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ABSTRACT 

Larval interactions of four anuran species were 

experimentally investigated. Artificial pools were used to 

simulate their temporary pond habitat. . A comparison of 

varied-nutrient and varied-density experimental results 

suggest that the most important type of competition in this 

system is chemical growth inhibitors. Also, interspecific 

effects seem stronger than intraspecific effects. 

Two-species experiments indicated that S. 

multiplicatus tadpoles are more successful in achieving 

metamorphosis than S. couchi when interspecific predation.is 

allowed. The opposite result was observed when predation 

was prevented. The production and success of the predaceous 

larval morphotype of J3. multiplicatus was positively 

correlated with prey density, e.g. fairyshrimp and S. couchi 

larvae. 

When interspecific predation is allowed, two-species 

experiments between Scaphiopus spp. and Bufo alvarius or B. 

cognatus indicate that Scaphiopus spp. tadpoles are more 

successful in achieving metamorphosis than Bufo spp. Field 

observations suggest that the co-occurrence of Scaphiopus 

spp. and Bufo spp. larvae is the result of occassional 

Scaphiopus spp. reproductive failures. 

xi 



CHAPTER 1 

INTRODUCTION 

Statement of the Problem and Experiment Design 

Larval desert toad communities provide an excellent 

system for experimentally studying community structure and 

dynamics. Most larval habitats are small and ephemeral so 

they can be easily fabricated for short term experiments 

which generate valuable population and community ecology 

data, such as percent success in achieving metamorphosis, 

size at metamorphosis, and time to metamorphosis. In 

contrast to the adult toads, intra- and interspecific 

competition, as well as predation and catastrophic mortality 

are all major components in the larval life history. A 

larval desert toad community is similar to most other 

vertebrate communities, in that the occurrance and level of 

success of various species is not just dependent on history 

and the physical environment but the density of other 

species within the same species guild. The unique quality 

of the larval community is the habitat, the temporary pond. 

Each year the struggle to reach metamorphosis before the 

pond dries-up begins again. The most important parameters 

for survival being the probability of more rain before the 
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pond desiccates, the total tadpole density, and the presence 

(or lack) of other toad species. 

The experiments described in Chapters 2, 3, and 6 

are of the reciprocal-alpha design (DeBenedictis 1974). In 

this design the total tadpole densities of the mixed species 

and single species (controls) experiments are the same 

within a treatment. This design cancels general density 

effects. These experiments also had an additional series of 

controls: the natural ponds at the study site. Aside from 

measuring intra- and interspecific competition and 

predation, biological energy flow can be measured. Two of 

the parameters used to evaluate each system were growth and 

total toadlet mass per pool. Both sets of data yield 

comparative information on nutrient (energy) utilization. 

To make the experiments and the natural control 

ponds comparable, the only source of nutrients in the 

experimental pools was bottom substrate from Experimental 

Pond (Fig. 1). While the substrate can be accurately 

weighed, it is not a homogeneous substance. This has led to 

a high variance within treatments. This variance is 

especially evident in the varied nutrient experiments. For 

this reason the data are almost always lumped within 

treatments for analysis. An additional statistical, 

procedure is that survivorship data are arcsine transformed 
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to enhance normality (Sokal and Rohlf 1969), for regression 

analysis. 

I am convinced that by using this total experimental 

design, an anuran larval community is the sum of its 

component parts. The trick is being familiar enough with 

the system to ask the right questions and to know how to add 

the results together. A judgement of my efforts is left to 

the reader. 

A Description of the Study Site; Anvil Ranch 

The study site is located about 50 km west of 

Tucson, Arizona in the Altar Valley and is situated within 

an ecotone of desertscrub and desert grassland. During the 

past 100 years, this area has been altered by overgrazing 

(see Cornejo et al, 1982 for the history of vegetative 

change at this locality). The present perennial vegetation 

is dominated by mesquite (Prosopis velutina), burrobush 

(Haplopappus tenuisectus), and snakeweed (Gutierrezia sp.). 

The elevation is about 915 m. The study site has the same 

bimodal rainfall pattern as Tucson: about half of the 

precipitation occurs as violent summer storms and the rest 

as gentler winter and fall storms. The average 

precipitation is 280 mm (Sellers and Hill, 1974). 

A map of the study site (Fig. 1) depicts locations 

of 14 anuran breeding ponds. This map includes all breeding 

ponds known at the study site and is a result of ten years 
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of field work (1975-1984). Only two of the ponds are 

natural: No Name and Cienega. Two more ponds are roadside 

depressions: Scott and Gate. The remaining ponds are man-

made cattle tands, which are more than ten years old. 

Generalized Life Histories of 
Four Species of Anurans at Anvil Ranch 

A complex life history is defined as having two or 

more sequential phases which place the individual in two or 

more trophic positions (e.g. Wilbur 1984). The life history 

of most anurans is complex. The larvae are generally 

aquatic herbivorous grazers or filter feeders while the 

adults are terrestrial carnivores. A few species of anuran 

larvae are omnivores or even carnivores. The larvae of 

Spadefoot toads (Scaphiopus) are omnivores (Bragg 1964). 

Most tadpoles species occur in temporary ponds where 

they can live in a highly productive, yet a virtually 

preditor-free habitat. The temporary pond provides a pulse 

of nutrition that only a few species of plants and animals 

can exploit. Temporary ponds provide two distinct advantages 

to anurans. The aquatic larvae of the anurans is 

ecologically equivalent to the mammalian embryo in that both 

must develop in high nutrient and aquatic environments. In 

the anurans, parental nutrient investment is limited to a 

small amount of yolk to carry the egg to the free living 

larval stage in which the larvae can thrive on the resources 



5 

of the temporary pond. This allows the adult to produce a 

larger number of eggs. The second advantage is growth 

rates. An egg of ^caphiopus. multiplicatus weighs less than 

0.02 g. In 30 days this egg develops into a toadlet in 

excess of 1.0 g, a 50-fold increase in weight. In one year 

this toadlet will weigh under 10 g, no more than a ten fold 

increase. Growth rates for the other species of toads at 

the study site are similar for larvae (Chapter 6) and 

toadlets (Cornejo and May in preparation). Limits for 

growth in temporary ponds are probably a function of 

expected pond life, egg size, and competition (Chapter 6). 

As the pond ages predation becomes an increasingly imporant 

factor due to the predaceous morphotype of S. multiplicatus 

and insect larvae such as dragonflies (Cornejo, fieldnotes). 

Adult life history 

The pelobatids (S. couchi and S. multiplicatus) and 

the bufonids (Bufo alvarius and B. cognatus) avoid winter 

and the late spring drought by spending up to ten months per 

year underground. The pelobatids are stimulated to emerge, 

reproduce, and feed after the first summer storm of 15 mm or 

more (Cornejo and May, unpublished fieldnotes). S. couchi 

males commence calling within two hours of the beginning of 

the storms. S. multiplicatus males commence calling the 

evening of the first storm. Females of both species 
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continuously migrate to the breeding ponds after the males 

uegin calling. 

The bufonid adults become active in late spring 

before the summer rains. Generally, they are active in the 

evening and spend part of each evening in water, until the 

rains begin (Cornejo, fieldnotes). On the evening of the 

first storm which fills the pond some males commence calling 

at temporary pond breeding sites. However, the females do 

not migrate to the ponds until several days after the first 

storm. As in virtually all anuran species, fertilization is 

external and mating and egg laying are concurrent 

activities. For the pelobatids, breeding and egg laying 

normally occur only one night per year at any pond. Only 

very rarely are there subsequent events of egg laying at a 

pond. These subsequent events are correlated with 

marginally sufficient first storms (Cornejo, fieldnotes). 

The pelobatids lay their eggs in clusters {Stebbins 1954). 

Separate clusters of eggs, numbering about 100 to 200 eggs 

are attached to objects in the shallow edge of the pond. 

Frequently, these objects are grasses and woody stems that 

are partially submerged. Bufonids lay long strings of eggs 

(Stebbins 1954) along the shallow margin of the pond. 

Breeding and egg laying in the bufonids last from one to 

three days, with mot of the egg laying occuring in one day. 

Actual amplexus in B. cognatus lasts for one night or less; 
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the same is true for the pelobatids. Amplexus in B. 

alvarius is continuous for 24 to 48 hours (Cornejo, 

fieldnotes). Like the pelobatids, virtually all the 

tadpoles of a bufonid species in a pond are coeval (of 

similar age). 

After egg laying, the adult anurans spend the 

remaining moist evenings of the summer feeding. Adult 

bufonid activity lasts into October, whereas pelobatids are 

rarely found on the surface after August (Cornejo, 

fieldnotes). Toadlets (recently metamorphosed terrestrial 

stages) of all species are active at least through September 

(Cornejo, fieldnotes). 

At Anvil Ranch the average age to maturity for a 

male is two years for S. multiplicatus, three years for S. 

couchi and B. coqnatus and four years for B. alvarius 

(Cornejo and May in preparation). The average male weights 

are approximately: B. alvarius 230 g, B. coqnatus 50 g, S. 

couchi 25 g, and S. multiplicatus 18 g (Cornejo and May in 

preparation). 

Larvae life history 

Development of a free-living larvae from an egg 

takes about 48 hours in the pelobatids in a temporary pond 

at Anvil Ranch (Cornejo fieldnotes). The length of the 

free-living larval period ranges from six days (S. couchi) 
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to more than 70 days, depending on species, morphotype, 

temperature, tadpole density, and available nutrients. 

Most anuran larvae are suspension feeders (Wassersug 

1975), whose feeding can be generalized as a four-tiered 

process. The following description of this system is 

adequate for all four species discussed in this thesis. The 

first tier is the mouthparts. Keratinized mouthparts are 

able to tear large food particles into smaller particles. 

In £3. multiplicatus (and some other members of the subgenus 

Spea) there is a continuum in mouthpart morphology, from a 

normal morphotype (which is similar to other omnivorous 

tadpoles of Scaphiopus spp.), to a predaceous morphotype 

with a heavier and sometimes notched beak worked by 

oversized jaw muscles (Chapter 3). The occurrence, as well 

as the abundance of the predaceous morphotype, is related to 

the abundance of available animal prey (Chapter 3). For all 

species at the study site, once the food is taken into the 

oral cavity the largest particles are separated from the 

other particles by the papillae of the buccal floor (second 

tier). These large particles are either coughed out or 

taken directly to the esophagus (Wassersug 1980). The 

smaller particles are shunted along the sides of the buccal 

cavity and are taken to the gill filters (third tier). Some 

members of the genus Scaphiopus (i.e. S. bombifrons) have 

unusual gill filter surfaces when compared with other 
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species of tadpoles: rather than having a uniform plate 

density, the plates in the filter alternate from high to low 

density, perhaps allowing them to ingest a wider range of 

food items (Wassersug 1980). This pattern may also be 

present in closely related multiplicatus. Particles too 

small for the gill filters can be entrapped by the mucosal 

secretions of the ventral velum (fourth tier). This four-

tiered system allows tadpoles to suspension feed particles 

in the range of about 10-^ to 1.0 mm. 

Although the feeding ecology of tadpoles is still 

poorly understood, some conclusions can be drawn from 

morphological considerations (Wassersug 1980). For the 

tadpoles at the study site, the bufonid species probably 

specialize on medium sized particles derived from benthic, 

thigmotactic grazing, whereas the pelobatids have a much 

broader range of particle size utilization (Wassersug 1980). 

The bufonids at the study site are herbivores and the 

pelobatids are omnivores. Aquatic invertebrates, i.e. 

fairyshrimp, tadpoleshrimp, and clamshrimp are an important 

componant in the diet of some pelobatid larvae (e.g., 

predaceous morphotypes) and may add to their accelerated 

rates of growth and development (Wassersug 1980, Polmeroy 

1981, Chapter 3). The specialized larval morphotypes in the 

subgenus Spea may also be an adaptation to take greater 

advantage of animal resources (Chapters 3, 4, and 5). 
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Table 1. Assemblages of breeding species at the study site: 
Anvil Ranch. 

Bual = B. alvarius, Buco = B. coqnatus, Bure = B. 
retiformus, Scco = J3. couchi, Scmu = S. multiplicatus, and 
Rana = Rana sp.. The ponds are listed in decending order of 
si ze. 

POND TYPE BREEDING SPECIES FREQUENCY 

Road semi-permanent Bual every year 

Papago semi-permanent Bual every year 

Hidden semi-permanent Bual every year 

Rana large temporary Bual every year 
Buco every year 
Bure occasionally 
Scco every year 
Scmu every year 
Rana occasionally 

Dill large temporary Bual every year 
Buco every year 
Scco every year 
Scmu every year 

Great intermediate Bual every year 
Scott temporary Buco every year 

Scco every year 
Scmu every year 



11 

Table 1. (continued) 

POND TYPE BREEDING SPECIES FREQUENCY 

Experi
mental 

intermediate 
temporary 

Bual 
Buco 
Scco 
Scmu 

every 
every 
every 
every 

year 
year 
year 
year 

Little 
Dill 

intermediate 
temporary 

Scco 
Scmu 

every 
every 

year 
year 

Little 
Papago 

intermediate 
temporary 

Scco 
Scmu 

every 
every 

year 
year 

Scott intermediate 
temporary 

Buco 
Scco 
Scmu 

occasionally 
every year 

occasionally 

Gate small temporary Scco every year 

Ruin small temporary Scco every year 

Cienega smal1 temporary Scco every year 

No Name small temporary Scco every year 
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Dill 
Pofti 

Li Hie 
Dill 
Pani 

Fig. 1. The study site, Anvil Ranch 



CHAPTER 2 

COMPETITIVE INTERACTIONS IN THE TWO-SPECIES SYSTEM: 

S. COUCHI WITH S. MULTIPLICATUS 

Introduction 

Many field and laboratory experiments have explored 

the intraspecific effects of available nutrients and/or 

density on tadpole growth and survivorship (e.g. Lynn and 

Edelman 1936, Brockelman 1969, Wilbur 1972, Gromko et al 

1973, Wilbur and Collins 1973, DeBenedictis 1974, Wiltshire 

and Bull 1977, Smith-Gill and Gill 1978, Semlitsch and 

Caldwell 1982, Woodward 1982, Morin 1983, Smith 1983). 

These studies have included anurans from five families: 

Bufonidae, Ranidae, Hylidae, Pelobatidae, and 

Leptodactylidae. Virtually all of the results show that 

when available food is kept constant and tadpole densities 

are increased there are three consequences: a) percent 

survivorship decreases, b) mean size at metamorphosis 

decreases and, c) mean time to metamorphosis increases. 

Presently, non-predaceous tadpole interactions may 

be divided into three overlapping groups: 

i - Competition for limited resources (e.g. 

Brockelman 1969, Wilbur 1972, 1976, 1977, Wilbur 

13 
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and Collins 1973, DeBenedictis 1974, Wiltshire 

and Bull 1977, Smith 1983), 

ii - the production or proliferation of growth and 

developmental inhibitors (e.g. Richards 1958, 

Rose 1960, Steinwascher 1978, 1979, Licht 1967), 

and 

iii - behavioral and social responses to overcrowding 

(e.g. Adolph 19 31, Lynn and Edelman 1936, Gromko 

et al 1 973). 

The results of several experiments are reported here 

that assess their intra-specific and interspecific, non-

predaceous interactions of the S. multiplicatus/S. couchi 

community, using density and food levels as the variables. 

While many single species studies have demonstrated that 

percent survivorship and/or mean weight at metamorphosis is 

inversely correlated with tadpole density, few studies have 

compared interspecific responses of two or more anuran 

species, while using single species control experiments 

(DeBenedictis 1974, Wiltshire and Bull 1977, Smith-Gill and 

Gill 1978, Woodward 1982). There are also few experiments 

that compare two species in a series of density treatments 

to an analogous series of density and added nutrient 

treatments (Brockelman 1967, DeBenedictis 1974, Wiltshire 

and Bull 1977, Smith 1983). 



Methods and Materials 

The results from two sets of experiments are 

analyzed and discussed in this chapter. The first set of 

experiments tested S. couchi and S. multiplicatus at various 

densities and one nutrient level. The second set of 

experiments tested the same species at one density and 

various nutrient levels. 

In both sets of experiments the treatments and 

replicates were randomly assigned to plastic wading pools. 

The wading pools were ca. 1 meter in diameter and were 

filled with about 160 liters of well water. The pools were 

partially buried in the ground to dampen temperature 

extremes. Daytime water temperatures at a depth of 5 cm 

ranged from 20.5 to 39.6 degrees Centigrade. All 

experiments were conducted outside in full sunlight. The 

nutrients for the tadpoles were collected from the top 10 cm 

of bottom substrate from a temporary pond where both species 

breed. The nutritive pond substrate was collected during 

the summer while the pold was dry. The substrate was 

thoroughly mixed before being placed in each pool. 

The experimental design consisted of a mixed species 

experiment to test interspecific effects, and two single 

species controls to test intraspecific effects. In the 

mixed species experiment, the two species were intitially at 

equal desitites, and their total number in each pool was 
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equal to the total number of tadpoles in a pool of the 

analogous control treatment, thus cancelling differences due 

to density effects. 

The mixed species experimental pools were divided in 

half by plastic screen to prevent the species from mixing. 

Equal amounts of nutrients were given to both halves. Every 

day the water was thoroughly mixed by hand. All substrate 

particles (i.e. nutrients, including tadpole feces) could 

pass through the screen. Water was added as necessary. The 

results from the two sets of experiments are not directly 

comparable because of differences in handling, quality of 

nutrients, and the duration of the experiments. 

Varied Density Experiment 

These experiments were conducted during the summer 

of 1982. There were three experiments, each with three 

density treatments and five replicates for a total of 45 

pools. The three density treatments were 30, 60, and 120 

tadpoles per pool. They are referred to as low (0.19 

tadpoles per liter) medium (0.38 tadpoles per liter), and 

high (0.75 tadpoles per liter). Each pool was given 1.0 kg 

of pond substrate for food. 

Four amplexed pairs of each species were collected 

on the evening of July 17, 1982. They were allowed to lay 

eggs in plastic wading pools. Two days later, the tadpoles 

of all clutches within each species, were mixed and entered 



into the experimental pools. The tadpoles were about 5 mm 

snout-vent length. 

Each day all pools were sampled to find tadpoles 

with one or two front legs (stage 42, Gosner 1960). These 

newly transformed young (toadlets) were removed and 

preserved in a 10% buffered formalin solution. The toadlets 

were later blotted dry and weighed on a Metier balance to + 

0.001 grams. The experiments were terminated 30 days after 

the eggs were laid. 

Varied Nutrient Experiment 

These experiments were conducted during the summer 

of 1981. The mixed species experiment had four nutrient 

treatments. They are referred to as low (0.5 kg), medium 

(1.0 kg), high (2.0 kg), and very high (4.0 kg). The single 

species experiments had only the low and very high 

treatments. Each pool had 26 tadpoles or 0.16 tadpoles per 

liter of water. Each treatment had three replicates. 

Four amplexed pairs of each species were collected, 

the S. couchi on the evening of July 25th and the S^. 

multiplicatus on the evening of July 26th, 1980. They were 

allowed to lay eggs in plastic wading pools. On July 27th 

the S. couchi tadpoles were placed into the experimental 

pools. The next day the S. multiplicatus tadpoles were 

added. All the clutches of tadpoles within each species 

were mixed before the tadpoles were selected for the 
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experiment. The tadpoles were about 5.0 mm snout-vent 

length. By the time the S. multiplicatus were added the S. 

couchi were about 7.0 mm snout-vent length. 

Each day all pools were sampled to find tadpoles 

with one or two front legs (stage 42, Gosner 1960). The 

toadlets were removed, blotted dry, and weighed with a 5 

gram Pesola scale to + 0.1 grams. The toadlets were then 

preserved in a 10% buffered formalin solution. The 

experiment was terminated 67 days after the S. couchi eggs 

were laid. 

Results 

The results from the varied density experiments 

depict the classic tadpole pattern for increased density: 

lower survivorship and weight at metamorphosis and longer 

larval periods. A comparison of the two species 

demonstrates that S. multiplicatus was stressed at lower 

densities than S. couchi, and both species did better alone 

than together. S. multiplicatus had a lower survivorship at 

lower food levels in the varied nutrient experiments, but 

showed no differences in size at metamorphosis and length of 

larval period. S. couchi did not exhibit any significant 

pattern between amount of food and the various life history 

traits. 
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Varied Density Experiments 

In Fig. 2, the percentage of tadpoles reaching 

metamorphosis within 30 days of egg laying is compared to 

the logarithm of the initial tadpole densities for three 

experiments: S. couchi alone (single species), S. 

multiplicatus alone (single species), and S. couchi with S. 

multiplicatus (mixed species). The data for the individual -

replicates are given in Table 2. 

There is an inverse correlation between percent 

metamorphosis and initial density for both species (Table 

3), however, S. couchi is effected significantly less by 

increased densities than is S. multiplicatus at the same 

densities during a 30 day period (Table 4). By a Chi-square 

analysis the S. couchi experiments are significantly 

different from each other (X^=31.69, d.f.=2 p<0.005), but 

the S. multiplicatus experiments are not. In all but one 

case the single species treatments do better than the mixed 

species treatments. 

The sole anomaly is the higher survivorship of the 

S. multiplicatus mixed species, low density treatment. This 

is an expected result since couchi are not being stressed 

at this density, as shown in Fig. 2. There are significant 

differences when the low density results are compared 

between the S. multiplicatus single and mixed species 

treatments (X^=4.08, d.f.=l, p<0.05), as well as between the 
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O 
S. couchi mixed and single species treatments (X =6.79, 

d.f.=l, p<0.01). The mixed species treatment has a higher 

survivorship than the single species treatment for S. 

multiplicatus, whereas the mixed species treatment for S. 

couchi has a lower than expected survivorship. This result 

suggests that the S. multiplicatus experience competitive 

release, and the S. couchi are subject to more intense 

competition at this low density with S. multiplicatus than 

they would with an equal number of S. couchi. 

One possible misleading aspect of Fig. 2 is that S. 

couchi seems to have an equivalent effect on S. 

multiplicatus as conspecifics do. The similar results 

between the analogous control and experimental treatments 

may be due to density rather than competition for a limited 

food resource. The S. multiplicatus in the single species 

experiment are at the same density as the S. multiplicatus 

in the mixed species experiment, since the pools are 

screened in half in the mixed species experiment. The S. 

couchi metamorphose at a much smaller size than S. 

multiplicatus (Tables 5 and 6), and probably use less food. 

Although the density stressed S. couchi are probably 

producing growth and developmental inhibitors, so are the S. 

multiplicatus tadpoles. 

Another way to analyze this system is through a 

comparison of the average total biomass of toadlets in a 
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treatment (Fig. 3, Table 7). This analysis depicts the same 

pattern as percent metamorphosis does. In addition, it 

demonstrates that in a limited period of time, S. couchi can 

produce a larger amount of toadlet biomass than S. 

multiplacatus at some densities. Also, both species do 

better alone than together. 

A further indication of the negative effect that S. 

couchi and S„ multiplicatus have on each other, is the fact 

that they spend less time as tadpoles when raised together 

as compared to when they are raised separately at the same 

densities (Tables 8 and 9). When the means from all of the 

mixed species treatments are compared to the single species 

treatments, their difference is significant (d=1.405 days, 

t=2.708, n=6, p<0.05), and the single species treatments 

have a higher average weight at metamorphosis (Tables 5 and 

6 )  .  

Varied Nutrient Experiments 

A trend toward greater survivorship with increased 

nutrients is evident for S. multiplicatus (Table 10). When 

the data from the low and very high nuitrient treatments are 

compared by a Chi-square analysis, the differences are 

significant in the mixed (X^=17.28, d.f.=l, p<0.005) and the 

single (X =29.72, d.f.=l, p<0.005) species experiments. 

The S. couchi do not show any overall trend, which 

is expected since they are not stressed at this density. 
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However there is a reduction in survivorship at the very 

high nutrient level. This is not a result of interaction 

between j3. couchi and S. multiplicatus because it also 

occurs in the single species experiment. It may be due to 

the filter feeding mechanism of S. couchi becoming clogged. 

Seale and Wassersug (1979) have demonstrated that 

there is an upper limit in particle concentration for 

maximum ingestion rate. At higher levels of particle 

concentration the gill filters become clogged. Also, 

Wassersug and Rosenberg (1979) have suggested that some 

aspects of the filter feeding apparatus scale 

allometrically. Therefore, since S. couchi tadpoles grow 

slower than at least some of the S. multiplicatus tadpoles 

(Chapter 3), and S. multiplicatus metamorphose at a larger 

size than the S. couchi, the greater size of S. 

multiplicatus might have prevented their filters from 

becoming clogged. Also, the S. multiplicatus might have a 

polymorphic gill filter pattern (Wassersug 1980, Chapter 1). 

When weight at metamorhposis and mean time to 

metamorphosis are examined, there are no trends for either 

t 
species. Although both of these parameters are effected by 

density. Therefore, it is concluded that for S. 

multiplicatus additional nutrients cause a competitive 

release response in terms of percent survival, although it 
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is not as strong as the negative effects of increased 

density in the varied density experiments. 

An interesting result of the S. multiplicatus 

tadpoles being started later than the S. couchi is that both 

species now do better together than alone. There are two 

factors at work here. The first one is a result of low 

densities. From the varied-density experiments it has been 

shown that S. couchi is not stressed at the low density 

level such that S. multiplicatus does better in the mixed 

species experiment. The other factor has to do with S. 

multiplicatus being entered into the pools a day later than 

the S. couchi. This gave the S. couchi in the mixed species 

experiment an initial advantage over the S. couchi single 

species experiment. 

Discussion 

The results from this chapter suggest that there is 

a species specific density threshold which must be exceeded 

before there is a significant decline in survivorship and 

growth rates as well as an increase in the length of the 

larval period. In E3. multiplicatus, survivorship (but not 

growth rate and larval period) can also be effected by the 

amount of available food, if the tadpole density already 

exceeds the threshold value. Whereas, S. couchi might not 

have been effected by changes in food levels since they were 

not density stressed. 
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The lack of a response in growth rates and larval 

period to changes in food level suggests that competition 

for limited resources is not the dominant form of 

competitive interaction in this system. Also, the increase 

in survivorship with increased food might be a result of 

niche expansion and/or partitioning in £3. multiplicatus as 

suggested in Chapter 3. 

There are four field experiments reported in the 

literature that compare a series of density treatments with 

an analogous series of density and food addition treatments. 

DeBenedictis (1974, working the Rana pipiens and R. 

sylvatica), Smith (1983, working with Pseudacris 

triseriata), and Wiltshire and Bull (1977, working with 

Pseudophryne bibroni and P. semimarmorata Australian 

leptodactylids) found that the addition of food increased 

survivorship and mean size at metamorphosis while decreasing 

the larval period. On the other hand, Brockelman (1967, 

working with B. americanus) found that survivorship only 

increased at low densities and decreased at higher 

densities, with the addition of food. He also found that 

there was no change in size at metamorphosis, and the 

duration of the larval period increased rather than 

decreased. 

However, the relative importance of density and food 

in these experiments could not directly be extrapolated to a 



natural community because the added food was not a naturally 

occuring food resource. Nevertheless, in three of the 

studies (DeBenedictis 1974, Wiltshire and Bull 1977, Smith 

1983) the addition of food compensated for the effects of 

increased density. 

Although some studies have provided evidence for 

density effects being caused by competition for limited food 

sources, many studies have found evidence for the production 

or proliferation of growth and developmental inhibitors, 

especially when the tadpoles are density stressed 

(Steinwascher 1978). These inhibitors range from an algal-

like cell supposedly acting as a vector for the inhibitor 

(Richards 1958), to proteinaceous compounds (Rose and Rose 

1961, Runkova et al 1974, Stepanova 1974, Steinwascher 

1978), to a parasitic yeast (Steinwascher 1979). 

Both the proteinaceous compounds (Rose 1960, Shvarts 

and Pyastolova 1970, Steinwascher 1978) and the parasitic 

yeast (Steinwascher 1979) have been shown to inhibit the 

growth and development of small tadpoles to a greater extent 

than larger tadpoles. Most authors agree that the 

inhibitors are released through the fecal material but are 

not limited to them. This ability to 'condition' water and 

inhibit the growth and development of other species has been 

demonstrated for S. couchi (Licht 1967). Since such 

interference competition becomes more pronounced as a 
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species becomes density stressed this could explain the 

results at low density levels (in the varied density 

experiments), since stress in S. couchi does not occur until 

higher densities than it does for S. multiplicatus. 

An examination of Licht's (1967) experiments reveal 

that species which produce growth inhibitors often have a 

greater effect on other species than on conspecifics. 

Interference competition would make the larval habitat less 

productive. A degradation of larval habitat is depicted in 

the experiments reported here by shorter average larval 

periods and smaller toadlets, when the mixed species are 

compared to the single species varied density experiments. 

This response is predicted by the Wilbur and Collins (1973) 

model for amphibian metamorphosis in a deteriorating larval 

habitat. 

In addition, several studies (e.g. Adolph 1931, Lynn 

and Edelman 19 36, Gromko et al 1973) have shown that tadpole 

growth and development is inhibited by density when tadpoles 

are raised in the same water while being fed an excess of 

food. The results of these studies depict a pattern for 

increasing density which is exactly what would be expected 

for competition for limited food resources, i.e. lower 

survivorship and a lesser average weight at metamorphosis. 

Gromko et al (1973, working with Rana pipiens) have 

demonstrated that the eating of feces is not responsible for 
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the density effects. However, they did not remove the feces 

from the water, but simply prevented the tadpoles from 

eating them. These workers have postulated behavioral and 

social factors as the main component of the observed density 

effects rather than the production of proliferation of 

inhibitors into the feces. In an interesting study, John 

and Fenster (1975, working with R. pipiens) have reported 

that by holding density constant while decreasing the visual 

(or physical) contact of the tadpoles, survivorship and 

growth rates increase. 

Both of the above studies could be used to aid in 

interpretting the data from the varied density experiments 

for S. multiplicatus, if tadpoles evaluate density through 

contact stimulus. Their experiments and my experiments both 

suffered similar patterns of life history deterioration 

(e.g. rate of development, survivorship, and size at 

metamorphosis) with increased density. Based on a limited 

food hypothesis S. multiplicatus in the mixed species 

experiment would be expected to do better than those in the 

single species experiment because the S. couchi 

metamorphosed sooner and at a smaller size than the S. 

multiplicatus. That this result did not occur could be a 

result of the stimulus for contact mediated stress being 

similar, since the pools were screened in half and the 

actual physical densities of the analogous treatments were 
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equal. Therefore, the stimulus for contact mediated stress 

was similar. 

Steinwascher (1979) has hypothesized that at low 

nutrient levels the interference mechanisms (growth 

inhibitors) are utilized, while at higher nutrient levels 

exploitation competition (competition for limited nutrients) 

is responsible for the lognormal distribution of sizes often 

seen among tadpoles. Steinwascher (1979) also claims that 

exploitation competition can explain the density effects 

reported by Adolph (1931), Lynn and Edelman 91936), Gromko 

et al (1973), and John and Fenster (1975). Steinwascher 

(1979) predicts that large tadpoles can outcompete smaller 

tadpoles because filtering ability is size dependent. He 

supports this claim by citing Wassersug (1975). However, 

Wassersug (1975) clearly states the following, "At the 

present it appears that tadpole growth is not strictly 

allometric when it comes to filtering surfaces and that 

relative feeding efficiency decreases as larvae get larger" 

(page 410) and "... an advantage to being small is that one 

can grow faster than if one is large" (page 410). However, 

Wilbur (1984) reports that when individuals from a sib 

cohort are raised separately, larger individuals grow faster 

than smaller individuals. 

Nevertheless, what might be operating in the 

Scaphiopus system is interference competition to reduce 



competition for a limited food supply, both intra- and 

interspecifically. Perhaps the density effects which are 

not directly related to competition for limited food 

resources are proximately related to limited food resources. 

Actual competition for limited food resources which leads to 

the depletion of those resources could be fatal to all 

members of the pond community, especially in a temporary 

pond. 

The evolution of the production or proliferation of 

inhibitors of growth and development which produces a 

"prudent consumer" is consistent with current genetic 

theory, if the production of the chemical is expensive, 

limited and its effect is proportional to the mass of a 

tadpole. The greater heterospecific effects can also be 

explained. Within a species there would be constant 

evolution to minimize the effect that conspecifics had on an 

individual, but between species selection would only occur 

as frequently as the species occurred together. On the 

other hand, the evolution of behavioral and social 

mechanisms to control growth, which result from crowding, 

might require group selection. 

Stability of the Two-Species System 

To graphically represent and explain the two-species 

interaction, I use the loop and community matrix analysis of 

Levins (1975), with all of its shortcomings (e.g. Smith-Gill 



30 

and Smith 1978). This model provides a basis for a 

hueristic arguement regarding stability, which is 

extrapolated from a limited amount of data. 

In Fig. 3 a loop analysis and resulting community 

matrix are depicted for this two-species system. For this 

system to have a stable equilibrium point while both species 

are present, the following inequality for feedback must be 

true (Levins 1975): 

alla22 > a12a21 

Where, a^ is the effect of species i on itself and a^j is 

the effect of species j on species i. 

The results from the varied density experiments for 

percent metamorphosis (Fig. 2) and metamorphic mass (Fig. 3) 

indicate that this inequality is not true, and the system is 

unstable. However, at low densities with S. couchi breeding 

a day before S. multiplicatus, the system could be stable, 

as seen in the varied-density experiments. 

Smith-Gill and Smith (1978) have argued against this 

sort of analysis (community matrix theory) for community 

stability because of curvilinearities they have found in the 

competition equations for the two ranids they studied. 

Curvilinearities would violate the assumption of linearity 

at equilibrium upon which the analysis is built. Only 

Smith-Gill and Smith (1978) have presented any strong 

evidence for curvilinearities in an anuran system that would 
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effect this type of analysis. However, an examination of 

their results leaves much to be desired in their 

conclusions. Their conclusions are based on two outlier 

points in the R. sylvatica intraspecific analysis (their 

Fig. 4). Without these two outlier points, their other nine 

points describe a very tight-fitting straight line 

relationship similar to that found by DeBenedictis (1974) 

working with R. sylvatica. Also, a critical point is absent 

from their analysis -- R. sylvatica at their lowest density 

level. 

The community matrix analysis is hueristic, and my 

conclusions apply to the densities which I have tested. 

These densities include most of the natural range found at 

the study site (Chapter 6). However, the most glaring 

weakness in this analysis is that the species were tested 

only at equal densities (see Smith-Gill and Smith 1978). 

At much higher densities S. couchi fails altogether, 

and only a few S. multiplicatus predaceous morphotypes ever 

reach metamorphosis (Chapter 3). I suspect that this is why 

I have never seen either of these species at extremely high 

initial densities. However, Woodward (1982) found that four 

of 18 temporary ponds in the Chihuahuan Desert where he 

studied Scaphiopus spp., had densities of more than 5.0 

tapoles per liter, but these were not the initial densities 
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from when the ponds first filled and could be a result of 

pond shrinkage. 

Of the four experiments in the literature that have 

compared intra- and interspecific responses of two or more 

anuran species (all of which have been two species systems), 

only three use the reciprocal-alpha design of DeBenedictis 

(1974). This is analogous to my design (DeBenedictis 1974, 

Wiltshire and Bull 1977, Smith-Gill and Gill 1978). 

In two experiments from the literature, I looked at 

the authors' results for percent metamorphosis. 

DeBenedictis' (1974, working with R. sylvatica and R. 

pipiens) data for his 1969 natural food treatments, shows 

the same results that are reported here, e.g. both species 

do better separately than together. Wiltshire and Bull 

(1977, working with Pseudophryne bibroni and P. 

semimarmorata) found that P. semimarmorata could not survive 

in the presence of P. bibroni unless food was added. In the 

"food added" treatment P. semimarmorata did better by itself 

and survivorship for P. bibroni did not change. 

Smith-Gill and Gill (1978, working with R. sylvatica 

and R. pipiens) did not present survivorship data, instead 

their growth data are used. Their design was also not 

complete, they show no results for their low density R. 

sylvatica single species treatment, as previously discussed. 

In their experiment R. pipiens does better by itself than 



with R. sylvatica, as also found by DeBenedictis (1974). 

But, R. sylvatica did not show any significant trend in 

growth rates in the presence of R. pipiens. 

Conclusions 

In a limited period of time (i.e. 30 days), S. 

couchi has a higher proportion of tadpoles which achieve 

metamorphosis than S^. multiplicatus in a strictly 

competitive situation. Also, S^. couchi is density stressed 

at a higher threshold value of conspecifics per volume than 

is S. multiplicatus. However, the initial response to 

crowding within these two species seems to be a function of 

biomass per volume as well as to the number of individuals 

per volume. This is seen in the varied nutrient experiment 

where the S. multiplicatus tadpoles. 

This indicates that growth and developmental 

inhibition is not a social response. Therefore, a large 

number of small tadpoles would produce a similar effect as a 

smaller number of large tadpoles. In this way, the evoluion 

of important life history strategies, i.e. many small 

tadpoles as opposed to fewer large tadpoles, would not be 

inhibited. 

Both species also do better alone than together in 

most situations studied. The reasons for this are not 

clear, but are most likely a result of competition. 

Although the experiments reported here are not able to 



distinguish between interference and exploitative 

competition, they provide evidence for the former. 

Interference competition also results in a sort of prudent 

consumer whose evolution and manitenance can be explained by 

current theories on selection at the individual level. In a 

temporary pond environment, interference should be more 

stable than exploitative competiton. 

It would appear from the studies available in the 

literature and from my own research, that in general two-

species tadpole systems may be unstable due to competitive 

interactions, either through interference or exploitation. 

Indeed, the species involved in these experiments frequently 

do not occur together in habitats within their ranges in 

which they could prosper separately (DeBenedictis 1974, 

Wiltshire and Bull 1977). The factors which allow several 

species of anuran larvae to coexist in nature may be due to 

predation and are explored in the following chapters. 
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Table 2. Percent metamorphosis for all treatments, 1982. 

The experiments were terminated 30 days after the eggs were 
laid. Sc = S. couchi and Sm = S. multiplicatus. Treatment 
= total initial tadpole density. 

Percent Metamorphosis (x): 
Rep Sc Sc/Sm Sm 

Treatment No. (single) (mixed) (single) 

1 87 60/ 87 90 
2 93 93/ 67 77 

30 3 100 (95 .4) 80/ 93 (85 

C
O
 00 C
M
 

0) 73 (76. 6) 
4 97 100/ 93 50 
5 100 93/100 93 

6 82 97/ 3 13 
7 92 90/ 70 32 

60 8 87 (91 .4) 97/ 20 (87 .4/27. 2) 70 (34. 6) 
9 98 63/ 20 48 
10 98 90/ 23 10 

11 70 27/ 2 4 
12 26 50/ 2 4 

120 13 49 (65 .6) 68/ 0 (49 •
 

o
 

to
 

4) 3 (4. 0) 
14 88 38/ 5 3 
15 95 62/ 3 6 
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Table 3. Regression and correlation statistics for percent 
metamorphosis versus density, 1982. 

The percentage data are arcsine transformed. The density 
data are the logarithms of the total initial tadpole 
densities, e.g. 30, 60, 120 tadpoles per pool. Sc = S. 
couchi and Sm = S. multiplicatus. 

Sc 
(single) 

Sc 
(mixed) 

Sm 
(mixed) 

Sm . 
(single) 

Y 
s lope 
y-inter 
P < 

n 
r 
x 

15 
-0.654 
4.09 

70.19 

15 
-0.650 
4.09 

62.07 

15 
-0.908 
4.09 

36.72 

15 
-0.865 
4.09 

35.25 
-18.08 
144.21 

0 . 0 1  

-18.99 
139.84 

0 . 0 1  

-46.74 
228.09 

0 . 0 0 1  

-36.90 
186 .34 

0 . 0 0 1  
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Table 4. Statistics from t-test of regression coefficients 
for the arcsine transformed percent metamorphosis against 
the natural logarithm of the initial tadpole density, for 
the 1982 experiments. 

S.c. is the S. couchi single species, S.c.* is the S. couchi 
mix species, S.m. is the S. multiplicatus single species, 
and S.m.* is the S. multiplicatus mixed species data. The 
table headings are: sample size (n), t-value (t), and the 
statistical probability (p). 

n t p 

S.m. versus S.c. 30 -2.270 <0.05 

S.m. * versus S.c.* 30 -3.231 <0.01 

S.m. versus S.m.* 30 1.167 n. s. 

S.c. versus S.c.* 30 0.109 n. s. 

S.c. versus S.m.* 30 3.439 <0.01 

S.m. versus S.c.* 30 -2.095 <0.05 



Table 5. Mean weight at metamorphosis of preserved S. 
multiplicatus for all treatments, 1982. 
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Rep Mean Weight (g) at Metamorphosis: 
Treatment No. single (n) (x) mixed (n) (x) 

30 

60 

120 

1 0.610 (18) 0 .648 (13) 
2 0.948 (23) 0 .758 (10) 
3 0.665 (22) (0. 677) 0 .629 (14) 
4 0.582 (15) 0 .650 (14) 
5 0.578 (28) 0 .691 (14) 

6 0.701 (8) 1 .326 (1) 
7 0.814 (19) 0 .498 (21) 
8 0.682 (42) (0. 814) 0 .486 (6) 
9 0.971 (19) 0 .532 (6) 

10 0.903 (6) 0 .505 (7) 

11 0.658 (5) — 

12 0.832 (5) 0 .449 (1) 
13 1.057 (3) (0. 879 ) — 

14 1.131 (3) 0 .704 (3) 
15 0.718 (7) 0 .657 (2) 

(0.603) 
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Table 6. Mean weight at metamorphosis of preserved S. 
couchi for all treatments, 1982. 

Rep Mean Weight (g) at Metamorphosis: 
Treatment No. single (n) (x) mixed (n) (x) 

1 0.194 (26) 0.150 (9) 
2 0.223 (28) 0.145 (14) 

30 3 0.179 (30) (0. 207 ) 0.192 (12) (0. 166) 
4 0.198 (28) 0.170 (15) 
5 0.239 (30) 0.173 (14) 

6 0.108 (49) 0.111 (29) 
7 0.121 (55) 0.112 (26) 

60 8 0.109 (52) (0. 115) 0.117 (29) (0. 120) 
9 0.117 (57) 0.144 (18) 

10 0.120 (58) 0.118 (20) 

11 0.082 (81) 0.063 (12) 
12 0.074 (26) 0.078 (17) 

120 13 0.083 (48) (0. 088) 0.067 (41) (0. 071) 
14 0 .097 (96) 0.068 - (23) 
15 0.102 (113) 0.079 (37) 
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Table 7. Average total mass per pool at metamorphosis, 
1982. 

Average total mass per pool equals percent metamorphosis 
times mean weight at metamorphosis times total initial 
number of tadpoles per treatment, e.g. 30, 60, and 120 
tadpoles. Sc = couchi and Sm = multiplicatus. 

Average Total Mass at Metamorphosis (g): 
Sc Sc/Sm Sm 

Treatment (single) (mixed) (single) 

5.06 2.70/16.91 16.47 
6.22 4.05/15.24 21.90 

30 5.37 (5 .92) 4.61/17.55 (4. 26/17 .71) 14.56 (15 .56) 
5.76 5.10/18.14 8. 73 
7.17 4.83/20.73 16.13 

5.31 6.46/ 2.39 5.47 
6.68 6.05/20.92 15.63 

60 5.69 (6 .32) 6.81/ 5.83 (6. 23/ 8 .50) 28.64 (16 .62) 
6.88 5.44/ 6.38 27.96 
7.06 6.37/ 6.97 5.42 

6.89 2.04/ -- 3.16 
2.31 4.68/ 1.08 3.99 

120 4.88 (7 .19) 5.47/ — (4. 32/ 1 .92) 3.81 (4 .04) 
10.24 3.10/ 4.22 4.07 
11.63 5.88/ 2.37 5.17 
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Table 8. Mean number of days to metamorphosis for all 
treatments with f3. multiplicatus, 1982. 

Treatment is the initial number of tadpoles in a pool. 

Rep Mean Number of Days to Metamorphosis: 
Treatment No. single (n) (x) mixed (n) (x) 

1 23.4 (27) 19.8 (13) 
2 17.2 (22) 18.1 (10) 

30 3 18.4 (22) (20.40) 18.9 (14) (18.84) 
4 22.5 (15) 18.7 (14) 
5 20.5 (28) 18.7 (15) 

6 22.4 (8) 17.0 (1) 
7 22.6 (19) 23.9 (21) 

60 8 22.6 (42) (23.04) 22.8 (6) (21.38) 
9 25.8 (28) 20.3 (6) 

10 21.8 (6) 22.9 (7) 

11 22.6 (5) 22.0 (1) 
12 23.2 (5) 20.0 (1) 

120 13 19.3 (3) (21.70) (20.93) 
14 22.3 (5) 20.7 (3) 
15 21.1 (7) 21.0 (2) 



Table 9. Mean number of days to metamorphosis for all 
treatments with S. couchi, 1982. 

Treatment is the initial number of tadpoles per pool. 

Rep Mean Number of Days to Metamorphosis: 
Treatment No. single (n) (x) mixed (n) (x) 

1 11.4 (24) 10.0 (9) 
2 10.6 (28) 10.4 (14) 

30 3 10.2 (30) (10 .60) 10.0 (12) (10 .14) 
4 10.6 (29) 10.2 (15) 
5 10.2 (30) 10.1 (14) 

6 12.3 (49) 11.1 (29) 
7 11.8 (55) 11.8 (27) 

60 8 12.3 (49) (11 .92) 10.9 (29) (11 .26) 
9 12.1 (59) 11.7 (19) 

10 11.1 (55) 10.8 (27) 

11 17.9 (84) 14.6 (16) 
12 18.5 (31) 13.3 (30) 

120 13 13.7 (59) (17 .02) 13.8 (41) (13 .70) 
14 17.9 (105) 12.4 (23) 
15 17.1 (113) 14.4 (37) 
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Table 10. Percent metamorphosis for all treatments, 1981. 

Treatment is kg of substrate per pool. Sc = S. couchi and 
Sm = S. multiplicatus. 

Percent Metamorphosis (x): 
Rep Sc Sc/Sm Sm 

Treatment No. (single) (mixed) (single) 

1 96 100/ 54 23 
0.5 2 81 (82. 1) 92/ 62 (89.7/58.9) 4 

3 69 77/ 62 50 

4 80/ 85 
1.0 5 85/ 23 (88.1/35.9) 

6 100/ 0 

7 85/ 85 
2.0 8 85/ 77 (84.6/80.8) 

g * 

10 92 62/ 77 92 
4.0 11 12 (65. 4) 77/100 (76.9/82.1) 19 

12 92 92/ 70 96 

* Replicate nine was eliminated due to both species doing 
very poorly. 
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Fig. 2. Percent metamorphosis versus density for all 
treatments in the varied density experiments, 1982. 

Only the treatment means are plotted. Density is the total 
initial density for each treatment. The dashed lines are 
the single species experiments. The circles are S. couchi. 
The triangles are S. muitjplicatus. 
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Fig. 3. Average mass of toadlets per pool versus density 
for all treatments in the varied density experiments, 1982. 

Only the treatment means are plotted. Density is the total 
initial density for each treatment. The dashed lines are 
the single species experiments. The solid lines are the 
mixed species experiments. The circles are S. couchi. The 
triangles are S. multiplicatus. 
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Fig. 4. Loop analysis and resultant community matrix for 
the competitive interactions between tadpoles of: S. couchi 
(1) and S. multiplictus (2). 

The small circles indicate negative effects, a^^ is the 
effect on i by j (see text for analysis). 



CHAPTER 3 

COMPETITIVE AND PREDACEOUS INTERACTIONS IN THE TWO-SPECIES 

SYSTEM: S. COUCHI WITH S. MULTIPLICATUS 

Introduction 

Presently, tadpoles compose one of the best studied 

vertebrate communities. There have been many laboratory and 

field studies on competition, predation, and habitat 

selection (e.g. Brockelman 1969, Wilbur 1972, 1982, 

DeBenedictis 1974, Heyer et al 1975, Heyer 1976, Morin 1981, 

1983, Woodward 1982). However, few of these studies have 

attempted to quantify the effects of competition and 

predation on community stability (but see Morin 1981, 1983). 

In addition, most studies on predation in tadpole 

communities have involved non-anuran preditors (e.g. Wilbur 

1972, Morin 1981, 1982, but see Heyer et al 1975). Perhaps 

an easier system in which to analyze stability would include 

only anurans, since they have similar life histories and are 

generally of the same guild. This situation occurs in the 

semiarid regions of North America due to the polymorphic 

larvae of S>. multiplicatus. 

Since the work of Orton (1954) it has been known 

that some species in the genus Scaphiopus (subgenus Spea) 
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have polymorphic larvae. The larger morphotypes are 

larvivorous and sometimes cannibalistic in the species of S. 

bombifrons (Bragg and Bragg 19 59, Bragg 1964) and S. 

multiplicatus (Polmeroy 1981, Chapter 5). Three larval 

morphotypes are generally recognized (Bragg and Bragg 1959, 

Polmeroy 1981). In this thesis the following names are 

used: the normal, the intermediate, and the predaceous 

morphotype. 

In experimental populations, the predaceous 

morphotype grows and develops more rapidly than the normal 

morphotype (Polmeroy 1981). Bragg (1964) found that the 

predaceous and intermediate morphotypes could be both 

interspecific preditors and intraspecific cannibals. I have 

found that S. multiplicatus is first a preditor and the 

facultatively a cannibal (Chapter 5). When given a choice, 

the predaceous and intermediate morphotypes will eat any 

other species of tadpoles before conspecifics. Since the 

intermediate morphotype is more similar to the predaceous 

morphotype behaviorally (and hence ecologically) than to the 

normal morphotype, the data for the predaceous and 

intermediate morphotypes are combined into the 

classification of the predaceous morphotype. 

In this chapter the predaceous tadpole data 

generated from the two series of experiments in Chapter 2 

are analyzed. Data are also introduced from a third series 
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of experiments where the two species are not separated by 

screens. All predaceous tadpole data are subsequently used 

to reanalyze the two-species system with S. multiplicatus 

and S. couchi. 

Methods and Materials 

The methods and materials for two experiments have 

already been described in Chapter 2. Briefly, the 

experiments are a series of varied density and varied 

nutrient treatments with £. couchi and S. multiplicatus. 

Each set of experiments is composed of three separate 

experiments: S. couchi alone, S. multiplictus alone, and S. 

couchi with S. multiplictus. In the mixed species 

experiments the species are in the same pool, but they are 

separated by a plastic screen. 

The varied density experiments (1980) presented in 

this chapter were set up in the same manner as the 

experiments in Chapter 2. The major difference is that 

there were no screens separating the two species in the 

mixed species experiment. All experiments use the 

reciprocal-alpha design of DeBenedictis (1974). 

In 1980, there were three varied density 

experiments: S. couchi alone, S. multiplicatus alone, and 

S. couchi with S. multiplicatus. The tadpoles were raised 

in partially buried plastic wading pools (70 liters of water 

per pool) at one nutrient level (1.33 kg of natural pond 
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substrate) and three initial densities. The densities were: 

low, with 20 tadpoles per pool (0.29 tadpoles per liter); 

medium, with 110 tadpoles per pool (1.57 tadpoles per 

liter); and high, with 200 tadpoles per pool (2.86 tadpoles 

per liter). There were three replicates of the mixed 

species experiments. The replicates were randomly assigned 

to the pools and well water was periodically added to 

maintain the volume. 

Three amplexed pairs of S. couchi and S. 

multiplicatus were collected on the evening of the first 

storm, July 12, 1980 for eggs. The hatchling tadpoles were 

mixed, counted, and then placed into their respective pools 

on July 15th. The pools were sampled every day for 

transformed individuals (those with one or two front legs). 

As transformed individuals were found, they were removed and 

weighed to + 0.1 g with a Pesola scale of five gram 

capacity. Their snout-vent length was measured to + 0.1 mm. 

The experiments were terminated 41 days after the 

eggs were laid. All remaining tadpoles were preserved in a 

buffered 10% formalin solution. Preserved tadpoles were 

blotted dry and weighed to + 0.001 g, their snout-vent 

length was measured to + 0.1 mm, and they were scored for 

stage of development. 
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Results 

The results indicate that the development of the 

predaceous morphotype is dependent on conspecific density 

and prey density. A comparison of predaceous and normal S. 

multiplicatus tadpole morphotype data supports the findings 

of other workers (Bragg 1964, Polmeroy 1981) that the 

predaceous morphotypes grow faster and larger than their 

normal conspecific pool-mates. In addition, my data 

indicates that normal S. multiplicatus tadpoles raised at 

low desity will do as well or better than predaceous 

morphotypes raised at high desities. 

S. multiplictus tadpoles also do better when they 

are allowed to eat S. couchi tadpoles, in terms of weight at 

metamorphosis and rates of growth and development (but not 

survivorship), when compared to tadpoles which are raised 

with an equal number of conspecifics. 

The percentage of toadlets which developed from 

predaceous tadpole morphotypes are compared between the S. 

multiplicatus single and mixed species, varied density 

experiments of Chapter 2 (Table 11). The means of the 

analogous treatments are almost identical between 

experiments. When the percentages for the toadlets which 

developed from predaceous tadpole morphotypes from the two 

experiments are compared with the initial tadpole density, a 

significant linear relationship is found (r=0.992, n=6, 



p<0.01). This indicates that during a finite period the 

importance of the predaceous morphotype is a function of the 

initial density. However, these experiments were terminted 

30 days after the eggs were laid. At 30 days, virtually all 

of the tadpoles in the low and medium density treatments had 

metamorphosed, but not at the high density. If the 

experiments had continued until all of the tadpoles had 

metamorphosed, the percentage of predaceous morphotypes 

might be a function of the logarithm of initial tadpole 

density, since the predaceous tadpoles develop more quickly 

than the normal morphotypes. 

From the varied nutrient experiments, described in 

Chapter 2, the percentage of toadlets which developed from 

predaceous tadpole morphotypes are compared between the S. 

multiplicatus single and mixed species experiments (Table 

12). As in the varied density experiments, the very high 

(food) single species treatment mean is almost identical to 

the mixed species treatment mean. Conversely, the low 

(food) treatment mean for the single species experiment is 

higher than expected. This may be due to this treatment 

being more stressed. At this density and nutrient level, 13 

S. multiplicatus tadpoles are more competitive than 13 S. 

couchi tadpoles (Chapter 2). For this reason mortality was 

higher, but the percentage of predaceous morphotypes 

produced per initial number of tadpoles is similar: 3.8% 



53 

for the single species and 2.6% for the mixed species 

treatment. 

When the relationship between the treatment means of 

the percent of toadlets that developed from predaceous 

tadpoles are regressed against the logarithm of the nutrient 

level for the mixed species experiment, the relationship is 

significant (r=0.953, n=4, p<0.05). This experiment ran for 

67 days and all tadpoles which were going to transform, did 

so. 

In both S. multiplicatus experiments of Chapter 2, 

the percent of toadlets from predaceous tadpoles are 

significantly correlated with the percent of metamorphosed 

tadpoles (Fig. 5). However, this relationship is positive 

for the varied nutrient experiment (r=0.956, n=4, p<0.05) 

and negative for the varied density experiments (r=-0.981, 

n=6, p<0.001). Of particular interest is that the slopes 

of these relationships are opposite, and not what would be 

expected if predaceous tadpole morphogenesis were a response 

to food stress. Rather, it seems to be a response to 

fairyshrimp denstiy, because fairyshrimp density is 

correlated with the amount of pond substrate. 

In Table 13, the data for S. multiplicatus toadlets 

from the varied density experiments of Chapter 2 for snout-

vent length at metamorphosis and mean time to metamorhposis, 

are divided to separate the predaceous morphotype and the 
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normal tadpoles. A one-sided student "t" comparison test on 

the means of all the treatments shows a significant 

difference in mean snout-vent length at metamorphosis 

(d=1.86, t=2.573f n=12, p<0.025) and mean time to 

metamorphosis (d=-1.21 days, t=-2.557, n=12, p<0.05) between 

the two groups. The predaceous tadpoles metamorphose 

quicker and larger than the normal tadpoles at similar 

densities. However, normal tadpoles at low densities 

metamorphose sooner than predaceous tadpoles at high 

densities. 

In 1980, another set of varied density expeiments 

were concucted between S. multiplicatus and S. couchi. In 

these experiments there were no dividers in the mixed 

species experiment to separate the species. Also, the mean 

of the density range (tadpoles per liter) is greater than in 

the 1982 experiments. 

In Table 14, the numbers of predaceous morphotype 

tadpoles per pool are summarized. The difference between 

the two experiments is not significant. However, the mixed 

species treatments always have a higher percentage (number 

of predaceous morphotypes versus initial density) of 

predaceous morphotypes than the single species treatments. 

It is possible that this response may be an artifact of 

general survivorship. Therefore, whether predaceous 



morphotype development is enhanced by the presence of S. 

couchi tadpoles is not clear. 

The 1980 data also shows a different functional 

response from the 1982 data in the varied density 

experiments, rather than finding a high proportion of 

metamorphic individuals which were predaceous morphotypes as 

a result of higher densities, there is no clear 

relationship. This might be a result of the 1980 

experiments being more density stressed and extending longer, 

than the 1982 experiments. Nevertheless, I have more faith 

in the 1982 experiments due to the increased number of 

replicates and my own experience. 

The results for percent metamorphosis and weight at 

metamorphosis are tabulated in Tables 15, 16, and 17 for the 

S. multiplicatus single and mixed species treatments and the 

S. couchi single species treatments, respectively. There 

are no results for the S. couchi mixed species treatments, 

since they were almost all eaten. 

The relationship between percent metamorphosis of 

the treatment means and the logarithm of the initial tadpole 

density are graphed in Fig. 6, for all experiments. Using a 

Chi-square analysis, the data for S. multiplicatus in the 

mixed and single species experiments are significantly 

different (X2=12.246, d.f.=2, p>0.005), with the mixed 

experiment doing better. The S. couchi data are obviously 
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different because most of the tadpoles in the mixed species 

experiment were eaten. 

In Fig. 7, the treatment means for weight at 

metamorphosis in the mixed and single species experiments 

for S. multiplicatus are compared. Not only are the mixed 

species data higher at all treatments, but the curve 

inflections are very similar. However, due to the variance 

in weight at metamorphosis within each replicate, these 

points are not significantly different. 

The S. multiplicatus tadpoles which had not 

transformed by the end of the experiment were ranked for 

stage of development (Tables 18 and 19). The medium 

densities were compared between the single and mixed species 

experiments by Chi-square analysis. In this comparison, the 

transformed toadlets comprised one of the classes. Classes 

II, III, IV, and V were combines to obtain a minimum cell 

n 
number. The difference was significant (X =48.79, d.f.=2, 

p<0.005). The same comparison was made for the high density 

treatments. In this comparison,only classes III, IV, and V 

were combined. This difference was also significant 

(X^=79.14, d.f.=3, p<0.005). Hence, the tadpoles in the 

mixed species treatments not only reached metamorphosis at a 

larger size, but the tadpoles developed faster. 

In Fig. 8, the relationship between percent survival 

(toadlets plus tadpoles) and the logarithm of initial 
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density are graphed for both S. multiplicatus experiments. 

The data from both experiments are very similar and fall on 

one significant least squares line (r=-0.740, n=15, p<0.01). 

In other words, the death rate is similar for both 

experiments. 

On the same graph (Fig. 8), are plotted the 

treatment means for percent metamorphosis against the 

natural logarithm of the initial £3. multiplicatus densities 

(not the total initial densities). The smooth shape of the 

curve indicates that percent metamorphosis at any given time 

is a function of density (or nutrients) later in the larval 

period, whereas total survivorship is a function of initial 

density. 

Metamorphic mass for all treatments except the mixed 

S. couchi are graphed against total initial density in Fig. 

9. For S. multiplictus Fig. 9 depicts a similar pattern as 

the survivorship data, even though the mixed species 

treatments had half as many S. multiplicatus tadpoles. At 

the intermediate density, the S. couchi produce more biomass 

than the single species treatment for S. multiplicatus. 

Discussion 

The discussion addresses the following questions 

about S. multiplicatus; 

i - What is the triggering stimulus for predaceous 

morphotype development? 
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ii - What effects do conspecific and heterospecific 

densities have on the life history parameters 

of S. multiplicatus? 

iii - How does the predaceous morphotype effect the 

stability of the two species system (^. couchi 

and S. multiplicatus)? 

Briefly, the triggering of the predaceous tadpole 

morphogenesis is dependent on fairyshrimp, but their numbers 

may be effected by the abundance of heterospecific tadpole 

larvae. Mortality of heterospecific tadpole larvae, 

presumably due to predation, will increase weight at 

metamorphosis and growth rates of S. multiplicatus, but not 

effect survivorship. The presence of the predaceous 

morphotypes also cancels any competitive advantage which S. 

couchi has over S. multiplicatus. These results are 

summarized in Table 20. 

The Triggering Stimulus for the Predaceous Morphotype 

Polmeroy (1981) and I have both determined that the 

morphogensis predaceous tadpoles must take place within the 

first week of development. Therefore, the triggering of 

predaceous morphtype development is a response to early cues 

rather than the drying up of the pond or the depletion of 

nutrients. 

In a series of experiments by Polmeroy (1981), he 

found that S. multiplicatus tadpoles at high density (25 to 
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125 tadpoles per liter) raised on fish food produced few or 

no predaceous morphotypes, but those raised on fish food and 

fairyshrimp produced many predaceous morphotypes. In all of 

my experiments, fairyshrimp were a constant by-product of 

using natural pond substrate as the nutrient source. 

Varied density experiments have demonstrated that at 

very low densities (0.11 tadpoles per liter) predaceous 

tadpole morphotypes do not develope (Cornejo, fieldnotes). 

As tadpole density increased predaceous tadpole frequency 

increased proportionally as a function of total number of 

metamorphic individuals (in the 1982 experiments). However, 

the total number of predaceous morphotypes per pool remained 

more or less constant. It is the increased mortality that 

gives the predaceous morphotype greater importance at high 

densities. Whether there is differential mortality between 

predaceous and normal morphotypes is not known. 

In the varied nutrient experiments, rather than 

finding more predaceous tadpoles in food stressed 

situations, more predaceous tadpoles were found in high 

nutrient treatments (Fig. 6). The relationship between the 

percentage of those tapoles which were predaceous is the 

opposite of the results in the varied density experiments of 

Chapter 2 (Fig. 5). This indicates that the poduction of 

predaceous tadpoles is not a response to low nutrients, but 

rather a response to fairyshrimp density since higher 



nutrient treatments had higher fairyshrimp densities. In at 

least one of the very high nutrient .replicates, none of the 

S. multiplicatus tadpoles were eaten. Therefore, even 

though the production of predaceous tadpoles has been 

triggered by density, their behavior as cannibals is a 

function of available nutrients, including S. couchi (see 

Chapter 5). This conclusion is consistent with many other 

cannibal systems (Fox 1975, Polis 1981). 

In the varied density experiments, presented in this 

chapter (1980), the mixed species experiment produced only a 

slightly higher proportion of predaceous morphotypes as the 

single species experiment. Hence, predaceous morphotype 

development might not be triggered by S. couchi (though 

perhaps enhanced), but by fairyshrimp density (Table 10) as 

found by Polmeroy (1981). 

Factors Effecting Larval Life History Parameters 

A comparison of the nonpredacecous experiments 

(Chapter 2) and the predaceous experiments (1980) provide 

for a richer understanding of larval ecocolgy. The 

experiments in Chapter 2 suggested that mortality, size at 

metamorphosis, and time to metamorphosis are density 

dependent. However, in 1980 the analogous mixed and single 

species treatments started out with the same total tadpole 

densities, though within ten days the S. multiplicatus 

tadpoles in the mixed species treatments were at half the 
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densities of the analogous single speces treatments because 

all the S. couchi were eaten. In 1980, the S. multiplicatus 

in the mixed species experiment did better than the S. 

multiplicatus in the single species experiment in terms of 

percent metamorphosis and weight at metamorphosis (Figs. 6 

and 7). Also, the tadpoles in the mixed species experiment 

were developing faster than the tadpoles in the single 

species experiment. When mean total survivorship (toadlets 

plus tadpoles) of each treatment is compared with the total 

initial density for the mixed and single species S. 

multiplicatus treatments, survivorship is a function of 

total initial density (S. multiplicatus plus S. couchi). At 

the same time, percent metamorphosis is a function of either 

S. multiplicatus alone or density after the S. multiplicatus 

have eaten all of the S. couchi (Pig. 8). Evidence which is 

presented in Chapter 6 indicated the latter, that the 

response is to total density. 

Weight at metamorphosis is a combination of total 

initial density and subsequent density. The increase in 

average weight at metamorphosis in the high density 

treatment might be a result of competitive release because 

of high mortality, as hypothesized by Semlitsch and Caldwell 

(1982) for S. holbrooki. However, I think this is unlikely 

in this case because there is no abrupt change in mortality 

between densities (Fig. 8). It is more likely that this is 



the result of only the largest and fastest growing tadpoles 

having reached metamorphosis after 41 days in the high 

density treatment. S. multiplicatus shows a huge degree of 

variance in size at metamorphosis at all densities, with the 

largest individuals metamorphosing first. 

Travis (1984, working with Hyla qratiosa) found that 

the addition of food (to explore the effects of competitive 

release) increased the size at metamorphosis, but there was 

no change in the larval period. However, the addition of 

food took place after the first tadpole metamorphosed and 

simulated the additional per capita nutrients that would be 

available to the remaining cohort. If these results are 

comparable to Scaphiopus, it would provide more evidence 

that the mean size at metamorphosis for the population and, 

individual size at metamorphosis can be effected throughout 

development, yet the rate of development is a function of 

earlier larval densities (Table 20). 

A comparison of Chapter 2 results and the 1980 

results also provide additional understanding of S. couchi. 

In 1980 the single species experiments with S. couchi did 

significantly better than the S. multiplicatus at the 

intermediate density for percent metamorphosis (Fig. 6). 

However, they did about equally well at the extreme 

densities. At the low density, neither species was 

stressed. In terms of metamorphic mass (Fig. 9) the results 
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for £5. couchi can be viewed as an extension of the varied 

density experiment from 1982 (Chapter 2, Fig. €). The low 

density treatment from 1980 is between the medium and high 

density treatments of 1982, when density is measured as 

tadpoles per liter. The 1980 experiment depicts a positive 

slope between the low and medium density treatments, but 

between the medium and high density treatments the mean 

metamorphic mass decreases sharply (Fig. 9). At the high 

density, S. multiplicatus was successful because of 

predaceous tadpoles, whereas S. couchi has a monomorphic 

strategy (discussed in Chapter 6). Also, these experiments 

ran for 41 days as opposed to 30 days, which helped the S. 

multiplicatus. 

Stability of the Two-Species System With Predation 

The predaceous tadpole morphotype has a profound 

effect on the stability of the S. multiplicatus/S. couchi 

community. In Chapter 2 it was demonstrated that this 

community is inherently unstable when there are only 

competitive interactions. Under this configuration, S. 

couchi should be able to drive S. multiplicatus to local 

extinction, as based on the larval ecology, yet this does 

not occur in natural systems. 

The stability observed in nature can be understood 

by treating the predaceous tadpoles as a distinct predator 

caste. Using the graphical analysis of Levins (1975), with 
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the predaceous tadpoles as a third species, it can be 

demonstrated that the predaceous tadpoles act as a Keystone 

predator (see Chapter 2 for a discussion on the use and 

abuse of this technique). 

The loop diagram and resulting community matrix are 

given in Fig. 10. In the two species model discussed in 

Chapter 2, the feedback levels were as follows: 

F(d < 0 

f(2) = a12a21 " alla22 > 0 

and hence unstable (since all feedback levels must be 

negative for stability), since the competitors have a 

greater effect on other than on themselves. 

In the three species system (Fig. 10) the feedback 

is as follows: 

F (1) < 0 

F(2) = a12a21 + a32a23 " alla22 ~ a31a13 

In this equation, 3-22a23 *s a^out e<3ual to zero (the effect 

of the predaceous morphotype on the normal S. multiplicatus 

morphotype and vice-versa) when S. couchi is present. 

Therefore, 

alla22 + a31a13 > a12a21 ' 

since a31a13 is the effect of the predaceous morphotype 

eating S. couchi and is certainly stronger than the chemical 

interference between the two species. 

These results define the predaceous tadpole 



morphotype as a Keystone predator (Levins 1975). However, 

Fpj must also be less than zero for this system to be 

stable. This requires: 

alla23a32 + a22a13a31 > a12a23a31 + a13a21a32* 

In this system, a23 and 832 are about equal to zero when S. 

couchi is present, since in the presence of S. couchi the 

predaceous morphotype is not very cannibalistic (Chapter 5). 

Therefore, the inequality is true and the system is stable. 

One of the interesting characteristics of this 

system is that the predaceous tadpoles are prey density 

dependent and they will not be driven to extinction by over-

consuming their prey. In other words, the predaceous 

tadpole morphotype acts like a prudent predator. The reason 

that the production of predaceous tadpoles is not an all-or-

none situation might be that there is a cost to the 

morphological changes (Heyer et al 1975), and they might not 

be as efficient at filter feeding because of changes in 

behavior and morphology. 

The predaceous morphotype of S. multiplicatus is 

able to exclude S. couchi from much of a pond's resources. 

Under natural conditions I have observed S. multiplicatus 

normal tadpole morphotypes grazing on rich algal blooms 

about one meter from shore, while the S. couchi tadpoles 

were all in the shallow water near the shoreline. In-

between the S. couchi and the matt of algae were a belt of 



predaceous morphotypes trying to dart into the shallow water 

to attack the S. couchi tadpoles. In high density 

situations the smaller S. couchi tadpoles utilize shallow 

water as a refugia, and in low density situations they take 

advantage of spacial separations. Schooling may also 

provide a defense against the predaceous morphotype (Black 

1970). 

The predaceous morphotype is not only part of a 

polymorphic feeding strategy, but is also part of a 

polymorphic life history strategy. When compared to the 

normal tadpoles, the predaceous morphotype grows larger and 

developes faster. The developmental polymorphism would be 

useful in high density situations. A few predaceous 

morphotypes developing at low density rates are a defense 

against a complete S. multiplicatus failure at high 

densities (see Chapter 5). The predaceous morphotvpe also 

allows S. multiplicatus to more efficiently utilize the 

temporary pond habitat (Chapter 5). However, the high rate 

of development of the predaceous morphotypes might be a 

trade-off between the larval and juvenile fitness, since the 

predaceous morphotype produces a toadlet with relatively 

less lipid reserves than the normal morphotype (Polmeroy 

1981). 



Conclusions 

The production of the S. multiplicatus predaceous 

morphotype is positively correlated with fairvshrimp 

densities. Changes in conspecific or S. couchi densities do 

not significantly effect their production although there is 

a slight increase in the proportion of predaceous 

morphotypes when S. couchi is present. The ecological 

triggering of the development of the predaceous morphotypes 

occurs within the first week of larval life. Therefore, the 

trigger mechanism responds to early pond conditions, i.e. 

fairyshrimp abundance, rather than to overcrowding due to 

the pond drying up. 

The presence of S. couchi tadpoles will decrease the 

survivorship of S. multiplicatus to the same extent as that 

of an equal number of conspecifics. However, other life 

history parameters of S. multiplicatus (weight at 

metamorphosis and rate of development) are not effected if 

the S. multiplicatus eat the S. couchi. 

In the experimental pool system, the S. 

multiplicatus are able to eat all of the S. couchi. 

However, under natural conditions, some of the S. couchi can 

escape through refugia both temporily and/or spacially. 

When the two-species Scaphiopus system is analyzed as a 

three-species system (with the predaceous morphotype as the 

third species) under an assumption of natural conditions (S. 
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couchi refugia are present), the system is stable. In 

addition, the S. multiplicatus predaceous morphotype is 

revealed as a "Keystone Preditor" which behaves in a prudent 

manner. 
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Table 11. Percentage of S. multiplicatus toadlets that were 
predaceous tadpole morphotypes, 1982. 

Where n is the total number of toadlets from each pool and 
treatment is the initial tadpole density. 

Rep Percent Predaceous: 
Treatment No. single (n) (x) mixed (n) (x) 

1 11.1 (18) 15.4 (13) 
2 0.0 (23) 0.0 (10) 

30 3 13.6 (22) (6.39) 0.0 (14) (4 .50) 
4 0.0 (15) 0.0 (14) 
5 7.1 (28) 7.1 (14) 

6 12.5 (8) 100.0 (1) 
7 15.8 (19) 4.8 (21) 

60 8 11.9 (42) (27.86) 16.7 (6) (27 .64) 
9 15.8 (19) 16.7 (6) 
10 83.3 (6) 0.0 (7) 

11 60.0 (5) — 

12 80.0 (5) 100.0 (1) 
120 13 66.7 (3) (69.92) - - (66 .67) 

14 100.0 (3) 0.0 (3) 
15 42.9 (7) 100.0 (2) 
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Table 12. Percentage of S. multiplicatus toadlets that were 
predaceous tadpole morphotypes, 1981. 

Where n is the total number of toadlets from each pool and 
treatment is the amount of nutritive substrate. 

Rep Percent Predaceous: 
Treatment No. single (n) (x) mixed (n) (x) 

1 33.3 (6) 0.0 (7) 
0.5 2 0.0 (1) (13.33) 0.0 (8) (4.17) 

3 7.7 (13) 12.5 (8) 

4 9.1 (11) 
1.0 5 0.0 (3) (4.55) 

6 — 

7 36.4 (11) 
2.0 8 0.0 (10) (12.13) 

9 0.0 (9) 

10 0.0 (24) 30.0 (10) 
4.0 11 40.0 (5) (21.33) 23.1 (13) (17.70) 

12 24.0 (25) 0.0 (9) 
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Table 13. A comparison of life history statistics from the 
normal and predaceous morphotypes of S. multiplicatus. 

A summary of the 1982 data for snout-vent length (mm) at 
metamorphosis and mean time to metamorphosis (days) when the 
predaceous (p) tadpole data are separated from the normal 
(n) tadpole data. The data are the means of five 
replicates. 

Type of 
Treatment Density 

SVL at 
metamorphosis 

p/n 

mean time to 
metamorphosis 

p/n 
np/nn 

single 15 18.93/15.86 19.23/20.70 7/9 9 

single 30 19.04/16.04 20.88/24.12 18/76 

single 60 18.08/16.63 21 .50/22.10 16/ 7 

mixed 15 18.25/16.36 18.75/18.96 3/62 

mixed 30 18.13/14.93 20.13/21.6 5 5/36 

mixed 60 15.75/17.20 20.50/20.70 3/ 3 
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Table 14. Percentage of toadlets the were predaceous 
tadpole morphotypes, 1980. 

Treatment is the initial number of tadpoles in a pool. 

Percentage: 
Treatment Single (n) (x) Mixed (n) (x) 

20.0 (15) 22.5 (10) 
20 25.0 (16) (22.50) 20.0 (5) (25.00) 

25.0 (8) 

50.0 (8) 18.2 (11) 
110 20.0 (5) (35.00) 18.2 (11) (17.68) 

16.7 (18) 

30.0 (10) 16.7 (6) 
200 22.2 (9) (26.10) 57.1 (7) (34.86) 

30.8 (13) 
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Table 15. Percent metamorphosis and mean live weight at 
metamorphosis for S. multiplicatus, single species 
experiment, 1980. 

Treatment is the initial number of tadpoles per pool. 

Pool 
Treatment No. Percent Weight (g) (sn-l' n 

20 2 75.0 1.05 (0.405) 15 
8 80.0 0.92 (0.240) 16 

110 10 7.3 0.87 (0.245) 8 
15 4.5 0.68 (0.215 5 

200 1 5.0 0.90 (0.341) 10 
3 3.5 0.89 (0.243) 7 
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Table 16. Percent metamorphosis and mean live weight at 
metamorphosis for S. multiplicatus, mixed species 
experiment, 1980. 

Treatment is the initial number of tadpoles per pool. 

Treatment 
Pool 
No. Percent Weight ( g )  (Sn-1* n 

20 16 100.0 1.19 (0.360) 10 
18 50.0 1.29 (0.496) 5 
20 70.0 1.26 (0.514) 7 

110 12 18.2 0.71 (0.324) 10 
17 20.0 0.91 (0.296) 11 
19 32.7 0.84 (0.236) 18 

200 11 5.0 0.92 (0.125) 5 
13 8.0 1.04 (0.354) 8 
14 13.0 0.88 (0.d330) 13 
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Table 17. Percent metamorphosis and mean live weight at 
metamorphosis for S. couchi, single species experiment, 
1980. 

Treatment is the initial number of tadpoles in a pool. 

Pool 
Treatment No. Percent Weight (g) (s

n-l^ n 

20 6 75.0 0.17 (0.26) 15 

110 5 47.3 0.13 (0.28) 52 

200 7 1.0 0.17 (0.0) 2 
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Table 18. Stage of development for 41 day old tadpole of S. 
multiplicatus in the single species experiment, 1980. 

The stage number refers to the system given in Porter 
(1972). The five developmental stages used here are: rear 
legs with toes and spades, stage 40 (I); rear legs with 
toes, stages 36-39 (II); rear legs and no toes, stages 31-35 
(III); rear nubs present and visible with unaided eye, 
stages 28-30 (IV); and no rear appendages, stages 25-27 (V). 
Treatment is the initial number of tadpoles in a pool. 

Pool 
Treatment No. I 

Stage of Development: 
II III IV V n 

20 2 
8 

0 .0  
1 0 0 . 0  

0.0  0 .0  
0 . 0  0 . 0  

0 . 0  0 . 0  0  
0 . 0  0 . 0  1  

110 1 0  
15 

2.7 
1.7 

91.9 
1.7 

5.4 0.0 0.0 37 
5.1 23.7 67.8 59 

200 1 4.3 37.7 24.6 27.5 5.8 69 
3 0.0 12.0 20.6 56.5 10.9 92 
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Table 19. Stage of development for 41 day old tadpoles of 
S. multiplicatus in the mixed species experiments, 1980. 

The stage number refers to the system given in Porter 
(1972). The five developmental stages used here are: rear 
legs with toes and spades, stage 40 (I); rear legs with 
toes, stages 36-39 (II); rear legs and no toes, stages 31-35 
(III); rear nubs present and visible with unaided eye, 
stages 28-30 (IV); no rear appendages, stages 25-27 (V). 
Treatment is the initial number of tadpoles per pool. 

Pool Stage of Development: 
Treatment No. I II III IV V n 

20 16 0.0 0.0 0.0 0.0 0.0 0 
18 0.0 0.0 0.0 0.0 0.0 0 
20 0.0 0.0 0.0 0.0 0.0 0 

110 12 83.3 16.7 0.0 0.0 0.0 6 
17 18.2 81.8 0.0 0.0 0.0 22 
19 16.7 75.0 8.3 0.0 0.0 12 

200 11 4.8 61.9 14.3 19.0 0.0 21 
13 5.7 77.1 17.1 0.0 0.0 35 
14 0.0 100.0 0.0 0.0 0.0 23 
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Table 20. Factors effecting larval life history parameters. 

Summary of the effect of total initial tadpole density (S. 
couchi and S. multiplicatus),'total tadpole density after 
initial mortality (both density dependent and predation), 
and available nutrients (fairyshrimp and S. couchi) on the 
production of the predaceous tadpole morphotype, 
cannibalism, and various life history traits of S. 
multiplicatus tadpoles. 

Predaceous 
morphotype 
or life history 
parameters 

Total 
initial 
tadpole 
density 

Total tadpole 
density after 

initial 
mortality 

Available 
nutrients 

Production of 
predaceous 
morphotypes 

Cannibalism 

Percent 
survival 

+ 

+ 

Length of mean 
larval period 

Mean size at 
metamorphosis 

Variance in 
size at 
metamorphosis 
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Fig. 5. Percent metamorphosis of predaceous morphotypes 
versus all S. multiplicatus in the varied density (1982) and 
varied nutrient (1981) experiments. 

All percentages have been arcsine transformed. The 
predaceous morphotype data are the percentage of all 
toadlets which developed from predaceous tadpoles. The 
solid line is the varied density experiments. The dashed 
line is the varied nutrient experiment. All points are 
treatment means. The solid circles are single species 
treatments. The open symbols are mixed species treatments. 
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Only the treatment means are plotted. The percentage data 
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tadpole density in each treatment. The dashed lines are the 
single species experiments. The solid lines are the mixed 
species experiments. The circles are S. couchi. The 
triangles are S. multiplicatus. 
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1980. 

All percentage data are arcsine transformed. Fqr total 
survivorship, tadpoles and toadlets at the end of the 
experiment are summed. Density is the initial total number 
of tadpoles. For percent metamorphosis, density is the 
initial density of S. multiplictus. The solid symbols are 
the single species experiments. The open symbols are the 
mixed species expeiments. 
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Fig. 10. Loop analysis and resultant community matrix for 
the competitive and predaceous interaction between tadpoles 
of: S. couchi (1), S. mul tiplicatus (normal, 2) and S. 
multiplicatus (predaceous, 3). 

The small circles indicate negative effects and the arrows 
are positive effects. a^j is the effect on i by j. 



CHAPTER 4 

INVESTIGATIONS ON SOCIAL BEHAVIOR IN 

S^ MULTIPLICATUS AND S. COUCHI TADPOLES 

Introduction 

Larval aggregations have been observed in Spadefoot 

toads (Abbot 1884), including S. couchi and S. multiplicatus 

(Bragg 1965 and references therein, Polmeroy 1981, Cornejo 

fieldnotes). The occurrence of larval aggregations has been 

hypothesized as a more efficient feeding method (Bragg 1965, 

Richmond 1947) and as a defense against the predaceous 

morphotype (Black 1970). However, it has not yet been 

demonstrated that these are social behaviors. Wassersug 

(1973) did not find any social organization within S. 

multiplicatus tadpoles in laboratory experiments. 

Three species in the genus Scaphiopus (subgenus 

Spea) have polymorphic larvae: S. bombifrons (Orton 1954, 

Bragg and Bragg 1959), S. hammondi (Turner 1852), and S. 

multiplicatus (Polmeroy 1981, Chapter 3). The larger 

morphotype of two of the species is known to be larvivorous 

and sometimes cannibalistic: S. bombifrons (Bragg 1964) and 

S. multiplicatus (Polmeroy 1981, Chapter 5). The predaceous 

morphotype of S. multiplicatus is first a predator and 

85 
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' facultatively a cannibal (Chapter 5). 

Predaceous morphotypes have been estimated to make 

up 0 to 30 percent of the initial S. multiplicatus tadpoles 

in pond and experimental populations in Arizona (Polmeroy 

1981, Chapter 3). In laboratory experiments Polmeroy (1981) 

found that a diet of fairyshrimp and dead tadpoles will 

stimulate predaceous morphotype development in S. 

multiplicatus raised at high densities. Field experiments 

indicate that the frequency of the S. multiplicatus 

predaceous (and intermediate) morphotype is positively 

correlated with the density of large prey items, i.e. 

fairyshrimp and perhaps S. couchi tadpoles (Chapter 3). It 

is unknown if the development of the predaceous morphotype 

is genetically determined (but see Bragg 1964, Polmeroy 

1981). In field and laboratory experiments there is a high 

variance in their frequency of development (Polmeroy 1981, 

Chapter 6). 

Part of the morphogenesis to a predacious tadpole is 

behavioral: Bragg (1962, 1965) noted and Polmeroy (1981) 

determined that the predaceous morphotype spends more of its 

time swimming and turning than the normal morphotype which 

is primarily browsing and filter feeding. However, Polmeroy 

(1981) has obvserved that the predaceous morphotypes join 

the normal morphotypes in feeding aggregations as a non-

predaceous member of the group. 



87 

In this chapter the tendencies of S. couchi and S. 

multiplicatus tadpoles for social organization based on 

visual and olfactory cues are investigated. Data are also 

presented on the behavioral differences between the 

predaceous and non-predaceous morphotypes of S. 

multiplicatus. 

Methods and Materials 

Social interaction experiments were conducted during 

the summer of 1982. All tadpoles were derived from field-

collected amplexed pairs of toads. The collection sites 

were several temporary ponds 35 miles west of Tucson, 

Arizona. The stock populations were derived from four pairs 

of toads for each species. The tadpoles were raised in two 

70 liter plastic wading pools, one species to a pool. The 

pools were filled with well water and the tadpoles were 

reared on a natural substrate of pond "muck" which included 

fairyshrimp. 

Once the tadpoles reached stage 28 (Gosner 1960) 

they were used in the experiments. The experiments were 

conducted in a plexiglass "T" (Fig. 11). The two ends of 

the "T" were separated from the body of the "T" with a 

plastic screen. In this way, visual but not chemical 

contact was somewhat limited across the screen. Different 

species of tadpoles, or no tadpoles at all, were placed in 

the screened areas. A test subject was then entered into 
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the body of the "T". After providing time to acclimate (10 

to 15 minutes), the tadpole was scored as to whether it was 

in the left, right, or body of the "T". 

The "T" was in full sunlight while the observations 

were made from behind a screen in way that the animal was 

not disturbed. The "T" was half filled with clear well 

water and the sides were covered with opaque white paper. 

The water temperature ranged from 23 to 39 degrees 

Centigrade, which is normal for these species (Chapter 2). 

After each experiment at least half of the water was 

changed. 

Observations were made each minute until the tadpole 

demonstrated a statistical (p<0.005) preference for the 

right, left, or neither arm of the "T". The method of 

statistical determination was made by usinq a sequential 

time analysis (Bross 1952). The data were also analyzed by 

Chi-square against a null hypothesis of equal time spent in 

all parts of the "T". The arms and the junction had twice 

as much area as the stem. For those experiments where both 

screened areas had tadpoles, the null hypothesis stated that 

the tadpoles would spend one-third of its' time in each arm 

and the stem; half of the junction scores were also given to 

each arm. 
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Results 

The results of the experiments are summarized in 

Table 21. Only the predaceous morphotype of S. 

multiplicatus showed any significant preference for 

associating with other tadpoles, with 60% of the tests being 

positive. Table 21 yields a very conservative measure of 

the interest that the predaceous morphotype has for other 

tadpoles. While the predaceous morphotypes were in an arm 

with tadpoles, they frequently swam back forth next to the 

screen. 

In test number six where there were tadpoles in both 

ends of the "T", the test tadpole (predaceous morphotype) 

would swim from one screen to the other, patrol back and 

forth along the screen and then swim all over the "T". TRis 

behavior was much different from the non-predaceous 

morphotypes or S. couchi and was obscuring the test results. 

For this reason, tests seven through ten were conducted with 

only one of the screened chambers occupied to keep the test 

animal from swimming from one screen to the other. Even so, 

the test tadpole was rarely in one place for more than two 

minutes. 

For the Chi-square analysis the following tests were 

lumped: one and two (S. multiplicatus, non-predaceous 

morphotype), three and four (S. couchi), and seven through 

ten (S. multiplicatus, predaceous morphotypes). Only the S. 
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multiplicatus predaceous morphotype showed a significant 

difference from the null hypothesis (X^=7.28, d.f.=l, 

p<0.01). This type of analysis has been critizied by Foster 

and McDiarmid (1982) as inflating the sample size. However, 

1 felt it was justified since the observations were 

essentially independent. Scaphiopus tadpoles are very 

active and do not spend much time in one spot. 

Discussion 

These results provide further negative evidence for 

a social factor in feeding aggregations of S. couchi and S. 

multiplicatus. They also demonstrate a behavioral shift in 

the predaceous morphotype from the normal morphotype. Not 

only are there morphological changes which make the 

predaceous morphotype a less efficient filter feeder and 

more effective predator (Chapter 5), but also behavioral 

changes. 

Odor, vision, and lateral line systems have all been 

suggested as cues for tadpole aggregations (Altig and 

Christensen 1981, Katz et al 1981, O'hara and Blaustein 

1981, Foster and McDiarmid 1982). Unfortunately, no 

experiments to distinguish between these cues have been 

reported. Heterospecific and conspecific recognition by the 
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predaceous morphotype of S. multiplicatus may be based on 

the same cues. 

• The predaceous morphotype does not seem to 

discriminate between S. couchi and S. multiplicatus through 

the screen, but they can obviously discriminate between them 

for the purposes of feeding (Chapter 5). Distant 

recognition of tadpoles might be a combination of vision and 

odor. Species discrimination might involve more subtle cues 

which require closer contact. There is evidence that vision 

plays a role. Whereas the normal S. multiplicatus 

morphotype is dark colored, the predaceous morphotype loses 

its pigmentation so that it is whitish with the gills 

appearing pink. This makes the predaceous morphotypes much 

more difficult to see than the normal morphotype. However, 

I suspect that odor cues are more important than visual 

cues. In the temporary pond habitats, the water is very 

turbid and human visual penetration is limited to one to 

four centimeters. The addition of S. couchi tadpoles to an 

aquarium containing a S. multiplicatus predaceous morphotype 

will cause the predaceous morphotype to become aqgitated 

without any apparent visual contact. This aggitation is 

different than that elicited by just disturbing the surface. 

Rather than a fright reaction, the tadpole began swimming 

towards the area containinq the S. couchi tadpoles. Once 

visual contact was made the predaceous morphotype 



immediately attached and began eating the S. couchi 

tadpoles. 

The experiments reported here also provide 

additional evidence for an odor cue. Tests nine and ten 

were run immediately after test eight. In test eight the S. 

couchi tadpoles were in the right arm of the "T". In tests 

nine and ten they were moved them to the left arm. However, 

even after changing half of the water the predaceous 

morphotypes that were being tested still showed an interest 

in the empty arm where the tadpoles used to be. I also 

noticed this in several other experiments while working with 

predaceous morphotypes of S. bombifrons. Subsequently, the 

tadpoles in screened areas were not changed unless the 

entire "T" was emptied and rinsed. 

Several workers have reported evidence for intra-

species association species preferences forother species of 

tadpoles (Waldman and Adler 1979, Blaustein and O'hara 1981, 

O'hara and Blaustein 1981, Waldman 1982). In their 

experiments subtle odor cues for species recognition could 

explain why nonsiblings that were raised together, as well 

as siblinqs, preferentially aqgregate. Nonsiblinqs that 

were raised together might have acquired a sense of 

familiarity, siblings might have been born with it (Waldman 

1981, 1982). Further studies on the polymorphic larvae of 

Scaphiopus spp. and their behavioral morphogensis may 
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provide a greater understanding of these systems. 

Conclusions 

Of the tadpoles tested, only the predaceous 

morphotype of S. multiplicatus demonstrated any social 

activity. Their ability to detect tadpoles on the other 

side of a partially opaque screen seemed to be odor-based. 

It is assumed that their interest is motivated by their 

preditory behavior. 

The lack of social behavior in the normal tadpole 

morphotypes of S. multiplicatus and S. couchi lends further 

support to the theory of non-socially mediated organization 

in their feeding aggregations. Feeding aggregations in 

these species might be a response to local nutrient 

availability which is augmented by a mechanical disturbance 

to the pond bottom provided be many actively swimming and 

digging tadpoles. 



94 

Table 21. Results of association experiments. 

A plexiglass "T" was utilized to test olfactory cues for 
association. The two ends at the top of the "T" were 
separated from the body of the "T" by plastic screen. These 
compartments are designated as left and right. The test 
animal was entered in the body of the "T" (stem and 
junction) and its position was recorded once each minute. 
Preference refers to a 0.05 probability level using a 
sequential time analysis. Sm is £3. multiplicatus, Sc is £. 
couchi, and (P) is the predaceous morphotype. The 
experiment was conducted in clear well water with tadpoles 
at or above stage 28 (Gosner 1960). 

Test Test empty 
number species Sc Sm arm stem junc. Preference 

1 Sm 13 15 — 17 7 none 

2 Sm 13 14 - 5 6 none 

3 Sc 15 13 - 28 15 none 

4 Sc 12 12 - 15 4 none 

5 Sc 2 - 4 10 9 none 

6 Sm(P) 18 33 - 30 7 Sm 

7 Sm(P) - 8 0 0 0 Sm 

8 Sm(P) 14 - 3 3 1 Sc 

9 Sm(P) 12 - 13 5 6 none 

10 Sm(P) 19 - 17 10 9 none 
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Fig. 11. Behavioral test apparatus. 

The plexiglass ' T '  is used for testing the reactions 
tadpoles have to other tadpoles. One, several, or no 
tadpoles are entered into the ends of the 'T' that are 
enclosed by plastic screen. The sides of the 'T' are eight 
inches tall. 



CHAPTER 5 

S. MULTIPLICATUS AND THE EVOLUTION OF CANNIBALISTIC TADPOLES 

Introduction 

Tadpoles are thought to be an ideal organism for 

testing hypotheses regarding the evolution and ecology of 

cannibalism (Crump 1983). Frogs and toads frequently breed 

in temporary ponds that are characterized by high larval 

densities and food limited conditions under which 

cannibalism commonly occurs (Crump 1983). Most 

cannibalistic tadpoles feed on eggs (oophagous) and 

hatchling larvae, and those that feed on larvae are rare 

(Crump 1983). Due to the potential benefits of this 

behavior in a temporary pond system , Crump (1983) predicted 

that cannabalistic tadpoles are probably more common than 

reported in the literature. 

In this chapter additional information on the 

occurance and ecology of larvivorous tadpoles is presented 

and their evolution and taxonomic rarity is disscussed. The 

following definitions are used here: carnivorous tadpoles 

feed on living heterospecific tadpoles; and cannibalistic 

tadpoles feed on living conspecific tadpoles. 

The best known cannibalistic tadpoles are in the 

North American genus Scaphiopus. Two species in the 
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subgenus Spea are occasionally cannibalistic: 

S. bombifrons and S. multiplicatus (Bragg 1964, Polmeroy 

1981). Both species occur in western North America, are 

explosive breeders, and use temporary ponds for breeding. 

The tadpoles of these two species are polymorphic. Gilmore 

(1924) in Colorado and Storer (1925) in California, 

discovered a large carnivorous Scaphiopus tadpole which was 

first classified as S. hammondi (Wright 1929). The smaller 

tadpole often found with it was named S. bombifrons (Smith 

1934). Twenty-five years of confusion ensued until Orton 

(1954) established that some species in the subgenus Spea 

had two distinct larval morphotypes: an omnivore and a 

large predaceous carnivore, with intermediate morphotypes. 

The predaceous morphotype can be recognized by a 

loss of pigmentation ( in S. multiplicatus), hypertrophied 

jaw musculature, a notched beak (especially in S. 

bombifrons), and a relatively short gut (Gilmore 1924, Orton 

1954, Bragg 1964, Polmeroy 1981, Chapter 3). The 

intermediate morphotype is intermediate in all of these 

characteristics, but has a closer behavioral affinity to the 

predaceous morphotype. 

Polmeroy (1981) found that jaw musculature was 

related to diet. Normal S. multiplicatus tadpoles fed a 

diet consisting of fairyshrimp and tadpoles increased their 

jaw musculature while predaceous morphotypes fed fish food 
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decreased their jaw musculature. Polmeroy (1981) also found 

a positive correlation between musculature and fairyshrimp 

density in natural ponds. 

Length of gut is known to be related to diet. 

Carnivorous tadpoles and tadpoles which have direct 

development have relatively shorter gut lengths than 

vegetarian tadpoles (e.g. Noble 1931). It has also been 

demonstrated experimentally (ref. cited in Noble 1931, 

Polmeroy 1981) that variations in tadpole gut length are 

concordant with diet. 

In laboratory experiments, Polmeroy (1981) concluded 

that the development of the predaceous morphotype in S. 

multiplicatus tadpoles raised at high densities was 

triggered by a diet of fairyshrimp and dead tadpoles. In 

field experiments with S. multiplicatus raised in plastic 

pools with natural substrate, the percentage of tadpoles 

which become predaceous morphotypes is positively correlated 

with the density of fairyshrimp (and perhaps victim tadpole 

species) and is not a response to food stress (Chapter 3). 

Both Polmeroy (1981) and I (Chapter 3) have determined that 

the predaceous morphotypes develop during the first week of 

larval life, and therefore it is not a response to habitat 

reduction due to evaporation. 



Metnods and Materials 

Feeding experiments were conducted durinq the 

summers of 1981 and 1982 to determine prey preference of S. 

multiplicatus predaceous morphotypes and to compare their 

feeding behavior with normal morphotypes of two other 

locally abundant species: £3. couchi and B. alvarius. All 

tadpoles were derived from amplexed pairs of toads collected 

in temporary ponds 55 kilometers west of Tucson, Arizona. 

Fertilized eggs from the pairs were kept in several 160 

liter plastic pools near the collection site. 

When the test animals reached larval stage 28 

(Gosner 1960) they were transferred to glass arenas filled 

with 1.0 liter of clear well water. Prior to each feeding 

trial, the tadpoles were starved for 24 hours. Prey items 

were added to the arenas and the response of the test 

animals was recorded. Each experiment was terminated after 

24 hours. These trials were repeated using a 55 liter 

aquarium. 

Results and Discussion 

The results from all feeding trials are summarized 

in Table 22. Only S. multiplicatus ate live tadpoles, both 

predaceous and normal tadpole morphotypes can be 

larvivorous. The S. multiplicatus predaceous morphotype 

prefer other species to conspecifics, but will eat 

conspecifics and even sibs, if no other food is available. 
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The normal morphotypes will only eat smaller 

heterospecifics. In the second experiment the predaceous 

morphotypes coexisted with smaller, normal conspecifics if a 

constant supply of £3. couchi tadpoles was maintained. 

The Evolution of Larvivipory and Cannibalism 

Temporary ponds are characterized by a flush of 

aquatic productivety as a result of organic nutrients being 

carried into them by run off and supports a large community 

of aquatic filter feeding invertebrates (Belk and Cole 1975, 

see Wassersuq 1975). This fauna includes species which 

establish more quickly than predators can build up because 

their eggs remain dormant in the soil during the dry season, 

e.g. fairyshrimp, clamshrimp, and tadpole shrimp (Belk and 

Cole 1975). These filter feeding invertebrates provide a 

rich food source for carnivorous tadpoles. 

Tadpole survival in temporary ponds depends on rapid 

development (e.g. Wassersug 1974, 1975). Being carnivorous 

is especially advantageous because filter feeding 

invertebrates are potential competitirs. The cost of 

sometimes elaborate and metabolically expensive (Wassersug 

1975) keratinized mouth parts of carnivorous tadpoles should 

be offset by the benefits of being a carnivore. Conversely, 

the ecoloaical cost of beinq a carnivore might include a 

lessened ability to utilize plant material in those cases 

where the buccal filtering apparatus is alterred and/or the 
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intestines are shortened, as is seen in many of the 

carnivorous and expecially predaceous tadpoles of other 

species (Noble 1927, 1931). 

As emphasized by Bragg (1964), all Scaphiopus 

tadpoles are carnivorous and they will readily eat dead and, 

in some cases, metamorphosing tadpoles which are relatively 

helpless (Arnold and Wassersug 1978). Cannibalistic 

tadpoles in this genus (Scaphiopus) would need a distinct 

advantage to prevent being damaged by their coeval victims. 

At high densities tadpoles experience a greater variance in 

their size distribution (e.g. Wilbur and Collins 1973, 

Wilbur 1977). In a high density situation the faster 

growing tadpoles could take advantage of their greater size 

by cannibalizing their smaller conspecifics during times of 

stress. From this line of reasoning I would predict that if 

a cannibal morphotype were to evolve in Scaphiopus, it would 

occur in the species that utilized the most unpredictable 

and most crowded habitats. This species would most 

certainly be £3. couchi (subgenus Scaphiopus) which often 

breeds in ponds too ephemeral for any other species. 

Conversely, neither cannibalistic nor predaceous larvae have 

evolved in S. couchi, but rather it has evolved in the group 

with two important prerequisites for being predacous: they 

quickly produce a few very large tadpoles and frequently 

breed with other species. 



102 

Predaceous Scaphiopus spp. tadpole morphotypes have 

evolved only in the subgenus Spea. These species frequently 

breed with various bufonids, whose tadpoles are always 

smaller than Scaphiopus tadpoles because of differences in 

egg size and time of breeding (Chapter 6). a similar 

situation has been reported in the Leptodactylus 

pentadactylus (Heyer et al 1975), Ceratophrys dorsata 

(Miranda-Ribeiro 1923, Noble 1927), and Lepidobatrachus 

laevis (Park 1931) systems. The S. multiplicatus predaceous 

morphotype will eat any other prey before conspecifics and 

must be food stressed before it becomes cannibalistic. The 

same stimulus has been reported for cannibalism in 

Lechriodus fletcheri (Moore 1961, Martin 1967). Also, 

normal morphotypes of S. multiplicatus and S. bombifrons 

(Bragg 1964) are sometimes predaceous but never 

cannibalistic. Therefore, ecologically, it is first a 

predator and facultatively a cannibal. 

At this time there is no hard evidence of a genetic 

mechanism that determines which tadpoles will become 

predaceous (but see Bragg 1964, Polmeroy 1981). Some of the 

data reported in this thesis indicates significant variation 

in the production of the predaceous morphotype. I 

sympathize with the speculations of Polmeroy (1981) that the 

predaceous morphotypes may develop from the largest eggs 

and/or the quickest developing eggs, though I suspect that 
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all £3. multiplicatus tadpoles in the populations I have 

studied possess the ability to become predaceous 

morphotypes. At very high experimental densities, in the 

presence of fairyshrimp and S. couchi tadpoles, all S. 

multiplicatus tadpoles exhibit intermediate characteristics 

while only a few become true predaceous morphotypes (Corneio 

fieldnotes). These few individuals might be inhibiting the 

development of all the others in the same way 

noncannibalistic species inhibit the growth and development 

of conspecifics (e.g. Rose 1959). Their initial advantage 

might be genetic or a result of environmental variation, 

e.g. eggs that were warmest or received the most oxygen due 

to microhabitat. 

In addition to S. multiplicatus and S. bombifrons, 

13 other species of Anurans are reported to have predaceous 

or cannibalistic larvae (Table 23). Due to a dearth of life 

history information on most of these species it is not known 

if all of them are temporary pond breeders, but none are 

reported to be restricted to permanent ponds. A possible 

exception is a pipid, Hymenochirus boetteri, which is 

restricted to forest habitat in the Congo region (Noble 

1924). The larvae have not been studied in nature and no 

report has been made on their habitat (Sokol 1962). When 

reared under artificial conditions the larvae are highly 

carnivorous (Olsson and Osterdahl 1960, Sokol 1962), which 
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may be indicative of a temporary pond breeding habitat. 

Like other pipids, the adult is thought to be almost 

completely aquatic (Sokol 1962), which makes it an unlikely 

candidate for breeding in temporary ponds. However, the 

adult is better able to ambulate on land than the closely 

related Xenopus laevis (Olsson and Osterdahl 1960), a 

species known to breed in temporary ponds (Balinsky 1969). 

Once the adaptations for carnivory have been made it 

would not take any additional morphological adaptations to 

prey on smaller tadpoles (e.g. normal morphotypes of S. 

multiplicatus can and do prey on smaller tadpoles). Indeed, 

predaceous tadpoles would eliminate smaller heterospecific 

competitors. The step from predaceous to cannibalistic 

tadpole is more difficult. Tadpoles of all the species in 

Table 23 for which prey size data are available, prey on 

smaller tadpoles (Rana tiqrina, McCann 1932; H. boettgeri, 

Sokol 1962; L. laevis, Parker 1931; C. dorsata. Noble 1927; 

L. pentadactylus, Heyer et al 1975; Rhinophrynus dorsalis, 

Starrett 1960). A cannibalistic tadpole would have to be 

larger than its conspecific prey if it did not have some 

other morphological advantage (see Poles 1981 for a review 

of cannibalistic strategies). There are two possible ways 

this could occur: they could grow faster or they could be 

older. The latter seems to be the most common (Table 23). 

Perhaps, for this reason, only three of the species in Table 
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23 have been observed in nature to be cannibalistic and one 

of the three, Pyxicephalus delalandi, is unvarified. 

The life history of P. delalandi is very similar to 

S. multiplicatus. P. delalandi spends most of its life 

underground, only going to water to breed in temporary ponds 

(Balinsky 1969, Rose 1950). The tadpoles have also been 

reported to form feeding aggregations as well as being 

cannibalistic (Burton 1972). Strangely, the cannibalistic 

trait has only been reported in a popular work (Burton 

1972), and no other account of this species mentions it 

(e.g. Wager 1965, Balinsky 1969, Rose 1950, Passmore and 

Carruthers 1979). 

Polmeroy (1981) has identified five species, in 

addition to Scaphiopus spp., which have polymorphic 

tadpoles. Three of the species are included in Table 23: 

Rana rugulosa, R. tigrina, and Rhinophrynus dorsalis. 

Unfortunately, these tadpoles have not been studied to 

determine if the different morphotypes are coeval. 

Conclusions 

All of the tadpole morphotypes of S. multiplictus 

can be larvivorous, but only the predaceous morphotype will 

be cannibalistic. The S. multiplicatus predaceous 

morphotype is only cannibalistic if no other animal resource 

is available. 
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In general, species with predaceous tadpoles 

probably evolved as carnivores (or at least omnivores) which 

utilized the rich invertebrate fauna in temporary ponds. A 

diet which includes smaller tadpoles requires few or no 

additional adaptions. Smaller tadpoles could include both 

heterospecifics and younger conspecifics. A switch to true 

sibling cannibalism requires a maintained polymorphism in 

the population. This has only been achieved by members of 

the subgenus Spea and perhaps five other species (Polmeroy 

1981). However, the selective force maintaining the 

polymorphism might lean towards a balance between normal and 

predaceous morphotypes, where cannibalism is facultative. 

Theoretically, this situation could occur in an 

evnironment with coarse-grained variation, e.g. a resource 

axis with a wide distribution of food item sizes, as in a 

temporary pond. A broad resource axis could be better 

utilized by two extreme morphotypes rather than a generalist 

(e.g. Levins 1968). Indeed, the normal S. bombifrons 

morphotype is already an omnivore generalist with a 

filtering system which is a compromise for handling very 

small and relatively large food particles (Wassersug 1980). 

This morphotype is very efficient except when there is an 

abundance of large prey items. These large prey items (e.g. 

aquatic invertebrates and heterospecific tadpoles) trigger 

the development of predaceous morphotypes. In this way, an 
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optimal strategy for tne population as a whole is achieved 

a polymorphism between efficient filter feeders and 

predators. 
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Table 22. Results of prey preference experiments. 

In tests one through 15 the experiments were conducted in 
one liter jars. In tests 16 and 17 the expeiments were 
conducted in 15 gallon aquaria. Sm are S. multiplicatus, Sc 
are S. couchi, Be are B. cognatus, Ba are B. alvarius, and 
fs are fairyshrimp. The P in parentheses indicates 
predaceous morphotypes. All test animals were at stage 26 
(Gosner 1960) or more. The tests were made in clear water. 
The test animals were starved for 24 hours before each test. 
The duration of each test was 24 hours. 

Test Test Prey Items First Second Third 
Number Animal Eaten Eaten Eaten 

observations 

1 Sm(P) 4 Sc All Eaten 

2 Sm(P) 1 
2 

_ * 
Sm 
Sc 

Sc Sc Sm Sm eaten 
hours after Sc 

3 Sm(P) 1 
1 

Sm* 
Sc 

Sc Sm Sm eaten 
hours after Sc 

4 Ba 6 Ba None Eaten test Ba larger 
than prey Ba 

5 Sc 4 Sc None Eaten test Sc larger 
than prey Sc 

6 Sm(P) 1 
1 

Sm 
Sc 

Sc Sm 

7 Sc 1 Sm None Eaten test Sc larger 
than prey Sm 

8 , Sm 1 Be Be -

9 Sc 1 Be None Eaten test Sc larger 
than prey Be 

10 Sm(P) 10 Ba All Eaten 

11 Sm(P) 10 Ba All Eaten 

12 Sm(P) 5 Sm All Eaten 
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Table 22. (continued) 

Test Test Prey Items First Second Third observations 
Number Animal Eaten Eaten Eaten 

13 

14 

16 

17 

sm(p; 

Sm 

15 Sm(P) 

2 Sm(P) 

2 Sm(P) 

2 Be . 
1 Sm 

1 5a 
2 Sm 
3 fs 

1 Ba 
1 Sm 
1 fs 

10 Sc 
10 Sm 

10 Sc 
10 Sm 

Be Be Sm 

fs fs fs 

f s Ba 

All Sc Eaten 

All Sc Eaten 

tadpoles not 
eaten 

Sm not eaten 

* -- These Sm are sibs of the test animal. 
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Table 23. List of carnivorous (earn), predaceous (pred), 
and cannibalistic (cann) tadpoles. 

The location (Loc) is not the range of the species, but 
rather the collection area cited in the reference(s). 
Larval habitat (Larval Habit) is either temporary (temp) 
and/or permanent (perm) ponds. Fam is family, Feed Behav is 
feeding behavior, Oral Adapt is oral adaptions, and Ref is 
references. 

Fam * Species Loc^ 
Feed^ 
Behav 

Larval 
Habit 

Oral 
Adapt Ref4 

Ra Rana tigrina 1 earn 
cann 

temp notched 
beak 

a ,b 

Ra R. rugulosa 2 pred 
(*) 

temp 
perm 

notched 
beak 

b, c 

Ra R. cyanophlyctis 1 earn 
cann 
(*) 

temp 
perm 

notched 
beak 

a 

Ra Pyxicephalus 
delalandi 

3 earn 
(?) 

temp none d,e 

Ra Ooeidozyga lima 2' omni 
pred 

temp 
perm 

large 
beak 

f  r g  

Ra 0. laevis 2 omni 
pred 

temp large 
beak 

Pi Hymenochirus 
bogettgeri 

4 earn 
cann 
(*) 

none h 

Rh Rhinophrynus 
dorsalis 

5 earn 
pred 
cann 

temp none i 

Le Leptodactylus 
pentadactylus 

6 pred temp none j 

Le Lechriodus 
fletcheri 

7 earn 
pred 
(*) 

temp 
perm 

none j 



Table 23. (continued) 

Feed^ Larval Oral 
Fam1 Species Loc^ Behav Habit Adapt Ref 

Ce Lepidobatrachus 
laevis 

8 earn 
pred 

large 
mouth 

m,n ,o 

Ce Ceratophrys 
ornata 

9 earn 
pred 
cann? 

? 
large 
jaws & 

notched 
beak 

n,p 

Ce C. dorsata 10 earn 
pred 
cann 

temp large 
jaws 

a ,o,q 

1 — Ra, Ranidae; Pe, Pipidae; Rh, Rhinophrynidae; Le, 
Leptodactylidae; Ce, Ceratophyidae. 

2 -- 1, India; 2, Thailand; 3, South Africa; 4, Congo; 5, 
Mexico; 6, Costa Rica; 7, Australia; 8, Brazil and 
Argentina; 9, Argentina; 10, Brazil. 

3 -- *, in aquaria; ?, only reported by Burton, 1972. 

4 — a, McCann 1932; b. Noble 1927; c, Smith 1917; d, Burton 
1972; e, Wagner 1965; f, Smith 1916; g, Heyer 1973; h, 
Sokol 1962; i. Starrett 1960; j, Heyer et al 1975; k, 
Martin 1967; 1, Moore 1961; m, Cei 1968; n, Cei 1980; 
o, Parker 1931; p, Noble 1931; q, Miranda 1923. 



CHAPTER 6 

THE FOUR SPECIES SYSTEM: 

SCAPHIOPUS WITH BUFO 

Introduction 

In southern Arizona pelobatids are the most frequent 

larvae encountered in temporary ponds. In larger temporary 

ponds two bufonids commonly occur with the pelobatids: B. 

alvarius and B. cognatus. At Anvil Ranch, the yearly 

success of bufonid tadpoles is inversely correlated with the 

success of pelobatid larvae. In years of highly successful 

bufonid reproductive efforts, the bufonid tadpole densities 

were much higher than the pelobatid densities in good 

pelobatid years. 

These observations suggest that bufonids can 

outcompete pelobatids if the bufonid tadpoles are present at 

high densities relative to the pelobatids. Indeed, an adult 

bufonid lays many more eggs than an adult pelobatid. To 

test this hypothesis a series of experiments were conducted 

to compare the competitive abilities of bufonids and 

pelobatids, and the effects of the S. multiplicatus 

predaceous morphotype on the bufonids. Low and high larval 

density bufonid treatments were raised with a low density 

pelobatid treatment to simulate equal and natural densities. 

112 
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This chapter concludes with a synthesis of all the 

experimental data reported in this thesis and data collected 

from the ponds at the study site. This synthesis provides a 

theoretical and emperical basis for anuran diversity at the 

study site. 

Methods and Materials 

During the summer of 1983, S. couchi or £3. 

multiplicatus tadpoles were raised in plastic wading pools 

with B. alvarius or B. coqnatus tadpoles. The pools were 

filled with 160 liters of well water. During the experiment 

water was added periodically to maintain the level. For 

nutrients, two kilograms of natural pond substrate was added 

to each pool. 

One amplexed pair of B. alvarius was collected on 

July 11th, and nine amplexed pairs, three from each species 

of S. couchi, S. multiplicatus and B. coqnatus, were 

collected on July 13th. They were allowed to lay eggs in 

plastic wading pools. On July 26th tadpoles of all the 

species were entered into the experimental pools. 

All replicates had one species of Bufo and one of 

Scaphiopus. The tadpoles were raised at two densities: 25 

pelobatids and 25 or 200 bufonids. There was a total of 16 

pools, two replicates of each treatment, although two S. 

couchi replicates were not included in the analysis because 

they were contaminated by eggs from non-experimental toads. 
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Each day, pools were sampled with an aquarium dipnet 

until all metamorphic individuals (those with three of four 

legs) were found and removed. Metamorphic individuals were 

weighed to + 0.1 grams with a Pesola scale (five gram 

capacity) and their snout-vent length recorded to + 0.1 cm. 

The experiments were terminated August 12th: 30 days after 

the S. couchi, S. multiplicatus, and B. cognatus eggs were 

laid and 32 days after the B. alvarius eggs were laid. 

Data from four natural ponds at the study site were 

collected over a period of six years, 1979 through 1984. 

During most years all ponds were visited on the first night 

of pelobatid breeding. Data were collected on the number of 

males and amplexed pairs. After the first night of breeding 

the ponds were frequently visited throughout the summer. 

Data were collected on weight and/or snout-vent length of 

newly metamorphosed toadlets at the natural ponds. Also, 

pond volumes were calculated after seepage had levelled off, 

approximately five days after the first breeding. 

Results 

The data from individual replicates are summarized 

for percent metamorphosis (Table 24), weight at 

metamorphosis (Table 25), and mean time to metamorphosis 

(Table 26) for all four species. In all cases but one, the 

pelobatids did better than the bufonids. Treatment number 

six was the exception with both S. multiplicatus and B. 
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alvarius doing very well. This was probably due to the 

nutrient substrate in this pool. When the replicates within 

a treatment are lumped for percent metamorphosis the 

pelobatids are always the most successful (Table 27). In 

Fig. 12, the relationship between total percent 

metamorphosis and total density are graphed for all 

treatments. The similarities across species are noteworthy, 

i.e. percent survival of all species decreased with density. 

The data from the S. multiplicatus treatments are 

particularly interesting. S. multiplicatus tadpoles ate all 

of the bufonids in two of the high density replicates, one 

with B. alvarius and one with B. coqnatus. In the other two 

high density replicates they did not. This "decision" on 

the part of S. multiplicatus had a devastating effect on the 

mean metamorphic mass of both species (Table 28). 

Within the low density bufonid data, there is a 

significant relationship between the logarithm of the mean 

weight at metamorphosis and the mean number of days to 

metamorphosis (r=0.903, n=7, p<0.01). The same relationship 

is also true for the pelobatids (r=0.949, n-7, p<0.01), 

except the y-intercept is higher for the pelobatid data 

(Fig. 13). The difference between the y-intercepts is 

probably a function of the difference in egg size. The 

pelobatid and bufonid data can all be described by one line 
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if the advantage of the larger egg (8.5 days) is subtracted 

from the pelobatid data (r=0.944, n=14, p<0.001). 

Data from natural ponds for live snout-vent lengths 

at metamorphosis for the four study species are summarized 

in Table 29. These data indicate a large variation both 

within and between ponds. The explanation for the variation 

could be the differences in total tadpole densities. The 

data in Table 29 are within the range of sizes observed in 

the experiments reported in the thesis (Chapter 2). There 

is a very small change in weight and snout-vent length when 

the toadlets are preserved (preserved weight=1.067 live 

weight-0.034, r=0.988, n=41, pCO.OOl). 

The probabilities of four natural ponds retaining 

water as a function of time are graphed in Fig. 14. The 

data were collected over a period of six years. Large ponds 

such as Experimental and Rana generally retain water 

throughout the season because of successive rains. While 

the water retention qualities of small ponds also includes 

subsequent rainfall, the effect of evaporation as a function 

of surface area is more pronounced. The small ponds 

frequently dry up before the next large storm. The success 

of pelobatids in these ponds over a six year period is 

summarized in Table 30. In 1982 and 1984, their failure in 

Rana and Experimental ponds was not due to the ponds drying 
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up, but rather to changes in water level during the first 24 

hours after egg laying, which caused the eggs to desiccate. 

Data for the frequency of success at a pond, 

estimated adult population size, estimated number of 

tadpoles per liter, and approximate volume of a pond are 

summarized in Table 31, for the pelobatids. Over a period 

of at least three years for each pond, adult population size 

was calculated from estimates of the number of breeding 

males on the "first nighter", assuming an even sex ratio. 

The estimations of the number of tadpoles per pond was made 

by assuming each female toad laid 1,597.6 (S. couchi) or 

951.8 (S. multiplicatus) eggs (C.J. May personnal 

communication). Pond volumes were calculated from the 

average surface area and depth five days after a heavy rain 

of 15.0 mm or more. 

Table 32 summarizes the statistics for correlations 

and regressions between the three parameters in Table 31. 

When comparing frequency of success with population size, 

the natural logarithm of population size was used because of 

the exponential nature of population growth rates. A 

transformation of population size is not necessary when 

compared with pond volume because of the linear relationship 

between tadpole growth and survivorship with volume (Chapter 

2). Volume of a pond was logarithmically transformed when 

compared with frequency of success since the probability of 
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a small pond drying up is a function of surface area and the 

additional benefits of subsequent rains for large ponds 

quickly dampens out with size. All of these relationships 

are significant (p<0.05) and not rankable as to importance. 

Discussion 

Few other studies have explored anuran communities 

with three or more species (Morin 1981, 1983, Woodward 

1982). In each of the above mentioned studies, at least one 

of the species has been a pelobatid. All studies have 

demonstrated the superior competitive abilities of 

pelobatids when raised at similar densities (plus or minus 

50%) against most other species with which they were tested. 

Woodward (1982) suggested that permanent pond 

breeding species are excluded from pelobatid habitats by 

competition and predation. However, the exclusion of Rana 

catsbeiana from temporary ponds is most likely a function of 

an excessively long larval period (Woodward 1982). The 

other two species he examined, B. woodhousei and R. pipiens 

also have longer larval periods than either pelobatid (S. 

couchi and S. multiplicatus) and even without competition or 

predation they would have a hard time maintaining a 

temporary pond population. Only the non-pelobatid with the 

shortest larval period, B. woodhousei, is frequently found 

in temporary ponds (Woodward 1982). 
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Morin (1983) found that of six temporary pond anuran 

species from the southeastern United States, S. holbrooki 

(subgenus Scaphiopus) was the best competitor in the sense 

of percent metamorphosis. However, when a naturally 

occurring predator (Notophthalmus dorsalis, a salamander) 

was included in his experiments, the success of S. holbrooki 

was negetively correlated with the predator's density. 

Conversely, the survivorship of the worst competitor (Hyla 

crucifer) was positively correlated with salamander density. 

Morin (198 3) concluded that the stability and diversity of 

this system was mediated by predation. 

The Experimental Pool System 

The experiments reported here demonstrate that 

pelobatids are better competitors than bufonids, even at 

higher bufonid densities. In all cases but one, the 

pelobatids had a higher survivorship than the bufonids. The 

pelobatids were also effected less by an increase in the 

bufonid densities than were the bufonids, although the 

changes in survivorship were similar (Fig. 12). S. 

multiplicatus proved to be the best competitor, but this is 

probably due to the effects of the predaceous morphotype 

(Chapters 3 and 5). S. couchi was also a better competitor 

than either bufonid. At high density, no B. alvarius raised 

with S. couchi reached metamorphosis within 32 days, whereas 
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they metamorphosed in less than 32 days at the lower 

density. 

Of particular interest is the variance in replicates 

within S. multiplicatus. Even though all the replicates had 

the predaceous morphotype, only half the experiments showed 

much larvivorous activity. 

Mean metamorphic mass gives a more complete 

measurement of success (Table 27). If replicate number six 

is excluded (because both species did exceptionally well), 

several conclusion are apparent. S. multiplicatus derives 

more biomass from the pool than any other species. But its 

advantage over S. couchi is a direct consequence of how much 

time is spent in the pool. At high bufonid densities S. 

multiplicatus is negatively effected when they do not eat 

all of the Bufo and not effected when they do, as compared 

to the low density bufonid treatments. S. couchi is 

negatively effected by bufonid density, but not to the 

extent that bufonids are. 

Individually, bufonid tadpoles do not do as well as 

pelobatid tadpoles (Fig. 12). But when comparisons are made 

on a per clutch basis, the bufonids do as well or better 

except in the case of S. multiplicatus predation. B. 

alvarius lays 6.9 times as many eggs as S. couchi and 11.6 

times a many eggs as S. multiplicatus, while B. cognatus 
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lays 5 times as many eggs as S. couchi and 8.4 times as many 

eggs as S. multiplicatus (C.J. May personal communication). 

The pelobatids have the advantage of larger eggs. 

This seems to make them competitively superior, reach 

metamorphic size sooner, and it allows the S. multiplicatus 

tadpoles to prey on the smaller bufonids (Chapter 5). 

Pelobatids also breed the first night it rains while the 

bufonids wait for three to five days. This allows the 

pelobatids to use shorter lived ponds, successfully reach 

metamophosis more frequently than the bufonids in similar 

sized ponds, and have an even greater initial competitive 

advantage, because of their headstart in growth. 

All of the species in this study, except S. 

multiplicatus, show a marked decrease in mean weight at 

metamorphosis and an increase in larval period with 

increased density. This can be interpretted as a compromise 

between larval and juvenile fitness, if juvenile 

survivorship is assumed to be a function of size at 

metamorphosis (Wilbur and Collins 1973). The length of 

larval period shoud be a function of larval growth and 

developmental rates, both of which are, in part, fuctions of 

initial density (Chapter 3). 

S. multiplicatus responds differently to density 

than the other species, in part because of the predaceous 

morphotype. However, their populations have a higher 
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coefficient of variation in size at metamorphosis at lower 

densities than the other species (Chapter 2). Theirs could 

be a more polymorphic strategy for temporary pond breeding 

or a pliotropic result of the predaceous morphotype. 

A polymorphic strategy, as opposed to the 

monomorphic strategy of the other species, would assure that 

some individual would reach metamorphosis and that an 

effective heterospecific predator could develop and reduce 

competition for the rest of the cohort (Chapters 3 and 5). 

At higher densities, the other species show a log-normal 

size and developmental distribution which could serve the 

same purpose. This log-normal distribution is a common 

phenomenon for anurans and has been interpreted as a result 

of intraspecific competition by Wilbur and Collins (1973) 

and the multiplicative result of an initial size advantage 

(Wilbur 1984). 

The Natural Pond System 

For the pelobtids, breeding sites are correlated 

with the expected life of a pond. Success for the bufonids 

is also dependent on the expected life of a pond, although 

it is negatively correlated with pelobated success. At 

Anvil Ranch, once every three years the pelobatid eggs at 

Rana and Experimental ponds have been destroyed by a 

significant drop in the water level during the first 24 

hours after the pond fill. This happens when the first 
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heavy storm occurs and initiates pelofaatid breeding (Dimmitt 

arid Ruibal 1980), before the bottom of the pond is 

thoroughly wetted. A bad year for the pelobatids results 

in a good year for the bufonids. Because the bufonids lay 

so many eggs, one good year out of three seems adequate to 

maintain a population. Breeding population surveys of 

bufonids comfirmed that there was no significant year to 

year change in their numbers (Cornejo fieldnotes). 

S. multiplicatus could probably dominate the 

intermediate sized ponds if it did not breed on the first 

night of pond filling rain. This would create several 

disadvantages: they would not be able to use their 

smallest class of ponds and their rate of failure would be 

higher in all ponds due to the pond dring up. More 

importantly, S. couchi would have a competive advantage 

over S. multiplicatus (Chapter 2). Indeed, by the time the 

predaceous morphotypes were large enough to eat the 

S. couchi, the S. couchi would already be metamorphosing. 

Adult S. couchi show a 90% fidelity to breeding 

ponds year after year (Cornejo and May unpublished 

fieldnotes). Choice of breeding ponds cannot be made simply 

by surface area or depth. After the first heavy rain there 

are plenty of pools larger than Scott or Gate ponds that are 

not used for breeding by more than one or two pairs. The 

difference between these pools and Scott and Gate ponds is 
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that the pools lose all their water within a few days due to 

seepage. The "choice" of the adults seems to be based on 

the history of the pond. How could they have obtained this 

"knowledge"? The adults spend most of their time 

underground. I suspect that toad returns to the pond in 

which it was a tadpole. This concept on breeding site 

fidelity is shared and supported by data collected by C.H. 

Lowe on B. alvarius and B. cognatus. Even so, there are 

still plenty of "aberrant" amplexed pairs to colonize new or 

shifting ponds. The correlation between percent success at 

a pond and adult population size of pelobatids supports 

breeding site fidelity, which leads me to suspect that the 

population in each pond is self-regualting. 

Models of Tadpole Life Histories 

I have constructed a model to predict time and size 

of S. couchi at metamorphosis for various densities. This 

basic model should be applicable to other species of anuran. 

S. couchi is an excellent species to examine because it 

frequently occurs in predator-free environments and often 

breeds in ponds too ephemeral for other anuran species. 

There are three parameters in the model: probability of a 

pond retaining water as a function of time, probability of a 

toadlet surviving to the next year (toadlet survivorship) as 

a function of size at metamorphosis, and density dependent 

larval growth rates. These parameters are used to generate 
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several density-dependent larval growth/toadlet survival 

functions (also referred to as growth/survival functions). 

Wilbur and Collins (1973) used a Gompertz function 

to calculate growth rates to predict time and size at 

metamorphosis for amphibians, which is essentially an 

exponential growth equation (Wilbur 1984). However, Smith-

Gill and Berven (1979) argued against using size as a 

predictor of metamorphosis and demonstrated that 

developmental rate was a better predictor. Smith-Gill and 

Berven (1979) experimentally determined that growth is 

dependent on development, but development is not dependent 

on growth. Still, they found a logrithmic linear 

relationship between differentiation rate and length of 

larval period. 

For this model I have assumed that growth and 

development to metamorphosis is a density-dependent 

logarithmic relationship between the number of days of 

larval period and weight. This assumption is based on the 

following relationships. For the S. couchi data in Fig. 15 

there is a significant logarithmic relationship between 

density and length of larval period (r=0.906, n=15, p<0.001) 

as well as density and weight at metamorphosis (r=-0.947, 

n=15, pCO.OOl). The relationship between length of larval 

period and weight at metamorphosis across densities, as 

depicted in Fig. 15, is also logarithmic (r=-0.818, n=15, 
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p<0.001). For these reasons the assumption that larval 

growth rates are equivalent to developmental rates, if 

density is taken into account, is adequate for this model. 

This assumption compliments the relationship for 

differentiation rate and length of larval period from the 

Smith-Gill and Berven (1979) model, while using the 

evolutionary and ecologically important parameter of size at 

metamorphosis from the Wilbur and Collins (1973) model. 

In Fig. 16 the relationships in Fig. 15 are plotted 

with pond survivorship data from two ponds dominated by £B. 

couchi: Scott and Gate ponds. This figure adds perspective 

to the relationship of length of larval period and the rate 

of natural ponds drying up. Rather than using the pond 

survivorship functions from either Scott or Gate pond in the 

model, the intermediate function in Fig. 16 is used. The 

slope of this function is the same as the slope of the 

relationship between length of mean larval period and mean 

weight at metamorphosis across densities depicted in Fig. 

15, assuming that the pond never dries out before six days. 

Aside from being intermediate between the two natural ponds, 

the slope of this function may have an evolutionary 

significance. The probability (P) of this pond retaining 

water is 

P=13.058(days)_1•434 

As a measure of toadlet survivorship, a relative 
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scale from zero to one is used, where a value of zero is 

given to the smallest (0.067g) and one to the largest 

(0.275g) weight observed for S. couchi at metamorphosis (see 

Wilbur and Collins 1973, for a discussion on the 

significance of the extreme sizes at metamorphosis). Then 

toadlet survival (Sj) is 

Sj = 0.7082 ln(wt) + 1.9142. 

The probability of a toadlet surviving increases 

exponentially with increasing weight (Table 33). An 

exponential function was chosen because growth throughout 

the juvenile period is exponential (Cornejo, fieldnotes). 

Also, two of the major causes of juvenile mortality are 

probably desiccation and starvation during winter dormancy. 

Both of these forms of mortality should be functions of the 

surface to volume ratio of the toadlet, where surface and 

volume are exponentially related. 

Therefore, the density-dependent growth/survival 

function (T) is the probability of the pond retaining water 

multiplied by the relative survivorship value of a toadlet 

at a particular weight, such that 

T=(P)(Sj) = (In(wt)+2.7029)(9.2477)(days)_1*434 

To calculate how long it would take a tadpole to grow to a 

toadlet of a particular size, the density-dependent larval 

growth rates from the varied density experiments in Chapter 



128 

2 were used. The density-dependent equations for the model 

are in Table 3 3. 

The density-dependent growth/survival functions are 

graphed in Fig. 17. The maximum for each function is 

indicated by an arrow, while the observed means are 

indicated by an asterisk. Although the model and the 

experimental data do not match perfectly, they depict the 

same relationship, i.e. at higher densities the length of 

larval period increases and mean weight at metamorphosis 

decreases. Adjustments to any or all of the parameters 

would yield a perfect fit to the observed data and yet not 

increase the understanding of the system without more data. 

Using the data generated by this first model, i.e. a 

regression equation between density and the maximum 

probability of larval growth/toadlet survival (M), I have 

constructed a model for predicting the optimal tadpole 

density in a pond. For this second model I maximized the 

following density-dependent function: 

f(density) = (Sj) (M) (density) 

which equals: 

[-0.5 52 4(density)+l.0830] [-0.1866 ln(density) + 0.3185] 

times (density). 

This function is graphed in Fig. 18. A maximum occurs at 

about 0.67 tadpoles per liter. This maximum is analogous to 

the inflextion point of a logistic equation and is within 
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the range of natural values in Table 31. However, 0.67 

tadpoles per liter is a "soft" number, because of the 

various assumptions that went into the model. Nevertheless, 

natural pond populations of tadpoles at the study site do 

experience density stress and individual tadpole 

survivorship is not being maximized. 

When comparing the results of this model with the 

data in Table 31, it must be kept in mind that the 

survivorship data for the tadpoles are from the pool 

experiments and might vary between the experiments and the 

ponds, as well as between the ponds. Notice that in Table 

31 the smallest ponds have the highest S. couchi tadpole 

densities. There are two probable reasons for this. The 

first is that they share the larger ponds with other 

species. The second is that the available nutrients are 

most likely a function of pond bottom surface — the larger 

the pond, the deeper it usually is and the less concentrated 

are the nutrients. Finally, the estimations of natural pond 

tadpole densities are based on the adult population size and 

do no take into account egg mortality. Therefore, the 

estimates of natural pond density are probably a little 

high. 

An interesting point illustrated by these models is 

that size at metamorphosis is a "decision" by the individual 

tadpole and will maximize the fitness of the individual 
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tadpole, as in the model by Wilbur and Collins (1973). At 

the same time, the density of the tadpoles is an adult 

"decision" which maximizes the adult fitness. 

A comparison between the model-generated data and 

the natural pond data supports the conclusion that temporary 

pond breeding populations of S. couchi (in the absence of 

predators and interspecific competitors) are regulated by 

tadpole survivorship and subsequent juvenile survivorship as 

a function of size at metamorphosis. If the population 

regulating mortality was taking place at any other time in 

the life history, the tadpole densities would not be near 

their maximum. Since most species of anurans breed in 

temporary ponds (e.g. Heyer et al 1975, Wilbur 1984), I 

would predict that the key to understanding their life 

histories is in the types of ponds with which they have 

evolved, i.e. expected duration and aivailable nutrients in 

the pond, as well as interspecific competition and predation 

parameters. 

Conclusions 

The experiments reported here demonstrate that S. 

couchi and S. multiplicatus tadpoles are superior 

competitors when compared with B. alvarius and B. cognatus. 

Much of this competitive advantage is due to parental 

investment — Scaphiopus eggs are larger than Bufo eggs. 

Scaphiopus also breeds three to five days earlier than Bufo. 
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S. multiplicatus also has the additional advantage of a 

predaceous larval morphotype which allows it to better 

utilize the ponds resources and exclude other species. 

The four species in the larger temporary ponds are 

maintained by several factors. S. couchi is the best 

competitor (Chapter 2), but it is very susceptible to 

predation by S. multiplicatus (Chapter 3). To survive in the 

presence of S. multiplicatus, S. couchi use refugia in space 

and time (Chapter 3). The bufonids are competitively 

inferior to both pelobatids, as well as being extremely 

vulnerable to predation by the predaceous larval morphotype 

of S. multiplicatus. The success of the bufonids is an 

opportunistic strategy. Bufonids are able to maintain 

viable breeding populations in temporary ponds due to 

stochastic events which result in a periodic failure of the 

Scaphiopus reproductive effort. In two of six years 

studied, the Scaphiopus eggs were destroyed at the Anvil 

Ranch study site by a drop in water level during the first 

24 hours after egg laying. The bufonids breed several days 

later, after the water seepage from the pond has levelled 

off. Thus, they are excluded from short lived ponds, but 

they are able to take advantage of the periodic reproductive 

failures of the pelobatids in larger temporary ponds. 

Two models were also developed for S. couchi, with 

the idea that slightly more complex models could be applied 
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to other species. The first model predicts time and size to 

metamorphosis based on three parameters: expected pond 

life, density-dependent larval growth rates, and expected 

juvenile survivorship- The second model predicts the 

optimal density of tadpoles per liter of pond. It utilized 

a function for density-dependent maxima for larval 

growth/toadlet survivorship, generated from the first model 

and a function for density dependent larval survivorship 

from the experimental pools. The results from these 

heuristic models have led me to the following conclusion: 

an understanding of anuran life histories can only be 

achieved by first describing and quantifying the 

characteristics of the ponds (or environments) in which they 

breed. 
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Table 24. Percent metamorphosis for all treatments, 19 83. 

Where Sm is S. multiplicatus, Sc is S^. couchi, Ba is B. 
alvarius, and Be is B. cognatus. Treatment is the initial 
number of bufonid tadpoles. The results for the pelobatids 
are in colmn I, the results for the bufonids are in column 
II, and sample size is in parentheses. 

Rep Percent metamorphosis: 
Treatment No. I II 

Sm/Bc 25 1 96.0 (24) 12.0 (3) 
2 72.0 (18) 4.0 (1) 

Sm/Bc 200 3 92.0 (23) 24.5 (49) 
4 80.0 (20) All Eaten 

Sm/Ba 25 5 96.0 (24) 4.0 (1) 
6 80.0 (20) 96.0 (24) 

Sm/Ba 200 7 68.0 (17) All Eaten 
8 60.0 (16) 21.0 (42) 

Sc/Bc 25 9 68.0 (17) 52.0 (13) 
10 80.0 (20) 56.0 (14) 

Sc/Bc 200 11 44.0 (11) 8.0 (16) 

Sc/Ba 25 12 60.0 (15) 32.0 (8) 

Sc/Ba 200 13 56.0 (14) 0.0 
14 32.0 (8) 0.0 
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Table 25. Preserved weight at metamorphosis for all 
treatments, 1983. 

Where Sm is S. multiplicatus, Sc is S. couchi, Ba is B. 
alvarius, and Be is B. cognatus. The data for the 
pelobatids are in column I, the data for the bufonids are in 
column II, and the sample size is in parenthesis. Treatment 
is the initial number of bufonid tadpoles. 

Treatment 
Rep 
No. I 

Weight (g): 
II 

Sm/Bc 25 1 1.03 (24) 0.14 (3) 
2 1.31 (18) 0.18 (1) 

Sm/Bc 200 3 0.69 (23) 0.15 (49) 
4 1.47 920) All Eaten 

Sm/Ba 25 5 1.02 (24) 0.52 (1) 
6 1.60 (20) 0.45 (24) 

Sm/Ba 200 7 1.31 (17) All Eaten 
8 0.87 (16) 0.30 (42) 

Sc/Bc 25 9 0.16 (17) 0.21 (13) 
10 0.13 (20) 0.22 (14) 

Sc/Bc 200 11 0.13 (11) 0.18 (16) 

Sc/Ba 25 12 0.18 (15) 0.38 (8) 

Sc/Ba 200 13 0.14 (14) 
14 0.16 (8) 
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Table 26. Mean number of days to metamorphosis for all 
treatments, 1983. 

Where Sm is £3. multiplicatus, Sc is S. couchi, Ba is B. 
alvarius, and Be is B. cognatus. The data for the 
pelobatids are in column I, the data for the bufonids are in 
column II, and the sample size is in parantheses. Treatment 
is the initial number of bufonid tadpoles per pool. 

Rep Mean Number of Days: 
Treatment No. I II 

Sm/Bc 25 1 19,4 (24) 20.0 (3) 
2 20.9 (18) 23.0 (1) 

Sm/Bc 200 3 22.0 (23) 24.7 (49) 
4 23.3 (20) All Eaten 

Sm/Ba 25 5 21.3 (24) 26.0 (1) 
6 22.5 (15) 26.0 (24) 

Sm/Ba 200 7 22.4 (17) All Eaten 
8 22.1 (16) 29.1 (43) 

Sc/Bc 25 9 12.9 (17) 20.0 (13) 
10 14.5 (20) 21.9 (14) 

Sc/Bc 200 11 13.2 (11) 24.3 (16) 

Sc/Ba 25 12 11.3 (15) 24.5 (8) 

Sc/Ba 200 13 14.6 (14) 
14 16.4 (8) 
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Table 27. Chi-square comparisons of survivorship data 
within treatments of pelobatids and bufonids. 

All comparisons have one degree of freedom. Sm is S. 
multiplicatus, Sc is S. couchi. Be is B. cognatus, and Ba is 
B. alvarius. Each species compared were raised together. 
The pelobatids had a constant density of 25 tadpoles per 
pool. The bufonids were at two initial densities, 25 and 
200 tadpoles per pool. 

Species 
Density of 

Bufonid X2 P< Winner 

Sm/Bc 25 55. .113 0. .005 Sm 

Sm/Bc 200 144. .127 0. .005 Sm 

Sm/Ba 25 15. .147 0. .005 Sm 

Sm/Ba 200 98. .568 0. ,005 Sm 

Sc/Bc 25 4. ,340 0. .05 Sc 

Sc/Bc 200 27. ,273 0. ,005 Sc 

Sc/Ba 25 4. ,026 0. .05 Sc 

Sc/Ba 200 175. ,705 0. .005 Sc 
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Table 28. Average total mass per pool of toadlets, 1983. 

Total mass of toadlets equals percent metamorphosis times 
mean weight at metamorphosis times the initial species 
density. Sm is S. multiplicatus, Sc is S. couchi, Be is B. 
cognatus, and Ba is B. alvarius. The data for the 
pelobatids are in column I, the data for the bufonids are in 
column II, contents are comments on tadpole left at the end 
of the experiment, and treatment is the initial number of 
bufonids per pool. 

Rep Average Total Mass: 
Treatment No. I II Contents 

Sm/Bc 25 

Sm/Bc 2 00 

Sm/Ba 2 5 

Sm/Ba 200 

1 
2 

3 
4 

5 
6 

7 
8 

24.72 
23.58 

15.87 
29.40 

24.48 
32.00 

22.27 
13.92 

0.42 
23.58 

7.35 
0 . 0  

0.52 
10.80 

0 . 0  
1 2 . 6 0  

empty 
empty 

few bufonid 
few bufonid 

empty 
many bufonid 

empty 
few bufonid 

Sc/Bc 25 9 2.72 2.73 empty 
10 2.60 3.08 empty 

Sc/Bc 200 11 1.43 2.88 some bufonid 

Sc/Ba 25 12 2.70 3.04 empty 

Sc/Ba 200 13 1.96 0.0 many bufonid 
14 1.28 0.0 many bufonid 
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Table 29. Weights and morphometries of toadlets from the 
control ponds and the 1982 single species experiments. 

Live snout-vent lengths and weights at metamorphosis for 
toadlets from various control ponds. Preserved snout-vent 
lengths and weights at metamorphosis for toadlets from the 
1982 varied density experiments. Sm is S. multiplicatus, Sc 
is S. couchi, Ba is B. alvarius, and Be is B. cognatus. 

Pond or Length Weight 
Species Treatment (mm) (g) n 

Sm Little Papago 21.4 18 
Rana 23.2 1.28 25 
Rana 23.4 1.31 14 
Low 16.1 0.68 106 
Medium 16.9 0.81 94 
High 17.8 0.88 23 

Sc Gate 8.8 — 30 
Gate 12.7 — 16 
Scott 11.7 — 50 
Experimental — 0.19 23 
Low 11.3 0.21 142 
Medium 9.6 0.12 271 
High 8.9 0.09 364 

Ba Rana 13.9 — 22 
Rana 16.7 — 20 
Dill 11.5 — 17 
Hidden 12.6 23 
Papago 16.7 0.38 30 

Be Rana 10.1 — 29 
Dill 10.2 — 17 
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Table 30. Six year summary on success of couchi tadpoles 
reaching metamorphosis before a pond dried up. 

All data based on "first night" egg laying. Where: + means 
they were successful, - means they were not successful, +/-
means more than 25% were successful, and (-) means there was 
enough time but the eggs died. S. multiplicatus was never 
successful in Scott or Gate ponds, except for a few tadpoles 
in Scott in 1981. Otherwise, the success for S. 
multiplicatus was the same as for S. couchi. The bufonids 
were only successful at those times and places marked (-), 
except for a few individuals in Experimental and Rana Ponds. 
B. cognatus also had a few hundred toadlets from Scott Pond 
in 1984. 

Pond 1979 1980 
Year 
1981 1982 1983 1984 

Experimental + + - (-) + (-) 

Scott - - + +/- - + 

Gate - - + +/- - +/" 

Rana + + + (-) + (-) 
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Table 31. Pelobatid data from four ponds at the Anvil Ranch 
study site. 

Data for S. multiplicatus is in parantheses. The estimated 
volume was calculated from water levels five days after a 
heavy rain (15 mm or more). Percent success is from Table 
29. The estimation for the number of tadpoles is from two 
or more years of data on amplexed pairs, where S. couchi 
lays an average of 1,597 eggs and S. multiplicatus lays an 
average of 951.8 eggs (C.J. May personal communication). 
The estimated adult population is made from two or more 
years of data on male populations assuming a 50:50 sex 
ratio. 

Estimated Estimated 
Pond Estimated Percent number of adult 

Volume (1) success tadpoles/ 
liter 

population 

Gate 4, ,800 33. .3 2, .00 27 (0) 

Scott 18, ,000 41. .7 1. .33 66 (2) 

Experimental 90, ,000 50. .0 0. .91 222 (16) 

Rana 300, ,000 66. .7 0. .45 325 (100) 
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Table 32. Summary of correlation and regression statistics 
for pond and pelobtid population parameters. 

The data are from Tables 29 and 30. Potential percent 
success was calculated from Table 29 where {-) was 
considered a plus. Column I is the arcsine transformed 
percent success (X) versus the natural logarithm of 
population size (Y). Column II is liters of water (X) 
versus population size (Y). Column III is the natural 
logarithm of liters of water (X) versus the arcsine 
transformed percent success (Y). Column IV is the natural 
logarithm of liters of water (X) versus the arcsine 
transformed potential percent success. 

I 
percent 
success 
versus 

population 
size 

II 
water 
versus 

population 
size 

III 

water 
versus 

success 

IV 
water 
versus 

potential 
success 

N 4 4 4 4 

r 0.953 0.969 0.974 0.970 

Slope 0.141 0.0013 4.493 13.548 

Y-intercept -1.434 56.360 -3.703 85.419 

X 43.80 103,200 10.573 10.573 

Y 4.76 189.5 43.80 57.83 

P <0.05 <0.05 <0.05 <0.05 



Table 33. Density-dependent growth equations and maxima for 
the density-dependent growth/survivorship functions. 

Density Growth Function Maximum 

low days = 36.0498(weight) 0.164 g 

medium days = 107.0183(weight) 0.133 g 

high days = 404.1556(weight) 0.114 g 
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Fig. 12. Percent metamorphosis versus density for all 
treatments, Scaphiopus with Bufo. 

The solid lines are data for Scaphiopus. The dashed lines 
are data for Bufo. The squares are treatments with S. 
multiplicatus. The circles are treatments with S. couchi. 
The solid symbols are treatments with B. alvarius. The open 
symbols are treatments with B. cognatus. The initial 
Scaphiopus density is 25. 
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Fig. 16. Comparison of the rates of ponds drying and 
tadpole growth rates. 

The data for the lines labelled Gate and Scott Pond are a 
result of six years of surveys. The line between these two 
has the same slope as the regression line between length of 
mean larval period and mean weight at metamorphosis as a 
function of density for the S. couchi, varied-density, 
single species experiment (1982). This is the solid line in 
Fig. 4. Most of Fig. 4 is superimposed on this figure to 
facilitate a comparison between pond and larval growth 
parameters. 
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CHAPTER 7 

CONCLUSIONS 

Four species of anurans maintain regular breeding 

populations in temporary ponds at the Anvil Ranch study 

site. All of the species demonstrate some degree of 

breeding habitat partitioning. £3. couchi will breed in 

ponds too ephemeral for any of the other species. B. 

alvarius breeds in permanent and semi-permanent ponds. S. 

multiplicatus does best in temporary ponds of intermediate 

size .and duration. B. cognatus is frequently found in run

off ponds around agricultural fields and in large temporary 

ponds. However, all four species commonly breed together in 

the larger temporary ponds, i.e. those ponds which have an 

expected life of 30 days or more. 

The species pair which occurs together most 

frequently is S. couchi and S. multiplicatus, the two 

pelobatids. Experimentally, this two-species system is not 

usually stable if the only form of interaction is 

competition (Chapter 2). Competitive interactions are of 

two types: interference and exploitative. Interference 

competition is a sort of "chemical warfare" and is a 

destablizing form of competition, i.e. the interspecific 
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effects are stronger than the intraspecific effects (Chapter 

2). Exploitative competition may not be important in the 

ecology of present anuran communities. However, the 

evolution of the interference competition may be a direct 

consequence of exploitative competition. 

In a habitat of limited life expectancy and limited 

resources, such as a temporary pond, the uncontrolled 

depletion of resources would result in the death of all 

individuals. Interference competition has resulted in 

"prudent consumers" which allow intra- and interspecific 

competition to occur within a structured framework. Since a 

non-prudent mutation would first have to overcome the 

effects of interference competition, the prudent consumer 

strategy is evolutionarily stable. However, interference 

competition can result in competitive exclusion. Anuran 

systems in general do not seem to achieve stability if only 

competitive interactions are realized (Chapter 2). 

When predaceous interactions due to the predaceous 

tadpole morphotype of S. multiplicatus are taken into 

account, the two-species pelobatid system can be stable. 

Stability is achieved if some S. couchi can find refugia in 

time or space (Chapter 3). In this situation the £3. 

multiplicatus predaceous mprphotype can be defined as a 

Keystone predator. 
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Refugia in time are a result of the accelerated 

larval period of S. couchi as compared with S. 

multiplicatus. It takes about one week for the S. 

multiplicatus tadpoles to become large enough to be 

effectively larvivorous, whereas the larval period of S. 

couchi can be as short as eight days.. Any growth advantage 

which £[. couchi can obtain will result in much less 

mortality due to predation. For example, some years S. 

couchi is able to take advantage of early morning storms by 

breeding up to twelve hours before S. multiplicatus 

(Cornejo, fieldnotes). In general, S. couchi is able to 

coexist with the S. multiplicatus predaceous morphotype when 

S. multiplicatus is at relatively low densities. In these 

situations there is not enough time for all of the £3. couchi 

to be eaten. 

When S. multiplicatus is at higher densities, 

refugia in space become more important. One refugium in 

space is the shallow edges of ponds, since the S. couchi 

tadpoles are smaller than the predaceous morphotypes. The 

most ephemeral temporary ponds are another refugium in 

space. Even if S. multiplicatus is able to inflict a great 

deal of mortality on the S. couchi tadpoles in the 

intermediate size temporary ponds, and hence reduce the 

resulting adult population, there could be a constant stream 
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of immigrants from smaller ponds in which S. multiplicatus 

cannot breed. 

The predaceous tadpole morphotypes of S. 

multiplicatus convey several advantages to its own species. 

The S. multiplicatus predaceous morphotype is able to reduce 

intra- and interspecific competition for the normal tadpole 

morphotypes. Intraspecific competition is reduced by 

behavioral and morphological changes in some of the tadpole 

cohort (Chapter 4). These changes put the predaceous 

morphotype in a different trophic level than the normal 

morphotype (Chapter 5). Cannibalism will also reduce 

intraspecific competition. Interspecific competition is 

reduced by the consumption of heterospecific tadpoles and 

invertebrate filter feeders. The S. multiplicatus 

predaceous morphotype will preferentially consume these food 

items before conspecifics (Chapter 5). The proportion of 

the S. multiplicatus cohort which become predaceous 

morphotypes is directly related to the quantity of their 

preferred food, i.e. fairyshrimp and perhaps S. couchi 

tadpoles (Chapter 3). In this way they act as a "prudent 

predator". Ultimately, the predaceous tadpole morphotype is 

part of a polymorphic strategy for S. multiplicatus which 

allows this species to more completely utilize the temporary 

pond habitat (Chapter 5). 
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The predaceous morphotype probably evolved as an 

efficient carnivore for utilizing the rich invertebrate 

fauna of temporary ponds (Chapter 5). S. multiplicatus 

tadpoles frequently live in ponds with the tadpoles of 

various species of bufonids. Pelobatid tadpoles grow faster 

than Bufonid tadpoles because of parental investment 

(Chapter 6). It would take no additional adaptations for 

these large carnivorous tadpoles to be larvivorous. 

Eventhough predation, vis-a-vis the predaceous 

tadpole morphotype, is an important factor in the stability 

of the two-species pelobatid community, it is not 

responsible for all four species coexisting. Not only are 

the bufonids poor competitors when compared with the 

pelobatids, but they are very vulnerable to predation. The 

diversity of this system is maintained by stochastic events. 

The pelobatids breed right after the first summer storm 

which fills their ponds, whereas the bufonids do not breed 

until three to five days after that rain. It was observed 

two out of six years at the study site, that the water level 

at the ponds dropped sufficiently during the first 24 hours 

after the pond filling to destroy virtually all of the 

pelobatid eggs by desiccation. These two years were very 

successful years for the bufonids, where the bufonids did .. 

not suffer from the vastly superior competitive abilities of 

the pelobatids nor from the predation by the predaceous 
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morphotype. The bufonids are able to take advantage of 

these stochastic disasters of the pelobatid reproductive 

effort, by producing many small eggs rather than a few large 

eggs. 

S. multiplicatus could completely dominate the 

bufonids in the intermediate and large temporary ponds by 

not breeding the evening of the pond filling. However, this 

would provide a competitive advantage to S. couchi which S. 

multiplicatus could not tolerate. It would also result in 

S. multiplicatus having more failures in their shorter-lived 

ponds due to pond desiccation before the tadpoles could 

reach metamorphosis. 

Summary 

By modeling the tadpole life history of S. couchi 

and extending some of these results to the other species via 

the experimental results and observations on natural 

populations (Chapter 6), I am able to present a summary for 

the community ecology of these four species at the study 

site. Each species has co-evolved with a particular class 

of pond. Their evolutionary optimal pond types are those 

described at the beginning of this chapter. Since each 

species has different larval lifetimes, anuran species are 

limited in their choice of ponds by the expected life of a 

pond and by the amount of time that elapses from the pond 

filling to their tadpoles metamorphosing. The temporary 



156 

ponds are the richest larval habitats available at the study 

site (Cornejo, fieldnotes). Through high reproductive 

investment the pelobatids are able to competitively exclude 

the bufonids from temporary ponds on a year to year basis. 

However, anurans are long lived, and the periodic failures 

of the pelobatids are sufficient for the bufonids to have 

enough reproductive success to maintain breeding populations 

at the larger temporary ponds. 

S. couchi breeds immediately after the first 

flooding rain because the smallest ponds are their 

evolutionary optimal ponds. Subsequently, S. multiplicatus 

must breed immediately after the flooding rain because it 

cannot afford to give couchi a competitive advantage. 

This first night breeding produces the occasional 

reproductive failures of both pelobatid species, upon which 

the bufonids capitalize. Simply stated, the diversity at 

Anvil Ranch is maintained by competition, predation, and 

stochastic events (or dumb luck). Two of the species are 

superior competitors and the other two species are 

opportunistic. However, any change in the present 

distribution of pond types could cause a change in the 

diversity of these species, since they did not necessarily 

evolve to live together, but just happen to be able to 

coexist. 
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