
than males (P < 0.001) in each of the

ten species examined; the female-to-

male ratios are large, ranging from 1.24

to 1.54. Developmental data are avail-

able for only two species. An E. maifiae

deposited eight eggs (mean diameter
=: 3.5 mm); one egg hatched 26 days
later; hatchling size was 5.0 mm. An
E. pseudoacuminotus deposited seven

eggs (mean diameter := 3.5 mm); two

eggs hatched 30 days later; each hatch-

ling was 5.0 mm snout-vent length. Eggs
of all species are unpigmented. Some

species breed in the forest, others at the

forest-edge, and others in disturbed,

open areas; breeding sites of several spe-
cies are unknown. Gravid females of

three species are found throughout the

year, and are presumably continual

breeders. Gravid females of seven spe-
cies are found sporadically.

Hemiphractiis prohoscideus is the

only terrestrial species which presum-

ably provides complete parental care

for young which undergo direct devel-

opment (mode 10). No gravid females

were found. Because all individuals

(adults and young) were found in ma-
ture or second-growth forest, it is as-

sumed that breeding occurs there. No
information is available on breeding

frequency.

The mode of reproduction is un-

known for three leptodactylids (Edolo-
rhina perezi, Ischnocnema qtiixensis, and

Lithodijtes lineatus). These species

range in snout-vent length from 38.0

mm (E. perezi) to 52.9 mm (/. qtiixen-

sis), and number of mature ovarian eggs

ranges from 35.1 (7. (ptixensis) to 195.0

(L. lineatus). The low fecundity of I.

quixensis suggests that development
might be direct. On the other hand, the

size of the ovarian complement of L.

lineatus suggests the possibility of egg

suspension in a foam nest. Size-fecun-

dity relationship was examined for 7.

qtiixensis; there is no significant corre-

lation. The maximal ovarian egg diam-

eter is 4.0 mm for 7. qtiixensis and 2.0

mm for the other two species; the ovarian

size factors range from 2.65 to 7.65.

Female 7. qtiixensis are 1.23 times as

large as males. Eggs are unpigmented
in all three species. The breeding habi-

tats of the species are unknown; gravid
7. qtiixensis were found throughout the

year, suggesting that the species is a

continuous breeder.

The greatest amount of variation in

the reproductive characters examined
occurs among the species that deposit

eggs in bodies of water other than tree

holes or constructed nests. This may be
due to the fact that this is the largest

group ( 30 of the 74 species ) . Or, it may
be the result of a wider spectrum of

morphological and physiological possi-

bilities (related to the energetics of re-

production ) available to the species. The
least amount of variation is found among
the five species that carry their larvae

to water. The character states of eight

reproductive variables for each of the

74 species are summarized in coded
form in table 20 (see Table 19 for trans-

lation of code). The following outline

indicates the relationship of the species
within each reproductive mode:

I. Eggs Deposited in Water; Tadpoles De-

velop in Water

A. Eggs Deposited in Ditches, Puddles,

Swamps, Ponds, Lake, and Streams

( 32 species )

1. Large body size (SVL > 60 mm)
a. Less than 600 eggs

( 1 ) Osteocephalus taurinus

h. 1000 to 3000 eggs

( 1 ) Bufo typhoniiis

( 2 ) Hijla geographica

(3) Hyla lanciformis

( 4 ) P/i rynoJi yas coriacea

(5) Rana palmipes
c. More than 8000 eggs

( 1 ) Bufo marinus

d. Fecundity unknown
( 1 ) Bufo glahenimus

2. Medium body size (SVL = 30 to

60 mm )

a. Less than 500 eggs'

( 1 ) Hyla alhoguttata
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(2) Hyla granosa

(3) Hyla punctata
b. 500 to 800 eggs

( 1 ) Hijla fasciata

(2) Hyla funcrea

( 3 ) Hyla garbei

( 4 ) Hyla rubra

(5) Osteocephahis buckleyi
c. More than 800 eggs

( 1 ) Hyla calcarata

(2) Hyla marmorata

(3) Osteocephahis lepreurii

(4) Hamtophryne boliviana

3. Small body size ( SVL < 30 mm )

a. Less than 175 eggs

(1) Denclrophryniscus minutus

(2) Sphaenorhynchus carncus

b. 200 to 300 eggs

( 1) Hyla mmuta
(2) Hyla parviceps

( 3 ) Hyla rhodopepla

( 4 ) Chiasmocleis bassleri

(5) Chiasmocleis anatipes

(6) Chiasmocleis ventrimacu-

lata

c. More than 500 eggs

( 1 ) Hyla cruentomma
d. Fecundity unknown

( 1 ) Hijla riveroi

B. Tree Cavity
I. Nyctimantis rugiceps

C. Constructed Basin

1. Hyla boans

II. Eggs Deposited out of Water; Tadpoles

Develop in Water ( 23 species )

A. Eggs Deposited on Vegetation Above
Water

1. Less than 30 eggs
a. Centrolenella midas
b. Centrolenella munozorum

2. More than 60 eggs
a. Eggs unpigmented; usually >

2.0 mm diameter

( 1 ) Small egg mass relative to

body length (ovarian size

factor < 5.0 )

(a) Phyllomedusa palliata

(b) Phyllomedusa tomo-

pterna

(2) Large egg mass relative to

body length (ovarian size

factor > 15.0)

(a) Phyllomedusa tarsius

(b) Phyllomedusa vail-

lanti

h. Eggs slightly to heavily pig-

mented; usually < 2.0 mm di-

ameter

(1) Small body size (SVL <
25 mm); less than 100 eggs

(a) Hylabokermanni
( b ) Hyla brevifrons

Table 19.—Code of Reproductive Strategy
Characters.

I.

II.

Mean Female Snout-Vent Length
1) ^30.9 mm 4) 61.0-75.9 mm
2) 31.0-45.9 mm 5) 76.0-90.9 mm
3) 46.0-60.9 mm 6) ^ 91 mm
Mean Number Mature Ovarian Eggs
1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

1.0-10.9

11.0-20.9

21.0-30.9

31.0-50.9

51.0-75.9

76.0-100.9

101.0-150.9

151.0-200.9

201.0-250.9

251.0-300.9

11) 301.0-400.9

12) 401.0-500.9

13) .501.0-600.9

14) 601.0-700.9

15) 701.0-800.9

16) 801.0-1000.9

17) 1001.0-2000.9

18) 2001.0-3000.9

19) 3001.0-5000.9

20) ^5001
III. Maximum Ovarian Egg Diameter

1) :^ 1.0 mm 5) 2.6-3.0 mm
2) 1.1-1.5 mm 6) 3.1-3.5 mm
3) 1.6-2.0 mm 7) ^ 3.6 mm
4) 2.1-2.5 mm

IV. Ovarian Size Factor

1) 0.01-5.00

2) 5.01-10.00

3) 10.01-15.00

4) 15.01-20.00

5) 20.01-25.00

6) 25.01-30.00

V. Sexual Size Dimorphism (9/(5 SVL)
1) 0.91-1.00 5) 1.31-1.40

2) 1.01-1.10 6) 1.41-1.50

3) 1.11-1.20 7) 1.51-1.60

4) 1.21-1.30

VI. Breeding Habitat ("Non-aquatic" in

eludes constructed basin + tree hole)

7)

8)

9)

10)

11)

30.01-35.00

35.01-40.00

40.01-45.00

45.01-50.00

^ 50.01

1,
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Table 20.—Character States of Eight Reproductive Characters for 74 Species of

Frogs, by Reproductive Mode.
See Table 19 for translation of character states. An asterisk indicates data from Lago Agrio ( 16 km. from

Santa Cecilia).

Species

>

o+

be
W)

6C

s i

c75

CO o

O fc

C/3

CD •?;

Si's

bC g

c
o

c

bc c
b£ M

MODE i

B. glaberrimus _.

B. marinus 6
B. typhonius 4
D. miindus 1

H. alboguttata 2

H. calcarata 3
H. cruentomma 1

H. fasciata 3
H. funerea 2

H. garbei 2
H. geographica 4

H. gianosa 2
H. lanciformis 5

H. mannorata 3

H. mintda 1

H. parviceps 1

H. punctata 2
H. rhodopepla 1

H. riveroi ..

H. rubra 2
O. buckleyi" 3

O. leprieurii" 3

O. taurinus 5

P. coriacea 4

S. carneus 1

C anatipes ._

C. bassleri 1

C. ventrimacuJata 1

H. boliviana 2
R. palmipes 6

MODE 2
N. rugiceps __

MODE 3
H. boons 6

MODE 4

C. midas 1

C. munozorum 1

H. bifurca 2

H. bokermanni 1

H. brevifrons 1

H. favosa 2

H. leucophyllata 2

H. sarayacuensis 2
H. triangulum 2
P. palliata 3
P. tarsius 6
P. tomopterna 3

P. vaillanti 5

MODE 5
L. discodactylus 2

20
17

7

12

17

13

13

13

13
18

12

17

16

9

9
11

10

13

13

16

13

17

7

9

9

17

18

19

3

2
8

6

6

12

13

7

13

5
13
5

17

2
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Table 20.—Character States of Eight Reproductwe Characters for 74 Species of

Frogs, by Reproductive Mode.—Cotitinued.

See Table 19 for translation of character states. An asterisk indicates data from Lago Agrio ( 16 km. from
Santa Cecilia).

Species

h4
>
o

«5
60
60
W

60
be

W
c ^

J5.2

0)
N
•rH

•r; O

O fe

CAl a
CS o

en

60 bco
c c

a
o

«
c

be .60

L. mystaceus 3
L. pentadacttjlus -

L. wagneri 4
P. petersi ..

MODE 6
C. marchesianus

C. sauli

D. parvulus
D. pictus
P. femoralis

MODE 7
L. andreae

MODE 8

E. acuminatus
E. altamazonicus

E. conspicillatus 2
E. croceoinguinis ..- .

E. diadematus 2
E. lacrimosus

E. lanthanites 2

E. martiae

E. ockei^detn

E. paululus
E. pseudoacuminatus _

E. quaquaversus
E. sulcattis __._ __

E. variabilis 1

MODE 10
H. prohoscideus -

MODE UNKNOWN
E. perezi 2
I. quixensis 3

L. lineatus'^ 3

10

17

2

2

1

2

3

2

2
4

1

4

1

3

1

2
1

1

3

6

4

8

2

2

5
3

3

4
4

6
5
4
4

5
3

5

4

5
4

3

7

3

1

1

2

6

2
3

3
3
3

7

7

6

5

4
6

6
5

6

6
4
6

8

12

9
12

12

12

12

9

9
9

9

16

9

12

12

9

16
10
16
16
14

9

17
17
17

1

3
4
4

1

4

1

1

1

3

3

3
1

4
3

1

3
3
4
3

4
4
1

4

1

4

1

3

3
1

3

3

3

3

3

B.

(2) Medium body size (SVL
> 30 mm); more than 100

eggs

( a ) Less than 200 eggs

( 1 ) Hijla bifiirca

(2) Hyla saraijacuen-
sis

( b ) More than 450 eggs
( 1 ) Hijla favosa

(2) Hyla leucophyl-
lata

(3) Hyla triangulum
Eggs Suspended in Foam Nest
1. Large body size (SVL > 60 mm);

eggs moderately pigmented; males
with prepollical spine

a. Leptodactyltts pentadacttjlus

h. Leptodactylus wagneri
2. Small to medium body size (SVL

< 60 mm); eggs unpigmented;
males lacking prepollical spine
a. Foam nest produced on surface

of water

( 1 ) Leptodactylus discodac-

tylus

( 2 ) Physalaem us petersi

b. Foam nest produced in burrow

( 1 ) Leptodactylus mystaceus
C. Terrestrial Eggs; Larvae Carried to

Water on Dorsum of Adult

1. Fewer than 10 eggs
a. Dendrohates parvulus
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2. 11 to 20 eggs
a. Smaller egg mass relative to

body length ( o\arian size factor

< 1.20)

(1) Colostcthus marchesianus

(2) Colostethus sauli

b. Larger egg mass relative to

body length (oxarian size factor

1.60)

( 1 ) Dendrohates pictus
3. More than 20 eggs

a. PinjUobates femoralis
III. Eggs and Young Completely Independent

of Standing Water (16 species)
A. Tadpoles Develop Within Foam Nest

1. Leptodactylus andrcae

B. Direct Dexelopment
1. No, or limited parental care

a. Larger body size ( SVL > 35
mm ) ; more than 25 eggs

( 1 ) Eleiitherodactyhis

conspiciUatus

(2) Eleiitherodactyhis
diademattis

(3) EleutJierodactyhis
lantlianites

b. Smaller body size ( SVL < 35
mm ) ;

less than 25 eggs

( 1 ) Less than 10 eggs

( a ) Eleiitherodactyhis

croceoinguinis

(b) Eleiitherodactyhis
lacrhnosiis

( c ) Eleiitherodactyhis
martiae

(d) Eleiitherodactyhis

paiilulus

( e ) Eleiitherodactyhis

pseiidoaciimmatus

( f ) Eleiitherodactyhis
variabilis

(2) More than 10 eggs

(a) Eleiitherodactyhis
aciiminatus

(b) Eleiitherodactyhis
altamazoniciis

( c ) Eleiitherodactyhis
ockendeni

(d) Eleiitherodactyhis

qiiaquaversiis

c. Size and fecundity unknown
( 1 ) Eleiitherodactyhis siilcatiis

2. Complete parental care

a. Hemiphractiis proboscideiis

DISCUSSION

Among the 81 species of frogs known
to occur at Santa Cecilia, ten modes of

reproduction are represented, and many
reproductive strategies are operant. The

key aspects involved in reproductive

strategies are
(
1

) size of female, (
2

)

ovarian complement and clutch size, (
3

)

diameter of eggs, (4) egg deposition
site, (5) type of development, and (6)

frequency of breeding. Presumably,
each species possesses an optimal set of

reproductive characters for maintenance
of its population. Some species produce
many eggs relative to their body size,

others few. Some produce large eggs,
others small. Some species breed con-

tinually, others sporadically. Cole

(1954), in discussing variations in life

history patterns, considered the follow-

ing as axiomatic, ". . . that the repro-
ductive potentials of existing species are

related to their requirements for sur-

vival; that any life history features af-

fecting reproductive potential are sub-

ject to natural selection; and that such

features observed in existing species
should be considered as adaptations, just

as purely morphological or behavioral

patterns are commonly so considered."

Keeping these assumptions in mind, we
can ask, why does the great diversity in

anuran species and their reproductive
modes exist at Santa Cecilia?

Historical Zoogeography.
—Vuilleu-

mier
( 1971 ) suggested that the present

biotic patterns in South America have
been determined by paleoecological

changes during the Pleistocene. The evi-

dence is based on analyses of speciation

patterns of the flora and fauna through-
out the continent and on paleobotanical
and geological studies that document
climatic events. Many areas of disjunc-

tion, hybridization, secondary sympatry,
and introgression seem to exist in the

Amazon Basin. Haffer (1969) proposed
that climatic oscillations during the

Pleistocene resulted in alternating series

of contractions and expansions of the

rainforest in lowland tropical South

America. He postulated that during dry

phases the forest covered only small, dis-

junct areas; these isolated regions would
have acted as refugia for forest animals.

Local selection pressures would have

resulted in differentiation among the

populations of species inhabiting differ-
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ent forest refugia. During the wetter

phases, the forests expanded; where

previously isolated populations came to-

gether, they formed the present complex

patterns typical of zones of secondary
contact. One of the nine forest refugia

postulated by Haffer is the Napo region,

in which Santa Cecilia is located. Van-

zolini and Williams (1970) also con-

cluded that the Napo region was a forest

refugium from a study of morphological
variation of Anolis chrijsolepis from the

Amazon Basin. In certain areas, large

blocks of characters are correlated with

one another and vary geographically in

the same direction; these areas were

termed "core areas," and were thought
to be those regions in which populations
had evolved as a unit. One of the four

core areas is the lower eastern slopes of

the Andes, including the area of Santa

Cecilia. Similar patterns of speciation
in the upper Amazon Basin were hy-

pothesized for the Leptodactyhis mar-

moratus group (Heyer, 1973) and for

the Hyla parviceps group (Duellman
and Crump, 1974).

If Santa Cecilia were indeed part of

a forest refugium during the Pleistocene,

the high species richness in great part

may be explained on that basis. There

was probably strong selection favoring
the evolution of reproductive diversity

to cope with the changing environment.

Selective factors operant at the species

level would encourage those modes of

reproduction best adapted to the envi-

ronment.

The specific geographical location of

Santa Cecilia probably serves as another

contributing factor to the high species

richness. The site is peripheral to both

the Amazon Basin and the eastern slopes

of the Andes. Certain species are wide-

spread Amazonian species; others occur

only in the upper Amazon Basin, and

others principally inhabit lower Andean

slopes. Possibly many of the species at

Santa Cecilia are living at or near their

ecological limits; this may explain why
many of the species are seemingly rare.

Aquatic Larvae Versus Direct Devel-

opment.—About 20 per cent of the total

species of frogs at Santa Cecilia are

independent of open bodies of water in

that the young undergo direct develop-
ment. Orton (1949) pointed out that

direct development occurs in 10 of the

13 families of frogs then considered

valid. She noted the occurrence of di-

rect development in the Pipidae, Micro-

hylidae, Ascaphidae, Pelobatidae, Lep-
todactylidae, Bufonidae, Atelopodidae,

Dendrobatidae, Hylidae, and Ranidae.

Orton stated that on one hand there is

the tendency toward elimination of the

tadpole stage (direct development),
while in the opposite direction, there is

the tendency toward greater complexity
of the tadpole stage, represented by
many species. She considered this para-
dox to be "an excellent example of the

random nature of evolutionary trends."

Istock ( 1967 ) proposed that complex
life cycles (defined as the condition

"when the individuals of a species con-

sistently pass through 2 or more ecologi-

cally distinct phases") are inherently

unstable over evolutionary time. His

proposal is based on the assumption that

the evolutionary adaptations of the dif-

ferent phases are essentially independent,
and that this independence is responsible

for the fact that the ecological advan-

tages of neither phase are fully realized.

He suggested that through evolutionary

time selective forces are generated that

favor the reduction or loss of one of the

phases. One example he cited is that of

the loss of the larval stage in some frogs.

However, Istock did not discuss the fact

that there are no neotenic tadpoles.

Wassersug (1974) attributed this phe-
nomenon to the functional morphology
of tadpoles.

Elimination of the aquatic larval

stage offers several advantages: compe-
tition with other aquatic animals is

avoided, vulnerability to aquatic preda-
tors is absent, and "unpredictability," in

terms of the environment evaporating or

becoming unfavorable, is eliminated.

On the other hand, there has been

vast radiation in tadpole morphology,
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and the majority of species of frogs have

tadpoles. The maintenance of the larval

stage may be considered the result either

of presence or of absence of selective

forces. Perhaps selection favored the

continuing existence of tadpoles in some

species. (
See Wassersug, 1974, for a dis-

cussion concerning the adaptive advan-

tages of the larval stage in anurans. ) Or,

perhaps selection favored direct develop-
ment. In those environments with highly
unstable paleoclimatic histories, the most

successful strategy may have been the

elimination of the larval stage. How-
ever, it may be that the hylids, bufonids,

and ranids, among others that presently
occur at Santa Cecilia, evolved during a

more stable climatic regime
—in environ-

ments with plentiful and open bodies of

water, such that there was no advantage
of becoming more terrestrial. The ab-

sence of these selective forces, then, may
have resulted in the maintenance of the

larval stage.

Size and Fecundity.
—The widespread

tendency of animal groups to evolve to-

ward larger physical size is implied in

Cope's writings (1887 and 1S96). The
most recent analysis of this phenomenon
(now referred to as Cope's Rule) was

presented by Stanley (1973), whose

premise was that for every evolving

population there would be some optimal

body size for the niche it occupies.
Whether evolution is towards size in-

crease or decrease depends on whether

the mean body size in the original popu-
lation is smaller or larger than this opti-

mum. The niche and/or optimal body
size may change through time, leading
to the evolution of a new body size.

Numerous examples indicate that most

populations approach optimal body size

from smaller rather than from larger

sizes. One exception is amphibians,
which have evolved from "medium-
sized" ancestors rather than "small."

Stanley suggested that perhaps an im-

portant consideration is the fact that

the origin of amphibians was associated

with a new environmental medium. He

suggested that large size initially may

have been a necessity to provide a high
surface-to-volume ratio, because of de-

j

hydration problems associated with cu- '

taneous water loss. Stanley noted that

many small species of animals are mor-

phologically unspecialized, whereas

nearly all relatively large species are

structurally specialized; "major adaptive

breakthroughs" occur at relatively small

body sizes.

Lending support to Stanley's con-

tention, Salthe and Duellman (1973)

suggested that "small body size in frogs
is a preadaptation for reproductive ex-

perimentation." Within the anuran fauna

at Santa Cecilia, some of the most "spe-

cialized" modes of reproduction (modes
6-8) are represented by relatively small

species. Most large species have a rela-

tively generalized mode of reproduction.

A constraint to the evolution of new

body size may be the sizes of sympatric

species. Several studies have been car-

ried out concerning the sizes of species
in a community (Hutchinson, 1959;

Schoener, 1965; 1970). These studies

reveal that body size ratios (ratio of

largest species to the next-largest spe-

cies) show a regular progression of size

among species within a community. The

proposed explanation is that individual

species may be dividing the size of the

food items according to their own body
sizes. There may be selection for the

evolution of different sizes to avoid over-

lap in prey size. Thus, even though it

may be advantageous for a species to

increase its body size for reproductive

purposes, it then may not compete as

well for food. Caldwell (1973) found

a similar regular progression of body
size ratios in communities of tree frogs

in Oaxaca, Mexico. She suggested that

competition for food was possibly an

important factor influencing body size.

C. Toft (personal communication) came
to a similar conclusion from preliminary
observations on forest-floor frogs (Eleu-

therodactylus and dendrobatids) in

Peru.

Numerous studies on the relation-

ship between female size and fecundity
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in animals have been carried out. Rensch

(1960) showed diat large-sized species

of different groups of cold-blooded verte-

brates produce more eggs than small

species of the same groups. Tinkle, Wil-

bur, and Tilley (1970) examined inter-

specific relationships between size and

fecundity within single-brooded, multi-

ple-brooded, oviparous, viviparous,

early-maturing, late-maturing, temper-

ate, and tropical groups of lizards. In

all groups except late-maturing and trop-

ical, larger species have significantly

more eggs than smaller species. Salthe

(1969) noted the interspecific relation-

ship between snout-vent length and fe-

cundity in salamanders is dependent

upon the body length. Clutch size in-

creases slowly with increasing size of

small species, but increases at a greater
rate with increasing size of larger spe-
cies. Tilley (1968) showed that four of

five sympatric species of Desmognathus
have a positive correlation between

snout-vent length and fecundity, both

intraspecifically and interspecifically.

Salthe and Duellman (1973) concluded

that within a given reproductive mode
there is a positive correlation between
female snout-vent length and clutch size

in frogs. My data on the frogs at Santa

Cecilia support this contention; within

a given reproductive mode, as female

body length increases, fecundity in-

creases interspecifically (Table 10 and

Fig. 5).

Natural Selection.—The theory of "r

and K selection" has received much at-

tention recently. The terms (Cody,
1966; MacArthur and Wilson, 1967) re-

fer to the two components of natural

selection; r (intrinsic rate of natural in-

crease) is the density-independent com-

ponent and K (carrying capacity) is the

density-dependent component. Pianka

( 1970 ) emphasized that no species is

completely "r-selected" or completely
"K-selected"; he suggested that selection

should be thought of as a continuum,
from f to K. The strategy at the r-end

is productivity; mortality is often cata-

strophic and density-independent. Spe-

cies at the K-end of the continuum capi-
talize on efficiency; the strategy is to

increase eflSciency of environmental re-

source utilization and to produce a few

extremely fit offspring. In K-selection,

mortality is usually density-dependent.

A combination of the following four

components of r are useful in determin-

ing the relative position of a species on
the r-K continuum: (1) fecundity, (2)

longevity, (3) age at first reproduction,
and (4) number of breeding times per
lifetime. In addition, one needs to know
death rates and whether mortality is

mainly density-dependent or independ-
ent. The only parameter affecting r

measured in my study at Santa Cecilia

is fecundity. Because the spread of fe-

cundity is so large (means from 4.8 to

8598 eggs) for the species of frogs, the

measure is probably of considerable im-

portance and is used here as a crude

estimate of r.

Using fecundity as the measure of r,

the fauna can be positioned along the

continuum. Those species which de-

posit many small eggs in unprotected
bodies of water are referred to the r-end.

These include many of the species from

mode 1. Next are the members of mode
1 with lower fecundity, followed by

Hyla boans which constructs a nest. In-

termediate groups, following the con-

tinuum to the right are: (1) mode 4

(Centrolenella, Hyla, and PhyUome-
(lusa), (2) mode 5 (Leptodactyliis and

Physalaemus), (3) mode 6 (the dendro-

batids
) , and (

4
)
mode 7 ( Leptodactylus

andreae )
. The preceding species exhibit

neither an extreme r nor K strategy.

They allocate more energy into the

search for appropriate oviposition sites

than do the species which deposit eggs
in open water. Much energy probably
is spent in the production of foam nests

and in the transportation of tadpoles to

open water. The two K-strategist groups
are the 14 species of Eleutherodactylus,

which deposit few, large eggs out of

water, and Herniphractiis which presum-

ably provides complete parental care to

the eggs and young. All 15 species have
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direct development. (Fecundity in the

latter species has not been measured at

Santa Cecilia, but an individual from

the nearby locality of Puerto Libre had

26 mature ovarian eggs.)

The next aspect considered is the re-

lationship between fecundity, position

on the r-K continuum, and the environ-

ment. Those species which deposit many
eggs in open bodies of water (/--strate-

gists) generally breed in unpredictable
environments such as ephemeral or tem-

porary puddles, ditches, and ponds in

open, disturbed or forest-edge areas. Ex-

amples of these species are Bufo marinns

and many Hyla. Probably one of the

biggest mortality factors is evaporation
of the aquatic habitat, obviously a den-

sity-independent factor. The frogs have

no way of predicting whether the water

will persist long enough for the eggs to

hatch and the tadpoles to metamorphose.
The strategy is to breed repeatedly

throughout the year (these species are

generally continuous or opportimistic

breeders), and to deposit many eggs at

a time. The K-strategists are generally

found in second-growth or mature for-

est. They are completely independent
of open bodies of water. The species do

not form breeding congregations, but

are more widely dispersed in the forest.

The life-span of the oviposition and de-

velopmental sites are more predictable

than those of r-strategists. For these rea-

sons, catastrophic mortality is probably

relatively uncommon, and overall mor-

tality is more density-dependent.

There is no apparent relationship be-

tween population density and relative

position on the r-K continuum. (Densi-

ties are merely estimates based on field

observations and are not the result of

quantitative sampling methods.) The

most abundant species are located all

along the continuum. These are tree

frogs which congregate at temporary
ditches and ponds (e.^., Hyla hifiirca,

parviceps, rhodopepla, trianfiulnm) ,

Bufo typhonius and Dendrophryniscus

minuttis, Leptoclactylus mystaceus, two

dendrobatids (
Colostethtis marchesianus

and Dendrohates parvidus), and several

species of Eleutherodactylus (e.g., cro-

ceoinguinis, lanthanites, and variabilis).

Rare species are represented by most of

the modes of reproduction, some more

towards the r-end and some more to-

wards the K-end of the continuum. The
low population densities (if not the re-

sult of sampling bias), may be due to

one or all of the following reasons: the

species may be living at the border of

their ecological tolerance; collecting

pressure in past years perhaps depleted

populations; some species may require
a long time to reach sexual maturity;

and, individuals may breed only once

per year, or even less frequently.

Reproductive Effoii.
—As in other

vertebrates, the energy commitment in

terms of gametes is much greater for

the female frog than for the male.

Spermatozoa are produced cheaply.
Males often call indiscriminately, wheth-

er or not conditions for breeding are

adequate, much less optimal. For ex-

ample, males were often found calling

from dry swamps. It seems to be ad-

vantageous for males to be reproduc-

tively ready continuously. However, fe-

males produce gametes with larger

amounts of stored energy. Because the

energy commitment of females is so

much greater, it is advantageous to be

reproductively ready only at the most

favorable times. There is no doubt

stronger selection against error in the

female; she must "predict" when condi-

tions are favorable and respond to the

male accordingly.

There is much variation in the timing
of ovulation and actual egg deposition

among species. Pairs of Eleutherodac-

tylus often were observed in amplexus
for several hours in the forest. Frequent-

ly, the female of the amplectant pair
still had not ovulated the following day

(observed by dissection). On the other

hand, females of most hylids which

breed in congregations do not come to

the breeding site until they have ovu-

lated. Much less time is spent in am-

plexus for these species than for Eleu-
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thewdactijlus. It is suggested that ovu-

lation before entering the breeding site

is a behavioral adaptation reducing vul-

nerability of the pair to potential preda-
tors. The chance of a predator encoun-

tering an amplectant pair of tree frogs

at an aquatic site amidst a large con-

greation of calling individuals is perhaps

greater than that of a predator encoun-

tering a pair of Eleutherodactyhis iso-

lated in the forest. Biifo marinus is an

exception; although the species congre-

gates and breeds in ditches in open
areas, pairs often remain in amplexus for

several hours (and up to six days in

captivity). Possible reasons they are

able to afford this behavior are their

toxic skin secretions and large size; B.

marinus probably has very few natural

predators. PhyUomedusa, which also

have poisonous skin secretions, remain

in amplexus at breeding sites for several

hours.

Energy allotted to reproduction

("reproductive effort") is partitioned

differentially for each species among egg

production, sperm production, courtship,

vocalization, territoriality, parental care,

frequency of breeding, and nest-build-

ing. Members of mode 1 represent the

simplest situation. Males congregate at

aquatic breeding sites and call. Some

species call continuously even though
there may be no water present and fe-

males are not present at the site; males

of other species call only following

heavy rains. The reproductive energy
allotment of males is divided into sperm
production and calling, for there is no

apparent courtship, territoriality, or pa-
rental care involved. The reproductive

energy of females is channeled into egg

production. It is not known how fre-

quently individuals breed, but based on

the immature complement found in

nearly every gravid female, it is sug-

gested that females breed repeatedly

throughout the year.

Hyla hoans represents a slightly more

complicated situation. Males expend
energy calling, constructing nests, and

possibly defending the nests. Females

take no part in these activities, but put

energy into a relatively large egg clutch.

Frogs that deposit eggs on vegeta-
tion above water probably expend more

energy in choosing oviposition sites than

do frogs of mode 1 type of reproduction.
Some species (such as Hyla bokermanni

and H. sarayacuensis) deposit eggs in

many small clutches, spread out on sev-

eral leaves, probably requiring more

energy than single oviposition. It is

assumed that reproductive energy for

most species is spent in calling, sperm
and egg production, and searching for

oviposition sites. Male PhyUomedusa
tarsius expend energy in folding leaves

around the egg clutch. Some of the

energy allotment of the female is used

in the production of empty gelatinous

capsules, probably formed in the ovi-

duct.

Males of the species that produce
foam nests (modes 5 and 7) spend en-

ergy in constructing the nest during am-

plexus, in addition to the energy used in

calling. Aggressive behavior has been

reported for leptodactylids (Brattstrom
and Yarnell, 1968), but was not observed

in any of the species at Santa Cecilia.

Reproductive energy in the female is

channeled into egg production. Lepto-

dactylus amlreae produces few, large

eggs, each one representing a large en-

ergy investment. The eggs of Leptodac-

tylus mystaceus, likewise, are relatively

large, but fecundity is much greater for

this species than for the former, relative

to body size.

The dendrobatids represent a more

complex situation. It is probable that

(at least for Dendrobates) elaborate

courtship and territoriality are important

aspects of the breeding process. These

have been described for several dendro-

batids (Crump, 1972; Duellman, 1966;

Goodman, 1971; Sexton, 1960; Silver-

stone, 1973; Test, 1954; Wardenier,

1973
)

. From my studies on Dendrobates

oranulifenis in Costa Rica (Crump,

1972), I concluded that territoriality is

an energetically expensive activity in

high density populations based on the
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frequency of observed encounters. Ter-

ritories are defended by pliysical combat

lasting up to several minutes. Courtship
is elaborate and probably costly in en-

ergy. Much time (and energy) is spent

by the female searching for an appro-

priate oviposition site. However, in

Dendrobates auratiis the male chooses

the site (Wardenier, 1973). No court-

ship activity or territoriality was ob-

served for the five species at Santa Ce-

cilia, but combat activity has been ob-

served between male Dendrobates pictus
in Peru (C. Toft, personal communica-

tion). Males call but do not congregate.
It is assumed that the tadpoles of all five

species are transported to water on the

dorsum of the males or females. This

form of parental care potentially re-

quires much energy on the part of either

sex. Fecundity is low, and the eggs are

heavily yolked and large.

The strategy of the 14 species of

Eleutherodactylus is the production of

a few, large eggs. Presumably each egg
is energetically costly. The eggs are de-

posited in relatively protected areas

(e.g., amidst leaf litter and under tree

bark). Males call but do not congregate.
No parental care or elaborate courtship
was observed; in captivity, males mount
the females in simple amplexus, without

preliminary courtship.

Eggs and Larvae in the Aquatic En-

vironment.—The egg stage probably is

more vulnerable to predators than the

tadpole or adult stages because eggs are

immobile, and therefore unable to es-

cape predators. At Santa Cecilia mem-
bers of five of the eight families show
some means of protecting eggs rather

than depositing them in open bodies of

water. These adaptations (e.g., eggs

deposited on vegetation above water, in

foam nests, on land) undoubtedly have

arisen independently. However, upon
hatching, the tadpoles are left to fend

for themselves in the aquatic environ-

ment, and are dependent on it until

metamorphosis.

Chief predators on anuran eggs are

aquatic insects, fish, and snakes. Several

studies have been carried out in order

to examine the eff^ects of anuran eggs
on predators. Licht (1968, 1969) dem-
onstrated that eggs of several species of

Biifo were unpalatable and toxic when

ingested by potential vertebrate and in-

vertebrate predators. Licht (1969)
found that eggs of Rana and Hyla, how-

ever, were palatable and nontoxic to the

same potential predators. Grubb (1972)
examined differential predation of fish

{Gambusia) on the eggs of Acris, Bufo,

Gastrophnjne, Hyla, Pseudacris, Scaph-

iopus, and Rana. None of the eggs
seemed to have toxic efi^ects on the fish.

Grubb found that the fish ate a signifi-

cantly larger number and greater vol-

ume of eggs of those species that gen-

erally breed in temporary as opposed to

permanent water. His explanation for

this is that species that deposit eggs in

temporary water generally have less firm

gelatinous capsules. Aquatic predators

(especially fish) are more abundant in

permanent water than in temporary wa-
ter. Perhaps the firmer egg capsule typ-
ical of permanent water breeders serves

as a mechanical defense against preda-
tors.

The relationship between egg pig-
mentation and the aquatic environment

is not intuitively obvious. The melanin

of eggs may promote absorption of ra-

diant heat energy and/or shield the eggs
from ultraviolet radiation. In either

case, those eggs exposed to light are

pigmented, whereas those sheltered from

direct sunlight generally lack pigment.

Species that deposit eggs in shallow bod-

ies of water (e.g., Bufo marinus, Hyla
lancifortnis, H. marmorata, H. rubra)
have heavily pigmented eggs. The mel-

anin likely promotes more rapid devel-

opment in the warm water, and thus is

a selective advantage in temporary habi-

tats.

There are far fewer species of frogs
that breed in the large, permanent bod-

ies of water at Santa Cecilia than in the

smaller, ephemeral and temporary en-

vironments. One explanation is related l

to potential predator pressure. The per-
'
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manent aquatic habitats at Santa Cecilia

are deep, and fish are abundant. The

temperature of the water is much cooler

than that of small aquatic sites. Because

rate of development is directly related to

water temperature, perhaps there is a

penalty for breeding where development
is less rapid and eggs and tadpoles are

exposed to predators for a greater length
of time. Most of the species that breed
in permanent water have large egg
clutches, possibly a preadaptation to

high egg and larval mortality.

There is no significant difference in

fecundity, intraoval developmental time,

or hatchling size between species that

deposit eggs in ephemeral or temporary
water and those that deposit eggs in

more permanent water. This is probably
the result of balancing hazards. In other

words, neither environment may be in-

herently more advantageous than the

other. In the temporary environment,
the greatest hazard probably is unpre-

dictability of the life span of the habi-

tat, whereas in the more permanent habi-

tat, it is probably the greater number
of aquatic predators.

SUMMARY AND CONCLUSIONS

Eighty-one species of frogs repre-

senting ten modes of reproduction (de-
fined as a combination of type of devel-

opment and oviposition site) are known
from Santa Cecilia, Ecuador. The study
site is in an aseasonal environment in

the upper Amazon Basin. Several ex-

planations are offered for the extremely
rich anuran fauna. Paleoclimatic unsta-

bility may account for the extensive

speciation which occurred in the low-

land tropics of South America. The di-

versity of reproductive modes probably
represents adaptive responses to chang-

ing environments.

There are many reproductive strate-

gies operant in the anuran community.
Some species put all their reproductive

energy allotted into egg and sperm pro-
duction and vocalization. Other species

expend energy for constructing nests,

courtship, territoriality, and parental
care. Some species produce a few large

eggs presumably high in energy content,
others distribute energy through thou-

sands of small eggs. Species that deposit

many eggs directly in water (r-strate-

gists) generally breed in unpredictable,

ephemeral or temporary environments.

The K-strategists are those species that

are completely independent of open bod-

ies of water; they deposit terrestrial or

arboreal eggs which have direct devel-

opment. The breeding sites of the latter

species are considered to be more pre-
dictable and less hazardous than those

of the former.

Approximately 46 per cent of the spe-
cies of frogs deposit eggs directly in

water; the remainder have specialized

oviposition sites and/or direct develop-
ment. Many of these species have spe-
cialized behavioral and/or morphologi-
cal adaptations toward terrestriality.

Behavioral modifications include con-

struction of a basin in the mud for egg

deposition, oviposition on vegetation
above water, production of a foam nest

in which the eggs are suspended, and

oviposition on land with subsequent car-

rying of the tadpoles to water on the

dorsum of the adults. Morphological
modifications include prepollical spines
and horny nuptial excrescences that pre-

sumably aid in grasping the female dur-

ing amplexus. Generally those species
that deposit eggs in exposed situations

have pigmented eggs, whereas species
that deposit eggs in sheltered sites have

eggs lacking pigment. Hatchling Eleu-

therodactijhis have "egg teeth" (horny

projections on the tip of the snout) used

in ripping the jelly capsule of the non-

aquatic egg during hatching. Juvenile

Hemiphmctus proboscicleus presumably
are attached to the dorsum of the female

by flat gills.

The premise on which this study is

based is that because the number of

aquatic breeding sites is less than the

number of species, the sites represent a

potentially limiting resource. Spatial
and temporal utilization of the sites was



58 MISCELLANEOUS PUBLICATION MUSEUM OF NATURAL HISTORY

examined. The data support the sugges-
tion that the reproductive diversity at

Santa Ceciha enables the coexistence of

many species through partitioning of

breeding sites. Eight aquatic breeding
sites in three major environments (for-

est, forest-edge, and open disturbed

areas) were studied. Forty-one species
were found breeding at these sites. Some

species are specialists, breeding only in

a restricted varietv of sites; others are

habitat generalists, breeding in all three

environments. No species was found

breeding in all eight sites. The maxi-

mum number of species breeding at any
site throughout the year was 14, but the

maximum number breeding synchro-

nously at any given site was ten. It is

concluded that the pattern of spatial

distribution is probably the result of

both physical requirements and biotic

interactions. Species are grouped into

three categories based on annual repro-
ductive activity: continuous, opportu-

nistic, and sporadic breeders.

Each species possesses a unique com-

plement of reproductive characteristics.

The following conclusions resulted from
an extensive examination of quantifiable
variables.

1.—Only 11 of 41 species (26.8%)
demonstrate significant positive correla-

tions between snout-vent length and
number of mature ovarian eggs.

2.—Within each of three reproduc-
tive modes tested (eggs in water, eggs
on vegetation above water, and non-

aquatic eggs with direct development),
there is a significant positive correlation

between snout-vent length and fecun-

dity.

3.—There is significant between-
month variation in both snout-vent

length and fecundity for Eleutherodac-

tylus variabilis and Hyla rubra. Eleu-

therodactyhis croceoingninis shows sig-

nificant monthly variation in snout-vent

length; both Eleiitherodactylus lanthan-

ites and Hyla parviceps demonstrate sig-

nificant monthly variation in fecundity.
There is no significant between-month
variation in either variable in Dendro-

bates parmdus. Variation is not corre-

lated with rainfall; no explanation is

suggested by the data.

4.—There is a significant positive
correlation between snout-vent length
and volume (23 species).

5.—There is a significant positive cor-

relation between body volume and vol-

ume of the mature ovarian complement
(
23 species )

.

6.—The range in clutch volume ex-

pressed as a percentage of the total vol-

ume is 3.1 to 18.2 (23 species). A nega-
tive trend indicates that as snout-vent

length increases, proportionately less of

the total volume is accounted for by
the egg mass.

7.—Females are significantly larger
than males in 59 of the 61 species exam-

ined. There is no significant sexual di-

morphism in size in Hyla boans and

Hyla punctata.
8.—There is no significant correla-

tion between either female snout-vent

length or body volume and sexual di-

morphism in size. Likewise, there is no

significant correlation between fecun-

dity and dimorphism in size. It is con-

cluded that sexual dimorphism in size

is determined more by evolutionary

(taxonomic) relationships than by re-

productive variables.

9.—There is no apparent assortative

mating based on size in the four species
tested {Hyla garbei, Eleiitherodactylus

altamazonicus, Eleiitherodactylus cro-

ceoingiiinis, and Eleiitherodactylus vari-

abilis).

10.—For those species that deposit

eggs in water, there is a trend of larger
ovum size with larger clutch size. This

trend is not evident for those species that

deposit eggs on vegetation above water.

11.—Species that deposit eggs on

vegetation above water take longer to

develop and hatch than those that de-

posit eggs in water; the hatchlings are

generally larger in the former group

(4.2 to 12.6 mm versus 3.8 to 6.0 mm in

the latter group )
.

12.—Within 22 species of the genus

Hyla, species that deposit eggs in water
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have a significandy higher egg mass

relative to body length than do those

species that deposit eggs on vegetation
above water. Mean ovarian size factors

for the two groups are 20.47
(
15 species )

and 11.08 (7 species).
13.—Among the species tested (all

deposit eggs in water), fecundity is not

significantly greater for those species

that breed in "temporary" environments

(4 species) versus "permanent" environ-

ments (8 species). Likewise, there is

no significant diff^erence in either intra-

oval developmental time or hatchling
size between the two environments.

14.—The greatest variation in the re-

productive variables examined occurs

among those species that deposit eggs
in water (other than tree holes or con-

structed nests). The least variation is

found in species that deposit terrestrial

eggs and transport the tadpoles to water.

RESUMEN Y CONCLUSIONES

Se conocen 81 especies de ranas en

Santa Cecilia, Ecuador, las mismas se

agrupan en 10 modos reproductivos (es-

tos se definen combinando el tipo de

desarrollo y sitio donde los huevos son

puestos). El sitio donde se hizo el es-

tudio es un ambiente no estacional ubi-

cado en la Cuenca Alto Amazonica. Se

dan varias explicaciones sobre la ex-

tremada riqueza de la fauna de anuros

en esta localidad. La inestabilidad pa-
leoclimatica pudo haber causado la ex-

tensa especiacion que ha tenido lugar
en las partes bajas del tropico de Sur

America. La diversidad de modos repro-
ductivos probablemente coevoluciono

con la fauna, como una adaptacion a los

cambios ambientales.

Varias estrategias reproductivas op-
eran en la comunidad de anuros. Algu-
nas especies utilizan toda su energia
destinada para reproducirse en la pro-
duccion de huevos y espermatozoides,

y en el canto nupcial. Otras especies
utilizan la energia en la construccion de

nidos, cortejo, territorialidad y cuidado

parental. Algunas especies producen

pocos huevos grandes, presumiblemente
ricos en contenido energetico; otras usan

la energia para producir gran cantidad

de huevos pequeiios. Aquellas especies

que depositan sus huevos directamente

en el agua (
seleccionadas en "r") gen-

eralmente se reproducen en ambientes

no pronosticables, efimeros o temporales.
Las seleccionadas en "K" son aquellas

especies que son completamente inde-

pendientes del agua; ellas depositan
huevos que se desarrollan directamente

en la tierra o en los arboles. Estos sitios

se consideran mas pronosticables y
menos sometidos al azar que los tem-

porales.

Aproximadamente 46 por ciento de

las especies depositan sus huevos direc-

tamente en el agua; el resto tiene sitios

especiales para poner y/o desarrollo di-

recto. Muchas de estas especies tienen

conducta especial y/o adaptaciones mor-

fologicas que indican tendencia hacia

la terrestrialidad. Las modificaciones en

conducta incluyen estrategias tales como
la construccion de una depresion en el

barro donde se depositan los huevos,

posturas en la vegetacion sobre el agua,

construccion de un nido de espuma en

el cual suspenden los huevos, y postura
de los huevos en la tierra desde donde

los renacuajos son llevados al agua en el

dorso de los adultos. Las modificaciones

morfologicas incluyen espinas y excres-

cencias callosas en el dedo interno de

las manos; estas presumiblemente ayu-

dan el macho a sostener la hembra du-

rante el amplexo. Generalmente las

especies que ponen en lugares expuestos

tienen huevos pimentados; mientras que

aquellas que los depositan en lugares

protegidos no muestran pigmentacion

alguna. Las Eleutherodactijhis recien

eclosionaclos tienen "dientes de huevo"

(estructuras duras en la punta del ho-

cico) ciue usan para romper la capsula

gelatinosa durante el proceso de la eclo-

sion. Los juveniles de la especie Hemi-

phractus proboscideus presumiblemente
se pegan al dorso de la hembra mediante

branquias.

Este estudio se basa en la siguiente
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suposicion: debido a que el numero de
sitios para la reproduccion acuatica es

menor que el numero de especies, ellos

representan un recurso potencialmente
limitado. Se examino la utilizacion es-

pacial y temporal de estos sitios. Los
dates que se dan sugieren que la diversi-

dad reproductiva en Santa Cecilia gar-
antiza la coexistencia de muchas espec-
ies mediante el reparto de los sitios de

reproduccion. Se estudiaron ocho sitios

acuaticos de reproduccion en tres am-
bientes generales (bosque, orilla de

bosque, areas abiertas disturbadas )
. Se

encontraron 41 especies reproduciendose
en estos sitios. Algunas especies se es-

pecializan en reproducirse en una varie-

dad restringida de sitios; otras son de
habitos mas generales y pueden repro-
ducirse en los tres ambientes. No se

encontro ninguna especie que se repro-

dujera en los ocho sitios. El maximo
numero de especies que se encontro

reproduciendose a traves del ano en un
sitio dado fue de 14, pero el maximo
numero actuando al mismo tiempo fue

de 10. Se concluye que la distribucion

espacial probablemente es el resultado

tanto de los requerimientos fisicos como
de las interacciones bioticas. Las difer-

entes especies se agrupan en tres cate-

gorias de acuerdo a la actividad repro-
ductiva anual; reproductores continuos,

oportunisticos, y esporadicos.
Cada especie pose un complemento

linico de parametros reproductivos. Se

pueden sacar las siguientes conclusiones

despues de examinar las variables cuan-

titativas :

1.—En la mayoria de las especies no

parece tener ninguna ventaja selectiva

el destinar gran cantidad de energia

para crecer, y aumentar asi la fecundi-

dad. Solo 11 de 41 especies (26,8%)
mostraron correlaciones positivas signifi-

cativas entre la longitud ano-hocico y el

numero huevos ovaricos maduros.

2.—Dentro de cada uno de los tres

modos reproductivos que se probaron
(huevos en el agua, huevos en vegeta-
cion sobre el agua, y huevos no acuaticos

con desarrollo directo), hay una corre-

lacion positiva significativa entre la

longitud ano-hocico y la fecundidad.

3.—En Eleutherodactylus variabilis

e Hijla rubra hay una variacion entre

mensual significativa en la longitud ano-

hocico y fecundidad. Eleutherodactylus

croceoinguinis muestra una variacion

mensual significativa en la longitud ano-

hocico; tanto Eleutherodactylus lantha-

nites como Hyla parviceps monstraron
una variacion mensual significativa en
fecundidad. No hay variacion entre

mensual significativa en ninguna vari-

able en Dendrobates parvulus. La vari-

acion no esta correlacionada con la can-

tidad de lluvias; los datos no ofrecen

ninguna explicacion.

4.—Hay una correlacion positiva

significativa entre la longitud ano-hocico

y el volumen (23 especies).

5.—Hay una correlacion positiva sig-

nificativa entre el volumen corporal y el

volumen del complemento ovarico ma-
duro ( 23 especies )

.

6.—La variacion en el numero de los

huevos, expresada como un porcentaje
del volumen total es de 3,1 a 18,2 (23

especies). Una tendencia negativa in-

dica que cuando la longitud ano-hocico

aumenta, proporcionalmente menos del

volumen pertenece a la masa de huevos.

7.—Las hembras son significativa-

mente mas grandes que los machos en

59 de las 61 especies examinadas. No
hay dimorfismo sexual significative en el

tamafio de Hyla boans e Hyla punctata.

8.—No hay correlacion significativa

entre la longitud ano-hocico o el volumen

corporal de la hembra y el dimorfismo

sexual en tamaiio. De la misma manera,
no hay correlacion significativa entre la

fecundidad y el dimorfismo sexual en

tamano. Se concluye que el dimorfismo

sexual en tamaiio esta determinado mas

por las relaciones evolutivas (taxonomi-

cas) que por los parametros reproduc-
tivos.

9.—No hay apareamiento determi-

nado en relacion al tamaiio en las cuatro

especies que se probaron {Hyla garbei,

Eleutherodactylus altamazonicus, Eleu-
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therodactijhis croceoinguinis, y Eleu-

terodactijlus variabilis )
.

10.—Las especies que depositan sus

hiievos en el agua tienden a tener ovu-

los grandes y en gran cantidad. Esta

tendencia no es evidente en aquellas

especies que depositan sus huevos en

vegetacion sobre el agua.
11.—Los huevos de las especies que

depositan sus complementos en vegeta-
cion sobre el agua toman mas tiempo
en desarrollarse y eclosionar que aquellas

que los depositan en el agua; las larvas

recien eclosionaclas son generalmente
mas grandes en el primer grupo (4,2 a

12,6 mm versus 3,8 a 6,0 en el ultimo

grupo).
12.—De 22 especies del genero Hijla,

aquellas que depositan sus huevos en el

agua tienen una masa de huevos signifi-

cativamente mas grande en relacion a la

longitud del cuerpo que aquellas que
los depositan en vegetacion sobre el

agua. Las medianas de los factores del

tamaiio ovarico para los dos grupos son

20,47 (15 especies) y 11,08 (7 especies),

respectivamente.
13.—Entre las especies probadas (to-

das depositan los huevos en el agua),
la fecundidad no es significativamente
mas grande en aquellas especies que se

reproducen en ambientes "temporales"

(4 especies) versus ambientes "perma-
nentes" ( 8 especies )

. Asi mismo, no hay
diferencia significativa en el tiempo de
desarrollo del huevo o el tamano de la

larva recien eclosionada entre los dos

ambientes.

14.—La mayor variacion de los pa-
rametros reproductivos examinados se

encuentra entre aquellas especies que

depositan sus huevos en el agua (se ex-

cluyen aquellas que los depositan en

cavidades en los arboles o las que con-

struyen sus nidos). La menor variacion

se encuentra en las especies que deposi-
tan sus huevos lejos del agua y luego
los renacuajos son llevados a esta.
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ApPExNDIX 1

Reproductive Modes of 81 Species of Frogs at

Santa Cecilia, Ecuador. (An
*

indicates the

species was not observed during my study;
P indicates presumed reproductive mode.)

1. Eggs deposited in ditches, puddles,

swamps, ponds, lakes, and streams; tad-

poles in water.

1. Ceratophnjs calcaratus*^

2. Biifo glaherrimus
3. Bufo marinus

4. Bufo typhonius
5. Dendrophrynisciis minutus
6. Hyla alboguttata (P)
7. Hyla calcarata

8. Hyla cruentomma
9. Hyla fasciata

10. Hyla funerea
11. Hyla garhei
12. Htjla geographica
13. Hyla granosa
14. Hijla lanciformis
15. Hyla marmorata
16. Hyla minuta
17. Hyla parviceps
18. Hyla punctata
19. Hijla rhodopepla
20. Hyla riveroi

21. Hyla rossalleni'*

22. Hyla rubra

23. Osteocephaltis huckleyi
24. Osteocephalus leprieurii

25. Osteocephalus taurinus

26. Phrynohyas coriacea

27. Sphaenorhynchus eurhostus'*

28. Sphaenorhynchus carneus
29. Chiasmocleis anatipes
30. Chiasmocleis hassleri (P)
31. Chiasmocleis ventrimaculata (P)
32. Ctenophryne geayi"* (F)
33. Hamptophnjne holiviana

34. Bana palmipes
2. Eggs deposited in tree cavity above

ground; tadpoles develop there.

1. Nyctimantis rugiceps {V)

3. Eggs deposited in constructed basin of

water on ground; tadpoles develop there.

1. Hyla hoans

4. Eggs deposited on vegetation above water;

tadpoles hatch and fall into water where
they develop.
1. Centrolenella midas
2. Centrolenella munozorum
3. Centrolenella resplendens"*
4. Hyla favosa

5. Hyla leucophyllata
6. Hyla sarayacuensis
7. Hyla triangulum
8. Hyla hifurca
9. Hijla bokermanni

10. Hyla brevifrons
11. Ph yllomedusa palliata

12. Phyllomedusa tarsius

13. Phyllomedusa tomopterna
14. Phyllomedusa vaillanti

5. Eggs deposited in foam nest either on or

near water; tadpoles develop in water.

1. Leptodactylus discodactylus
2. Leptodactylus mystaceus
3. Leptodactylus pentadactylus
4. Leptodactylus rhodomystax'*
5. Leptodactylus wagneri
6. Physalaemus petersi

6. Eggs deposited on land; tadpoles carried

to water by parent—development occurs

in water.

1. Colostethus marchesianus
2. Colostethus sauli

3. Dendrobates parvtdus
4. Dendrobates pictus
5. Phyllobates femoralis

7. Eggs deposited in foam nest on land; tad-

poles develop in nest.

I. Leptodactylus andreae
8. Eggs deposited out of water; direct devel-

opment.
1 . Eleutherodactyltis acuminatus
2. Eleutherodactylus altamazonicus

3. Eleutherodactylus conspicillatus
4. Eleutherodactylus croceoingidnis
5. Eleutherodactylus diadematus
6. Eleutherodactylus lacrimosus

7. Eleutherodactylus lanthanites

8. Eleutherodactylus martiae

9. Eleutherodactylus ockendeni

10. Eleutherodactylus paululus
II. Eleutherodactylus pseudoacuminatus
12. Eleutherodactylus quaquaversus
13. Eleutherodactylus sidcatus

14. Eleutherodactylus variabilis

9. Eggs and young buried in skin pits on
dorsum of female; direct development—
aquatic.
1. Pipa pipa**

10. Eggs and young attached to dorsum of

female by "gills"; direct development—
terrestrial.

1. Hemiphractus proboscideus
11. Mode of reproduction unknown.

1. Edalorhina perezi
2. Ischnocmerm quixensis
3. Lithodytes lineatus
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Appendix 2

Species Names Corresponding to Numbers Uti-

lized in Community Matrices (Tables 4-5) and

Breeding Site Table (Appendix 3).

1 Leptodactyliis mijstaceus
2 Biifo marinus

3 Hamptophrijne boliviana

4 Rana palmipes
5 Spliaenorhynchus carneus

6 Hyla calcarata

7 Hyla cnientomma
8 Hyla funerea
9 Hyla garhei
10 Hyla geogiaphica
11 Hyla granosa
12 Hyla lanciformis

13 Hyla marmorata
14 Hyla pawiceps
15 Hyla punctata
16 Hyla rhodopepla
17 Hyla rubra

18 Hyla bifurca

19 Hyla bokermanni
20 Hyla brevifions

21 Hyla leucophyllata
22 H?//a sarayacuensis
23 Hi/Zfl tiiangulum
24 Phyllomedusa palliata

25 Phijllomedusa tarsius

26 Phyllomedusa tomopterna

Appendix 3

Breeding Sites of 26 Species with Aquatic
Larvae. See Appendix 2 for species names.

The sites are as follows: Air Strip Edge
Ditches, A.S.E.D.; Clearing Swamp, C.S.; For-

est Edge Swamp A, F.E.S.A.; Forest Edge
Swamp B, F.E.S.B.; Heliconia Swamp, H.S.;

Second-Growth Forest Swamp, S.G.F.S.; Palm

Pond, P.P.; Lake, L.

«j Q <; «' ^. ^

g^
c/i

c/^; W W ^. p C^ . -^ B

1 .... X — XX — — — — 3

2 .... X-------1
3 -. --X-X-X-3
4 .__. XX----X-3
5 .... ------x-1
6 -. -----X-X2
7 .-._ — — XXXXX— 5

8 .- --X-X-X-3
9 .... XXXXX — — — 5

10 _- _---_--xl
11 .... -----X-X2
12 .... XXXX----4
13 .... X--XX---3
14 __-_ — — XXX — X— 4

15 .... -X---XX-3
16 .... -XXXXXX-6
17 -___ XXXX----4
18 .... XX-X----3
19 .._ — X X - X X X - 5

20 .... --X-X---2
21 .... --X--X--2
22 .... -XXXX-X-5
23 .... XXXX---X5
24 .... ---XX-X-3
25 .... ---XX-X-3
26 .... ------x-1
Total

Breeding
Species 9 10 14 13 12 7 13 4
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