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Anuran life history typically involves an aquatic larval stage and an adult terrestrial stage. The larval
habitat allows rapid growth and development,
whereas the terrestrial life enables animals to disperse
and escape from unfavorable local conditions (Wilbur,
1980). In most species, highest mortality occurs during the larval stage. Thus survival until metamorphosis is a critical determinant of population dynamics
(Berven, 1990; Banks et al., 1993).
Important sources of larval mortality are predation,
desiccation, and competition (Beebee and Beebee,
1978; Berven, 1990). The most important aquatic
predators are fishes, salamanders, and predacious invertebrates (Smith, 1983; Werner, 1986). Predators can
completely eliminate anuran larvae, while intra- and
interspecific competition at high tadpole densities
usually reduces survival and growth rates (Wilbur,
1980; Semlitsch and Reyer, 1992). Habitat stability can
mediate both predation and competition. Predators
are generally most abundant in permanent ponds or
lakes, while larval density and competition can increase rapidly in drying ponds (Newman, 1987).
Rapid development and large size at metamorphosis improve juvenile survival and lead to earlier sexual
maturity and higher life-time egg production (Riis,
1991). Under most conditions, however, metamorphosis at smaller than maximal size is necessary for survival (Werner, 1986). The trade-off between maximiz* To whom
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FIG. 1.

ing size at metamorphosis and minimizing risk of
mortality during larval development is most pronounced in temporary ponds. Species breeding in
temporary ponds are therefore expected to evolve developmental plasticity to maximize reproductive success under different conditions (Philippi and Seger,
1989).
Temporary ponds provide favorable food supplies
and temperature conditions for tadpoles (Williams,
1987). Although predator abundance is generally low,
desiccation is an important risk of mortality (Beebee
and Beebee, 1978; Newman, 1987). Desiccation normally depends on weather and hydrology. When water level depends on rainfall, the patterns of filling and
duration will vary irregularly among ponds depending on seasonal rainfall patterns. This raises the question of how reproductive success varies among different ponds and under different weather conditions.
The developmental and behavioral plasticity of the
yellow-bellied toad, Bombinavariegata,offers an opportunity for studying this question. Egg size and size at
metamorphosis are variable (Rafinska, 1991). The species inhabits a wide range of variable habitats; typical
spawning sites are small, sunny, shallow ponds
(Bauer, 1987). The spawning period lasts for three
months (Barandun, 1990), thus allowing not only the
choice of the pond but also of a climatically suitable
time.
We studied a population of Bombinavariegatain a
military training area near Kloten, northeast of Zurich, Switzerland, in 1991 (46 ponds) and 1992 (45
ponds). All spawning ponds were rain-filled depressions in clay soil created by vehicles. Pond characteristics varied with respect to duration, age, size, vegetation, and presence of aquatic predators. Some
ponds changed dramatically during one season due to
natural succession or disturbance. With four excep-

tions, all ponds dried out at some time during both
years of study.
Bombinavariegatalay their eggs in several masses of
1-60 connected eggs. Eggs of different pairs could
only rarely be distinguished by direct observation. We
counted eggs every 1-2 d during periods of spawning activity and may have underestimated the number of eggs in large or densely vegetated ponds where
small egg masses were difficult to spot. In addition,
the numbers of infected, damaged, or empty eggs
were recorded in order to estimate mortality rate until hatching. Because damaged and infertile eggs were
quickly infected by fungi, we did not distinguish between damaged, infertile, and infected eggs. Newts
(Triturusalpestrisand T. vulgaris) eat whole eggs or remove embryos out of the jelly of Bombinaegg masses
(unpubl. data). In the field, the direct influence of
newts on egg mortality could only be estimated by
counting opened, empty jellies. The frequency of
empty eggs was therefore taken as a measure of newt
predation.
In 22 cases, cohorts of spawn laid within 5 d could
be distinguished until metamorphosis. In 12 of these
cases, there was only one cohort present in a pond at
all. In the other 10 cases, there was a time difference
of more than 15 d between the spawning dates, and
tadpoles could clearly be separated by two distinct
size peaks as well as by the time of metamorphosis.
Seven cohorts which could not clearly be separated
were omitted from the analysis.
The duration of all available ponds was estimated
each year. A pond was classified as dry only when no
standing water remained. However, many tadpoles
died before this time. Before pond desiccation, tadpoles aggregated in small areas within a pond for a
few days and free swimming was restricted. This situation was classified as high density condition. The
presence of potential competitors (tadpoles of Bufocalamita,Hyla arborea,and Ranaesculenta)was also noted.
Metamorphs were removed from the ponds every 1-2
d, counted, photographed, and their body size measured from pictures. The presence or absence of newts
was recorded at every visit. Invertebrates were
sampled with a dipnet on 15 May, 15 June, 30 July
(1991), and on 3 June and 27 July (1992). Footprints of
predacious birds around ponds were noted. Climatic
data were received from a meteorological station 2 km
from the study site (Swiss Meteorological Centre, Zurich). All statistics were performed after Sachs (1984).
Egg development was studied in 160 clutches between 18 May and 5 August, 1991. Hatching occurred
4-10 d after spawning. The average time for development was significantly longer in May (mean = 8.0 d)
than in June (mean = 7.4 d; t = 5.0; P < 0.001) or in
July (mean = 5.2 d; t = 7.4; P < 0.001). The increase
in developmental rate is paralleled by an increase in
water temperature. Among 22 cohorts, time to metamorphosis, including egg development, ranged from
33-58 d in 1991 and 34-51 d in 1992. The majority of
tadpoles developed within 38-45 d in both years. Size
at metamorphosis ranged from 9.8-19.5 mm SVL and
averaged 14.7 mm. Tadpoles which metamorphosed
under high density conditions before pond desiccation
were significantly smaller (mean = 13.4 mm) than tadpoles metamorphosing under more benign conditions
(mean = 15.8 mm; t = 5.5; P < 0.001).
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FIG. 2.

Tadpole development in 1991 (top) and 1992 (bottom). The shaded areas indicate the number of ponds
containing water. The black bars show the amount of daily rainfall. Tadpoles which could be followed until
metamorphosis are shown by lines from date of spawning to date of metamorphosis.

Total mortality from spawning to metamorphosis atically and the effect of avian predation on larval and

averaged 93% in 1991 and 87% in 1992 (Fig. 1). Total
egg mortality of a sample of 3087 eggs was 9% in 1991.
Only 2.8% of eggs were infertile or infected, with one

infertile clutch comprising >50% of these eggs. Offspring recruitment was concentrated in a few ponds:
In both years, more than two thirds came from only
three out of 15 successful ponds. These ponds differed

between years.

Pond desiccation was responsible for at least 79%
of premetamorphic mortality in 1991 and 37% in 1992
(Fig. 1). An additional 7% (1991) and 33% (1992) of tadpoles died in ponds which partially dried out. Other
reasons of mortality could not be quantified but were
clearly less important in both years. Three different
groups of predators were observed: adult newts (Triturus alpestris and T. vulgaris) eating eggs and small tadpoles, invertebrates (Libellulidae,Aeshnidae,Hydrophilidae, Notonectidae, and Nepidae) eating tadpoles, and
birds (Ardea cinerea, Corvus coronae,and Larus ridibnlldus) eating large tadpoles and metamorphs. Birds
were particularly observed at shallow, poorly vegetated ponds which were free of aquatic predators.
However, bird occurrence was not recorded system-

postmetamorphic mortality could not be quantified.
Tadpoles of Bombinavariegata and Bufo calamita were
never observed eating eggs of the same or the other
species.
Adult newts, the only observed egg predators, were
present in ponds from April to around mid June. In
June 1991, 9.8% of 1797 eggs that were scored were
empty compared to only 0.9% of 1290 eggs in July after newts left the ponds. Newts and invertebrate
predators were mostly absent in new or quickly drying ponds. These ephemeral ponds-although often
used for spawning in the two years of the studywere never successful. As a consequence, larval survival was higher in ponds also containing aquatic
predators (X2 = 24.8; [df = 1;] P < 0.001).
Spawning activity occurred after the onset of high
rainfall (Fig. 2). Metamorphs emerged over a period
of 56 d in 1991, but only over 23 d in 1992. The peak
of metamorph numbers in August 1992 reflects a mass
escape from drying ponds. In both years, all offspring
laid after 30 June dried during droughts in August. In
other years, metamorphs were observed to emerge until mid September (unpubl. data). So, both the time of
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spawning and metamorphosis were strongly determined by weather conditions.
The spawning ponds in the study area were temporary and dependent on rain for filling. Single rain
events refilled ponds and extended their duration up
to three weeks. Larval survival was critically dependent on pond duration, and thus on the unpredictable
patterns of rainfall, irrespective of other pond qualities. The dominant importance of climatic conditions
for juvenile recruitment is characteristic for many amphibians spawning into temporary ponds and responsible for marked fluctuations in survival rates among
years (Banks et al., 1993; Dodd, 1993).
The droughts in August of both study years were
unusual compared with the long-term average. Consequently, egg and larval mortality due to desiccation
was probably unusually high. Casual observations in
1993 and 1994 suggest that metamorphs were distinctly more numerous although no quantitative data
are available. Compared with desiccation, predation
was a minor cause of mortality. In a climatically favorable year with little mortality through pond desiccation, the relative importance of predation may be
higher, but the loss to predators is unlikely to be as
significant as the loss to desiccation in dry years.
Aquatic predators were most likely to co-occur with
tadpoles in ponds that produced metamorphs. The occurrence of predacious birds at ponds lacking aquatic
predators can counterbalance the absence of aquatic
predators in these ponds. So neither desiccation nor
predation could be avoided with certainty.
Both larval development rate and size at metamorphosis varied by a factor of two, which is among the
broadest recorded ranges of plasticity in anurans (Duellman and Trueb, 1986). Plasticity in metamorphic
size allows exploitation of various aquatic habitats because it enables animals to escape early at a small size
under risky conditions, or metamorphose later at a
larger size under favourable conditions (Kaplan and
Cooper, 1984).
With pond duration being the most critical factor,
spawning immediately after heavy rain provides the
best chances to maximize reproductive success. Where
climatic conditions are unpredictable, a long spawning period, plasticity in larval development, and the
use of different incidents of heavy rainfall will improve reproductive success (Philippi and Seger, 1989).
Our results imply that small changes in the pattern of
rainfall can render reproduction more risky in rain dependent ponds, and thus may critically reduce juvenile recruitment in populations spawning in temporary, rain-filled ponds.
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