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Abstract. Populations of six species of amphibians were manipulated in field enclosures 
to study the biological tractability of current concepts of . the organization of natural com­
munities. Experimental communities with a known composition of mature eggs were intro­
duced into screen enclosures in a pond to assay the importance of competition and predation 
to the ecology of amphibian larvae in temporary ponds. The competitive ability of each 
population was measured by its survivorship, mean length of its larval period, and mean 
weight at metamorphosis. Three simultaneous experiments (requiring 70 enclosures and 137 
populations) were replicated in a randomized complete-block design for variance analysis. 

The assumptions of the classical Lotka-Volterra model of competition were tested by 
raising Ambystoma laterale, Ambystoma tremblayi, and Ambystoma maculatum in all com­
binations of three initial densities (0, 32, and 64). All three measures of competitive ability 
were affected by competition with other species. Higher-order interactions decreased the 
variance of the outcomes of the experiments as species were added to the communities. The 
statistical effects of these higher-order interactions between the densities of competing species 
often exceeded the simple effects of competition. The increase in community stability with 
the addition of species to the community is not predicted by the classical models of commu­
nity ecology. 

The second experiment tested the effects of adjacent trophic levels on the structure of 
the three-species community. Eggs of Ambystoma tigrinum, a predator, and Rana sylvatica, 
an alternate prey of Ambystoma tigrinum, were added singly and together into systems with 
16 eggs of species in the Maculatum species-group. Ambystoma tigrinum was a predator if 
it acquired an initial size advantage by preying on Rana sylvatica tadpoles; otherwise it was 
principally a competitor. Rana sylvatica adversely affected the Maculatum group by competing 
with invertebrate prey for periphyton and photoplankton. The three species in the Maculatum 
group had nearly the same response to the addition of both A. tigrinum and R. sylvatica. 

Ambystoma texanum, which occurs sporadically in southern Michigan at the northern 
limit of its range but not on the study area, was introduced as a test for community satura­
tion. Ambystoma texanum was successfully raised alone. When mixed with the Maculatum 
group, Ambystoma texanum had a low survivorship, a small body size, and a long larval 
period. The native species were affected equally by the introduction of Ambystoma texanum, 
demonstrating the complexity of the food web and the ecological pliability of salamander 
larvae. 

The uncertainty of the temporary pond environment precludes extreme ecological special­
ization among these species of salamanders. Coexistence is a consequence of the relative 
advantages of the species in different years and the long adult life spans. The complexity of 
the food web and "predator switching" are probably important elements of the density­
dependent interactions that contribute to the stability of communities within seasons. 

The concept of the community has its historical 
roots in the thought of the seventeenth-century nat­
uralists who recognized that species of plants and 
animals occurred in natural assemblages. The impli­
cations of this observation were slowly realized by 
natural historians. By the middle of this century, 
ecologists were discussing a theory of the community. 
Allee et al. (1949:436) defined the community as 
"a natural assemblage of organisms which, together 
with its habitat, has reached a survival level such 
that it is relatively independent of adjacent assem­
blages of equal rank; to this extent, given radiant 
energy, it is self-sustaining." Dice (1952) added that 
the community is the highest level at which life can 
be organized. Hence, it is in the context of the com­
munity that evolution occurs. 

Recently ecologists have departed from the func-

1 Received April 9, 1971; accepted November 18, 1971. 

tional definition of the community to a rather arbi­
trary concept that defines the community as the group 
of organisms being studied. Ecologists now study 
"grassland bird communities" (Cody 1968), "Droso­
phila communities" (Levins 1968), and "diatom 
communities" (Patrick 1968). The concept of the 
"community matrix" (Levins 1968, Vandermeer 
1970) originally was restricted to groups of species 
that compete with one another. 

My thesis is that these natural groupings of spe­
cies are organized by interspecific interactions that 
can be discovered and evaluated by experimentally 
dissecting the community into smaller components. 
There is a large corpus of laboratory studies, begin­
ning with those of Chapman ( 1928) and Gause 
( 1934), that involved simple ecological communi­
ties with few interacting species. These simple com­
munities are described satisfactorily by elementary 
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mathematical models such as the logistic equation 
and its extensions. The logistic model proved in­
adequate as laboratory ecologists advanced from the 
protozoan systems of Gause ( 1934) to more-com­
plex systems (Slobodkin 1953). For example, studies 
of flour beetles ( Tribolium) required the addition of 
age structure (Park et al. 1965, Taylor 1968, Mertz 
1969), genetic components (Lerner and Ho 1961; 
Dawson and Lerner 1962; Lerner and Dempster 
1962; Park, Leslie, and Mertz 1964), and stochastic 
processes (Park 1954; Leslie and Gower 1958; Bar­
nett 1962; Sokal and Huber 1963; Bartlett, Gower, 
and Leslie 1960; Leslie 1962; Niven 1967; Mertz 
and Davies 1968). 

Most laboratory studies have considered only un­
stable associations in which one species always 
"wins" by driving the other to extinction. This tra­
dition produced the "competitive exclusion princi­
ple," which was first suggested by Gause ( 1934:19, 
45 f) and has even risen to the status of being called 
"Gause's axiom" (Slobodkin 1962). The period of 
coexistence can be prolonged by increasing the com­
plexity of the environment (Huffaker 1958, pred­
ator-prey systems), or may be stabilized if each 
species has a refugium in which it has a competitive 
advantage (Frank 1957). 

The observation that natural communities are di­
verse and stable for long periods of time poses the 
question of what limits the similarity of coexisting 
species. Many field ecologists have studied a sym­
patric pair of species with superficially similar ecol­
ogies, frequently congeners, by observing their feed­
ing and microhabitat requirements until they discover 
"the differences that permit coexistence." 

Ecologists have long realized the value of experi­
mentation in the field (Clements and Weaver 1924, 
Gause 1936, Nicholson 1954, Murdoch 1970, St. 
Amant 1970), hut there have been few well-designed 
experiments that used the theory and techniques of 
classical laboratory ecologists to assay the impor­
tance of competition and predation in the organiza­
tion of natural communities. Connell (1961a), in a 
pioneering study, concluded that upper limits of in­
tertidal invertebrates are set by physical factors, 
but that lower limits are set by biotic ones, such as 
competition for space. Eisenberg (1966, 1970) dem­
onstrated that the availability of high-quality food 
may regulate the size of populations of the pond 
snail Lymnaea elodes. Paine (1966, 1969) demon­
strated that a top predator (Pisaster) mediated com­
petition for space among marine invertebrates. Wil­
bur (1971a) discussed the role of competition in 
maintaining the coexistence of the salamander Am­
bystoma laterale and its sexual parasite, A. tremblayi. 

My study uses an experimental approach to assay 
the importance of competition among three species 
of aquatic salamander larvae in the organization of 

temporary pond communities. The effect of a pred­
ator, and an alternate food source for the predator, 
on the structure of the community of smaller sal­
amanders is examined. The community is tested for 
ecological saturation by adding a foreign species, 
which occurs south of the study area. 

Most ecologists require a demonstration that a re­
source is in short supply before an interaction be­
tween species can be termed competitive (Milne 
1961). The assumption that aquatic salamander pop­
ulations are limited by their food supply has not 
been directly tested by manipulating the densities of 
prey populations. The examination of stomach con­
tents (unpublished data) and the effect of population 
density on body size at metamorphosis support this 
assumption. A more operational description of the 
relationship between two species is to define the re­
lationship as competition if the two species have 
adverse effects on one another, mutualism if both 
species have a positive effect on one another, and 
predation or parasitism (depending on the biology of 
the mechanism) if one species benefits from the 
association at the expense of the other species. This 
approach defines the relationship between two spe­
cies by the sign of their interaction coefficients, which 
permits simple statistical tests for identifying rela­
tionships between species in communities. 

The amphibian community of temporary ponds 
in southeastern Michigan consists of four salaman­
ders of the genus Ambystoma and the frog Rana 
sylvatica. The genus Ambystoma contains four spe­
cies groups. Three of the species used in the study: 
A. laterale, A. tremblayi, and A. maculatum, are in 
the Maculatum group, primarily an eastern group of 
woodland forms. The fourth species in the study area, 
A. tigrinum, is in the Tigrinum group. This group 
evolved in the American Southwest and invaded the 
northern part of its present range in the early Plio­
cene (Tihen 1958). The present distributions of the 
four species include an area of sympatry in northern 
Ohio and southern Michigan. The present amphibian 
fauna of Michigan has probably been stable for the 
last 4,000-5,000 years (Smith 1957, Zumberg and 
Potzer 1955). Within the area of sympatry, A. macu­
latum, A. laterale, and A. tremblayi and the frog 
Rana sylvatica frequently occur in the same ponds. 
A. tigrinum is often found alone. The literature of the 
natural histories of these species is reviewed in Wil­
bur (1971a,b). 

METHODS AND MATERIALS 

The study was conducted on the University of 
Michigan's Edwin S. George Reserve, a 513-ha field 
station 7.2 km west of Pinckney in south-central 
Livingston County, Michigan. Extensive descriptions 
of the history and ecology of the Reserve can be 
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found in Rogers (1942), Cantrall (1943), Cooper 
(1958), and Wilbur (1971b). 

During 1970 field experiments were used to in­
vestigate the structure of the amphibian community 
in woodland ponds. All experiments were conducted 
in Burt Pond, a permanent pond near the center of 
the Reserve, which has been described by Young 
and Zimmerman (1956), Mitchell (1964), Botzler 
(1967), Brockelman (1969), and Wilbur (1971b). 
Burt Pond is surrounded by an oak-hickory woodlot 
except for the southeastern end, which opens into a 
tamarack bog. The pond receives water from a seep­
age area along its northern margin and from George 
Pond, a smaller pond about 100 m to the north. Burt 
Pond was dredged and dammed in 1942. The max­
imum depth is 1.25 m, the surface area is 2,655 m2, 
and the volume is about 2,112 m3 • The pond over­
flows in the early summer, but by late August the 
water has receded to expose a strip of rich muck 
about 3 m wide on the southern side and 1-2m wide 
on the northern side. The pH is slightly acidic (6.4-
6.8) in early May, but it becomes neutral by late 
June (Botzler 1967). Since 1963 the bottom of the 
permanent portions of the pond has been covered 
by a solid bed of Chara (Mitchell 1964). Predators 
that ambush prey ( odonate naiads, Ranatra, Letho­
cerus, etc.) hunt in the Chara so that few areas of 
the pond are accessible only to swimming predators. 
The littoral areas have a mixture of Chara, Cerato­
phyllum, and Potamogeton berchtoldii and emergent 
vegetation of Leersia oryzoides, Sagittaria latifolia, 
and Eleocharis erythropoda. By mid-June about half 
of the surface is covered by Lemna minor and fil­
amentous algae. This mat is shifted by the wind so 
that only the cove at the western end of the pond 
is constantly covered. The mat retains heat in the 
afternoon by buffering the effect of cooling winds 
(Young and Zimmerman 1956). Burt Pond sup­
ported populations of Lepomis macrochirus, Microp­
terus salmoides, and Pimephales notatus (R. M. 
Bailey, personal communication) until a winter kill 
in 1961-62 (Mitchell 1964). The highest trophic 
level is now composed of reptiles, amphibians, large 
insects, and leeches. During the summer of 1970 a 
large adult (carapace length of 30 em) and several 
juvenile Chelydra serpentina, an adult Natrix sipedon, 
and about 30 Chrysemys picta were resident. Car­
nivorous insects large enough to capture young Am­
bystoma larvae included Lethocerous americanus, 
Belostoma sp., Notonecta undulata, and Ranatra 
fusca. The leech Batrachbdella picta was a common 
parasite on both adults and larval Ambystoma. Other 
leeches in the pond include Macrobdella decora, 
Erpobdella punctata, Placobdella hollensis, P. para­
silica, P. pappillifera, and Helobdella papillata (Saw­
yer 1968). The newt Notophthalmus viridescens is 
also common. The anuran fauna consists of lar~e 

populations of Bufo americanus, Rana clamitans, and 
Hyla versicolor. Rana catesbiana and R. pipiens are 
present in low densities. There is a large population 
of Ambystoma tigrinum in the pond, which was esti­
mated in June 1970 by Bailey's (1952) triple-catch 
method as 1,759 ± 1,500 (sE) larvae. Larval A. la­
terale and A. tremblayi were occasionally taken. 
There are no records of A. maculatum in the pond. 

The experimental populations were retained in 
"pens" with external dimensions of 60 by 60 by 
240 em constructed with 5 by 5 em fir frames and 
fiberglass window screening (7 meshes per em). Lids 
were made of the same screening to exclude aerial 
predators. Kingfishers Megaceryle alcon and black­
birds, Quiscalus quiscula and Agelaius phoeniceus, 
forage along the pond margins, and raccoons Pro­
cycon lotor nightly patrol the edge of the pond. The 
pen bottoms were made of steel-reinforced plastic 
sheeting to provide a solid substrate. Some of these 
pens were also used by Brockelman (1969), Wilbur 
(1971a), and DeBenedictis (1970:11, see photo­
graph). The screening excluded large invertebrate 
predators but permitted circulation of water and the 
entry of food species. 

On May 2 and 3, 1970, all eggs of one species 
were mixed in two pans to assure a heterogeneous 
foundation for each experimental population. This 
mixing randomized both genetic effects and the dates 
of laying of the different clutches. The experimental 
populations were drawn from these mixtures and 
recounted before introduction into the pens. Each 
experimental treatment was represented once in each 
of two "blocks" of pens. Treatments were assigned 
to pens by a separate random procedure for each 
block. Each of the source ponds from which eggs 
were obtained contained all four species of Amby­
stoma and Rana sylvatica. The developmental stage 
of the stock at the time of introduction on May 4 
varied from advanced tail-bud embryos to day-old 
hatchlings. All experiments were run simultaneously. 

Each pen was examined for transformed juveniles 
every 2 days from 50 days after introduction of the 
populations (June 23) until day 70 (July 13), then 
every third day until day 173 (October 24). The 
pens were checked between 0600 and 0900 EST in 
order to capture the salamanders before they re­
treated to the water as the sun warmed boards, 
which had been placed at the inshore end of the 
pens on day 40 (June 13). All amphibians under the 
boards were collected. This ecological definition of 
metamorphosis is unambiguous and uses the same 
criterion for both frogs and salamanders. At meta­
morphosis salamanders have reduced gill stubs and 
the rudiments of adult pigmentation patterns; frogs 
have reduced tails. Both forms have suspended 
feeding. 

Animals were identified and anesthetized in chloro-
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tone within an hour of capture. Salamanders from 
pens containing both A. laterale and A. tremblayi 
were identified by blood samples as described in 
Wilbur ( 1971b). The wet weight and body length 
of each animal were measured before it was fixed, 
individually tagged, and stored in formalin. The wet 
weights of towel-dried specimens were determined to 
0.001-g precision. Subsamples of each species were 
dried over silica gel at 35°-45° C for 24 hours and 
then stored for an additional 24 hours over calcium 
chloride before weighing. This treatment assured a 
constant dry weight for even the largest specimens 
of A. tigrinum. All specimens are deposited in the 
amphibian collections of the University of Michigan 
Museum of Zoology. Listings of the composition of 
each population, the number of individuals that trans­
formed, their body lengths; weights, and larval pe­
riods, and copies of all statistical analyses are in the 
library of the Division of Reptiles and Amphibians, 
Museum of Zoology. 

Analysis of three simultaneous measures of com­
petitive ability in systems with as many as five spe­
cies is complex. One measure, survivorship, is a 
characteristic of the population. The other two mea­
sures, body weight and larval period, are character­
istics of individuals. A reductionist approach was 
used in the analysis. First, single-species populations 
were examined, then all pairs of species, and finally 
the three-species communities were analyzed. Insight 
into the biological mechanisms regulating the com­
munity was obtained at each step of this progressive 
increase in the complexity of the analysis. Lewontin 
(1968) commented that this reductionist approach 
has been of paramount importance to molecular 
biologists but is virtually untouched by evolutionary 
ecologists. The assumptions of my approach are that 
the larval stage is the period in which the diversity 
of salamanders is regulated and that the most com­
plex level of the analysis is a reasonable approx­
imation of nature, which is tantamount to saying that 
the field enclosures and randomized design represent 
an adequate sample of the pond. However, as Gause 
( 1934: 120) warned, "we may be told that after we 
have 'snatched' two components out of a complex 
natural community and placed them under 'artificial' 
conditions we shall certainly not obtain anything 
valuable and shall come to absurd conclusions." 

Each of the measures of competitive ability is 
assumed to be associated with Darwinian fitness, the 
expectation of the contribution of an individual to 
future generations. The demonstration of the rela­
tionship between these measures of competitive abil­
ity and the actual fitness would require following 
individual salamanders from the time of metamor­
phosis until at least their first breeding. 

Most amphibians breed at a certain size rather than 
at a specific age (Tilley 1968). A large body size, 

relative to conspecifics, is assumed to be advanta­
geous because it would increase the probability of 
breeding at an early age. In temporary pond habitats, 
an early metamorphosis is an escape from the in­
vertebrate predators and parasites in the ponds. An 
early metamorphosis is also an escape from the in­
creasing food shortage when prey populations crash 
during the summer as ponds shrink. In exceptionally 
wet years the ponds may retain water and support 
large populations of invertebrates throughout the 
summer. However, the annual rainfall in southern 
Michigan is virtually never greater than 125% of 
the average (Visher 1954). In the wet years it would 
be advantageous for salamanders to remain in the 
ponds if they are growing at a faster rate than they 
would in a terrestrial habitat (C. R. Shoop, personal 
communication). Survivorship per se is always ad­
vantageous, but it is a measure of the probability 
that a given individual in a population will live to 
metamorphosis. 

The distributions of the lengths of the larval pe­
riod and the body weights at metamorphosis were 
examined in each population. Tests of skewness and 
kurtosis were made on the larger samples. These two 
measures did not deviate significantly from normal 
distributions within populations. Within species the 
variances of body weights and larval periods were 
not correlated with the population means. Survivor­
ship was always computed as the percentage of the 
individuals introduced that survived. This percentage 
survivorship was transformed to the arcsine of its 
square root for all parametric analyses (Bartlett 
1947). 

COMPETITION AMONG THE MACULATUM 

SPECIES-GROUP 

The three species of the Macula tum group: A. 
laterale, A. tremblayi, and A. maculatum, were 
raised at all combinations of three initial densities of 
each species: 0, 32, and 64. This 3 X 3 X 3 factorial 
design for variance analysis has 26 treatments per 
replicate (the treatment of 0 + 0 + 0 was not used) . 
The treatments were randomly assigned to pens sep­
arately within each block. The full design included 
two replications of three species, each at three densi­
ties. The outcome was judged by three measures of 
competitive ability. The 3 X 3 X 3 X 3 X 2 dimen­
sionality of the data matrix is difficult to interpret. 
Therefore, a stepwise approach was used in the anal­
ysis. First, all pens that contained only one species 
were analyzed; within this analysis each measure of 
competitive ability was studied. Then all two-species 
systems were analyzed. Finally the pens with all three 
species were studied. Each of these analyses used 
separate portions of the data for independent com­
parisons of the species to determine the effect of in­
creasing the complexity of the community. The re-
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TABLE 1. Comparison of the species in the Maculatum 
group in single-species systems 

A. /atera/e A. tremb/ayi A. macu/atum 

Initial density per pen 32 64 32 64 32 64 
Number survivors (both 

blocks) 21 55 39 80 40 29 
Percentage survivorship 33% 42% 62% 63% 63% 22% 
Mean body weight (g) 0.940 0.639 0.792 0.774 0.989 1.054 
Mean larval period (days 

from hatching) 87 94 81 92 95 91 

TABLE 2. Analysis of variance in body weight of Macu­
latum group in single-species systems 

Source df M.S.• F p 

Species differences 2 1.335 15.837 <0.001 
Density of conspecifics 1 0.389 4.620 <0.050 
Species X conspecifics 2 0.595 7.061 <0.001 
Error 258 0.084 

aMean square. 

suits from the two blocks were always pooled before 
the analysis to avoid missing values in four of the 
three-species treatments, which had no survivors of 
one of the species in one replicate. 

Single-species systems 

Four pens for each species were used at the first 
level of the analysis. Within each of the two blocks 
the species were raised alone at initial densities of 
32 and 64. The data for all three species (12 pens) 
were used in the analysis of each measure of com­
petitive ability. Table 1 compares the survivorship, 
mean body weight at metamorphosis, and the mean 
length of the larval period of each species. This anal­
ysis used a 3 X 2 factorial design with unequal sub­
class numbers to test the effects of species differences, 
the density of conspecifics, and the interaction be­
tween these two main effects. 

The greatest difference between the species is the 
body weight at metamorphosis (Table 2). The order 
of the species by increasing body sizes at the low 
density was A. tremblayi, A. laterale, and A. macu­
latum, but at the high density the order was A. 
laterale, A. tremblayi, then A. maculatum. This re­
sulted from the strong response of A. later ale to the 
density of conspecifics. 

The length of the larval period was analyzed with 
the same design as for the body weight analysis. The 
only significant term ·was the interaction between the 
species difference and the density of conspecifics 
(F2, 258 = 3.652, P < 0.05). The order of the spe­
cies, with respect to increasing length of larval pe­
riod, was A. tremblayi, A. laterale, and A. macu­
latum at the low density, and A. maculatum, A. 
tremblayi, then A. laterale at the high density. A. 
tremblayi had the strongest response to density-

the first suggestion of a difference in adaptations for 
competition among the species. 

The analysis of variance of the survivorship data 
used the transformed survivorship of each popula­
tion from the date of introduction until metamor­
phosis. The observations from each block were 
treated at replicate observations in a 3 X 3 factorial 
design for variance analysis. There were no signif­
icant effects in this analysis. 

In summary, the three species reacted differently 
to an increase in the density of conspecifics. Ambys­
toma laterale increased both the number of survivors 
and the percentage survivorship when the density 
of conspecifics was increased. Presumably, this was 
accomplished by dividing the available food among 
smaller larvae and by increasing the mean larval 
period. The response of A. tremblayi was similar. 
An increase in density resulted in a higher number of 
survivors (but not a significantly higher survivor­
ship) , but each animal was smaller and required a 
longer time to reach metamorphosis. The plastic 
growth rate and variable size at metamorphosis of 
these species are adaptations to the uncertain environ­
ment of temporary ponds. Ambystoma maculatum 
is less plastic. At the high density only a few larvae 
survived, but they were large and had a relatively 
rapid larval period. This suggests that the effect of 
larval density occurred early in the season. The few 
larvae that survived this competition were able to 
exploit the food supply and rapidly grow to a large 
size. 

Two-species systems 

A second set of pens contained all possible pairs 
of species, each at an initial density of 32 or 64. 
These populations were analyzed by a 2 X 2 X 2 fac­
torial analysis of variance in which the factors and 
levels were: species (e.g., A. laterale and A. trem­
blayi), density of species A (32 or 64), and density 
of species B ( 3 2 or 64) . The eight treatment com­
binations for each pair of species were represented 
once in each block. The results from the two blocks 
were pooled before the analysis. 

A. laterale and A. tremblayi 

In the absence of A. maculatum, the eight systems 
with A. laterale and A. tremblayi had a final mean 
composition of 21 A. laterale and 17 A. tremblayi. 
The variance (the mean square of the Euclidean dis­
tances from the final compositions to the mean final 
composition) around this mean was 76. Lewontin 
( 1969) has borrowed the term "temperature" from 
statistical mechanics to describe this variance. This 
term will only cause confusion if it is used in a 
biological context-"the temperature of the system 
varied with the temperature of the environment"­
so I will use "mean square" or "variance" to de-
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TABLE 3. Two-species systems of Ambystoma laterale and A. tremblayi: data summary 

Initial density per pen 
Species A. laterale A. tremblayi 

A. laterale 

A. tremblayi 

32 

64 

32 

64 

32 

64 

32 

64 

32 

64 

32 

64 

scribe the scatter in the final outcomes. The signif­
icance of this outcome is tested by the analysis of 
variance in the survivorships. The variance between 
replicates was large enough to obscure differences 
between all treatment effects; an exception was the 
effect of the density of A. laterale, which caused a 
strong decrease in the survivorship of both species 
(Fl,B = 8.900, P < 0.05). 

The length of the larval period (Table 3) of A. 
laterale was significantly longer than that of A. 
tremblayi in all treatment combinations (F 1, 311 = 
7 .148, P < 0.0 1). The highly significant interaction 
between the densities of the two species (F1 311 = 
10.660, P < 0.005) resulted from a much stronger 
response to increases in the density of competitors 
when the density of conspecifics was also high. This 
nonlinear response to density will be discussed in a 
later section. 

The mean body weight at metamorphosis was a 
sensitive measure of the effect of competition (Table 
3) . The difference between the species was highly 
s~gnificant (Table 4). Both species reduced their body 
SIZe when in competition with either conspecifics or 
with the other species. At all treatment levels A. 
tremblayi had a larger body weight at metamorpho­
sis. At a low density of conspecifics A. laterale was 
strongly affected by A. tremblayi, whereas the effect 
of A. laterale on A. tremblayi was about the same at 
both densities of conspecifics. 

In summary, the three measures of competition 
reflect the species differences that were evident in 
the single-species systems. In general, these differ­
ences were intensified by competition. The diver­
gence was most evident with the addition of com­
petitors at the lower densities of conspecifics. 

A. laterale and A. maculatum 
The eight systems of A. laterale and A. 

latum tended toward a final composition of 
macu-
21 A. 

Mean Mean 
Number of larval body 
survivors Percentage period weight 

(both blocks) survivorship (days) (g) 

37 58% 98 0.608 

60 97% 98 0.556 

46 28% 88 0.518 

31 24% 100 0.573 

32 48% 91 0.724 

61 48% 84 0.612 

22 34% 82 0.732 

31 24% 99 0.630 

TABLE 4. Analysis of variance of body weight of Amby-
stoma laterale and A. tremblayi in two-species systems 

Source df 

Species differences 
Density of A. laterale 
Density of A. tremhlayi 
Species X A. laterale 1 
Species X A. tremhlayi 1 
A. laterale X A. tremhlayi 1 
3-way interaction l 
Error 311 

M.S. 

0.882 
0.010 
0.198 
0.044 
0.210 
0.061 
0.042 
0.023 

F p 

38.121 <0.005 
0.445 
8.567 <0.005 
1.915 
9.069 <0.005 
2.633 
1.798 

laterale and 16 A. maculatum. This poorly defined 
cluster had a mean square of 69. The analysis of 
variance of survivorship had no significant terms, a 
reflection of the high variance between replicates. 

In contrast to survivorship, the length of the lar­
val period and the body weight at metamorphosis 
are sensitive measures of competition (Table 5). 
Ambystoma maculatum had a longer larval period, 
especially at the low density of conspecifics. The 
mean square of the interaction between the species 
differences and the density of A. maculatum was 
greater than the mean square of either of the main 
effects (Table 6). This result is evidence for the 
importance of density-dependent competition coeffi­
cients in the system. An increase in the density of 
conspecifics increased the length of the larval period 
of A. laterale, but it had a mixed effect on A. macu­
latum. Ambystoma maculatum was more sensitive to 
competition with A. laterale at the low density of 
conspecifics. Ambystoma laterale was affected more 
strongly by A. maculatum at the high density of con­
specifics. 

These results are confirmed by the analysis of body 
weight (Tables 5 and 6). Ambystoma maculatum 
has a larger body size. Both species have a strong 
effect on the other species, but there is not usually 
a strong divergence in the characteristics of A. late-
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TABLE 5. Two-species systems of Ambystoma laterale and A. maculatum: data summary 

Mean Mean 
Number of larval body 

Initial density per pen survivors Percentage period weight 
Species A. laterale A. maculatum (both blocks) survivorship (days) (g) 

32 40 62% 91 0.589 
32 

64 26 
A.laterale 

39% 88 0.766 

32 67 52% 102 0.484 
64 

64 33 26% 117 0.473 

32 15 24% 125 0.614 
32 

64 40 31% 105 1.119 
A. macu/q,tum 

32 34 53% 91 0.734 
64 

64 41 29% 112 0.681 

TABLE 6. Analyses of variance of larval period and body weight of Ambystoma laterale and A. maculatum in two­
species systems 

Larval period (days) Body weight (g) 

Source df M.S. F 

Species differences 1 4605 9.614 
Density of A. laterale 1 774 1.615 
Density of A. maculatum 1 652 1.361 
Species X A. laterale 1 430 0.899 
Species X A. maculatum 1 17767 37.093 
A. /atera/e X A. maculatum 1 12979 27.096 
3-way interaction 1 2304 4.810 
Error 288 479 

rale and A. maculatum when in competition, com­
pared to when they are in single-species populations. 
As in the analysis of larval period, there is a highly 
significant interaction between the densities of the 
two species. 

Ambystoma tremblayi and A. maculatum 
The eight systems with only A. tremblayi and A. 

maculatum had a mean outcome of 18 A. tremblayi 
and 20 A. maculatum. The mean square was 70, 
which was due as much to differences within treat­
ments as between treatments. 

Ambystoma maculatum had a significantly longer 
larval period than A. tremblayi (Tables 7 and 8). 
Both species increased the length of their larval 
period at high densities of either conspecifics or 
competitors. The two species reacted differently to 
increases in the density of A. maculatum. Ambys­
t6ma tremblayi was less affected than A. maculatum. 

The results of the analysis of body weight are 
similar to those for the analysis of the length of the 
larval period (Tables 7 and 8). Ambystoma macu­
latum had a significantly larger body size and a 
stronger response to an increase in the density of 
conspecifics. Both species decreased their body size 

p df M.S. F p 

<0.005 1 2.753 46.140 <0.005 
1 1.506 25.245 <0.005 
1 2.014 33.744 <0.005 
1 0.320 5.371 <0.050 

<0.005 1 0.024 0.409 
<0.005 1 2.192 36.740 <0.005 
<0.050 1 0.541 9.074 <0.005 

288 0.050 

in the presence of competition, but the significant 
interactions between the densities of the two species 
and the differences between species confuses the 
analysis. 

Ambystoma tremblayi and A. maculatum are sig­
nificantly different with respect to their body weights 
and the lengths of their larval periods, but they re­
spond to density in similar ways. There is no evi­
dence for divergence in the characteristics of the two 
species together compared to when they are in single­
species populations. 

In summary, the analyses of each pair of species 
have shown that differences between species have 
been maintained or even magnified by competition. 
Each species competes significantly with all other 
species and, in most cases, the first-order interaction 
coefficients are not constants but functions of den­
sity. 

Three-species systems 
The third set of pens initially contained either 32 

or 64 individuals of each species. In several of the 
pens either one or two of the species were eliminated; 
this result was considered a valid experimental out­
come. The eight treatment combinations were repli-
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TABLE 7. Two-species systems of Ambystoma tremblayi and A. maculatum: data summary 

Mean Mean 
Number of larval body 

Initial density per pen survivors Percentage period weight 
Species A. o:emblayi A. maculatum (both blocks) survivorship (days) (g) 

32 37 58% 81 0.768 
32 

64 52 81% 94 0.683 
A. tremblayi 

32 28 22% 97 0.635 
64 

64 31 24% 99 0.586 

32 30 47% 94 1.001 
32 

64 57 45% 112 0.709 
A. maculatum 

32 25 39% 97 0.774 
64 

64 51 40% 122 0.866 

TABLE 8. Analyses of variance of larval period and body weight of Ambystoma tremblayi and A. maculatum in 
two-species systems 

Larval period (days) Body weight (g) 

Source df M.S. F 

Species differences 1 13549 19.071 
Density of A. tremblayi 1 5409 7.613 
Density of A. maculatum 1 15132 21.298 
Species X A. tremb/ayi 1 297 0.418 
Species X A. maculatum 1 3737 5.261 
A. tremblayi X A. maculatum 1 33 0.047 
3-way interaction 1 1641 2.310 
Error 303 710 

cated in each block, but the results were pooled be­
fore the analysis. Since each species was represented 
at least once for each treatment combination, the 
pooling of replicates circumvented the need for spe­
cific techniques to evaluate the designs with missing 
cells and permitted a direct comparison between the 
analyses of all levels of complexity. Again, the fol­
lowing analyses are based only on the pens that 
initially contained all three species; therefore, the 
results are statistically independent of the single­
species and two-species systems. But the experimen­
tal error and environmental component of variation 
are the same for all levels of the analysis because all 
pens were randomized together within the blocks. 

The final outcomes of the 16 three-species systems 
have a center at 12 A. laterale, 17 A. tremblayi, and 
11 A. maculatum. The mean square of this cluster is 
36. As in the two-species systems, the variance be­
tween replicates was high. The sole significant term 
in the analysis of variance of survivorship is the in­
teraction between the density of A. laterale and the 
density of A. maculatum (F1 , 24 = 3.604, P < 0.05), 
which is due to the high survivorship of A. laterale 
and A. tremblayi in the pens with 32 A. laterale and 
32 A. maculatum regardless of the density of A. 

p df M.S. F p 

<0.005 1 2.048 54.683 <0.005 
<0.010 1 0.403 10.764 <0.005 
<0.005 1 0.496 13.237 <0.005 

1 0.111 2.968 
<0.050 1 0.019 0.519 

1 0.789 21.068 <0.005 
1 0.536 14.309 <0.005 

303 0.037 

tremblayi. The mechanism of this result is not ob­
vious; probably little biological significance should 
be attached to this inconsistent result among the 45 
comparisons that were made. 

The mean lengths of the larval periods of the three 
species (Table 9) were significantly different (F 2 , 524 

= 12.755, P < 0.001), as expected from the analyses 
of the two-species systems. The order of the species 
according to the lengths of their larval periods is 
also predicted: A. tremblayi, A. laterale, and A. 
maculatum. As the density of A. maculatum in­
creased, A. later ale and A. tremblayi lengthened 
their larval periods (F1, 524 = 4.970, P < 0.05). But 
A. maculatum was not significantly affected by its 
own density. 

The body weight at metamorphosis was a more 
sensitive measure of the effect of competition (Table 
9). Again species were significantly different (Table 
10) ; A. laterale was smaller than A. tremblayi, and 
both were smaller than A. maculatum. The densities 
of A. laterale and A. tremblayi significantly affected 
the system both as main effects and in their inter­
action at the low density of A. latera/e. Ambystoma 
maculatum was important in the system only through 
its interaction with A. laterale and A. tremblayi. The 
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TABLE 9. Three-species systems of the Maculatum group: data summary 

Mean Mean 
Initial density of competitors PeJ;"Centage survivorship larval period (days) body weight (g) 

A. laterale A. tremblayi A. maculatum A./. A.t. 

32 34% 42% 
32 

64 17% 21% 
32 

32 44% 59% 
64 

64 7% 14% 

32 41% 19% 
32 

64 42% 7% 
64 

32 34% 21% 
64 

64 6% 10% 

Grand means 26 22 

TABLE 10. Analysis of variance of body weight of the 
Maculatum group in three-species systems 

Source df M.S. F p 

Species~differences 2 1.112 26.742 <0.001 
Density of A. laterale 1 0.497 11.953 <0.001 
Density of A. tremblayi 1 0.820 19.731 <0.001 
Density of A. maculatum 0.091 2.191 
A.flaterale X A. tremblayi 0.309 7.436 <0.010 
A. latera/e X A. maculatum 0.219 5.257 <0.050 
A. tremblayi X A. maculatum 0.591 14.227 <0.001 
SpeciesJx A. latera/e 2 0.100 2.414 
Species X A. tremblayi 2 0.063 1.518 
Species X A. maculatum 2 0.003 0.071 
Sp. X!A. lat. X A. trem. 2 0.072 1.737 
Sp. X A. lat. X A. mac. 2 0.014 0.338 
Sp. X A. trem. X A. mac. 2 0.117 2.822 
A. lat. X A. trem. X A. mac. 1 0.002 0.045 
4-way interaction 2 0.114 2.735 
Error 524 0.042 

insignificance of the interactions involving species 
differences implies that there are no strong differences 
in the effect of one species on another. The signif­
icant two-way interactions between each pair of spe­
cies in the system implies that competition is a func­
tion of the total number of salamanders in the 
system, and is not greatly influenced by the initial 
configuration of the system (e.g., 32-32-64, 32-64-
32, or 64-32-32). This result is consistent with the 
strong similarity of the ecologies of the three species. 

Community complexity and stability 

The value of the stepwise approach is two-fold: 
by proceeding from the simple to the complex, in­
tuition is accumulated that can be used to suggest 
mechanisms that integrate the whole community. We 
can further ask if the three-species system has emer­
gent properties that could not be predicted from 
separate analyses of the subsystems. For example, 
in proceeding from the one-species to the two-species 
systems, the effects of species were not additive. The 

A.m. A .I. A.t. A.m. A.l. A.t. A.m. 

14% 97 78 98 0.686 0.652 0.972 

9% 92 90 98 0.817 0.866 0.972 

24% 97 78 110 0.575 0.596 0.854 

8% 95 90 110 0.411 0.428 0.968 

1% 89 83 108 0.494 0.685 0.807 

51% 104 105 107 0.606 0.634 0.762 

6% 99 88 100 0.697 0.647 0.821 

13% 111 95 109 0.415 0.479 0.658 

13 98 88 105 0.587 0.623 0.851 

impact of a competing species depended on the den­
sity of conspecifics. The importance of this non­
linearity was measured by the interaction between 
the density of conspecifics and the density of com­
petitors in the analyses of variance (Tables 2, 4, 6, 
8, 10) . Response surfaces were construced from the 
data for the complete design (Fig. 1). These sur­
faces display the interactions between the densities 
of competing species. The systems without signif­
icant interaction terms have smooth responses to den­
sity. For example, A. tremblayi has an even response 
in body weight to increasing densities of both A. 
laterale and A. maculatum. The response to A. macu­
latum is greater as shown by the relative slope of the 
surface. But A. later ale has an uneven response 
to the density of the other species. As the densities 
are increased from 0 to 32 there is a sharp decrease 
in the body weight of A. laterale in the low-density 
pens. An addition of 32 more larvae of either species 
does not have a striking effect; but, if the densities 
of both species are increased to 64, there is another 
sharp reduction in the body size of the 32 A. latera/e. 
This is the kind of interaction that contributed to the 
A. tremblayi X A. maculaum interaction in Table 5. 
The response of the low-density population of A. 
laterale was different from the response of the high­
density population. This is the kind of difference 
that contributed to the A. laterale X A. tremblayi 
and A. laterale X A. maculatum components of Table 
5. The species X A. maculatum interaction resulted 
from differences such as the contrast between the 
response of A. laterale and the response of A. trem­
blayi to the same increases in the density of A. ma­
culatum. The highly significant interactions cause 
twisted and folded surfaces, such as the A. macu­
latum body-weight diagrams. 

These nonlinearities can also be examined by an­
alyzing the trajectories of the species compositions 
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FIG. 1. Body-weight response surface for full design. Vertical axes represent mean body 
weights (grams) of all survivors in both replicate populations of species with low (32) or 
high (64) initial densities. The horizontal axes are the densities of competing species (0, 32, 
or 64) . Smooth surfaces indicate additive interaction coefficients; complex surfaces indicate 
density-dependent responses. The relative amount of competition between species is measured 
by the symmetry of the surfaces. 
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of the systems from the start to the conclusion of 
the experiment. The trajectories of the systems dem­
onstrated a tendency to converge on a mean com­
position. A linear relationship between the mean 
squares of the final states of the systems and the 
number of species in the systems is expected if the 
effects of species on each other are additive. Because 
the mean square is the sum of the Euclidean dis­
tances of each pen's composition to the mean com­
position, by definition the mean square v2 is 

s 
v2 = (1/[N- 1]) I: 

j~l 

N 
I: (xj-xij)2 
i=l 

in which x1 is the mean size of the population of 
species j, S is the number of species in the com­
munity, and N is the number of experimental sys­
tems. In Fig. 2 the mean squares of all systems are 
plotted against the number of species in the commu­
nities. There is a point for each species raised alone 
(N = 4), a point for each pair of species (N = 8), 
and a point for all three-species systems (N = 16). 
By inspection the curve is decreasing. The three-spe­
cies systems have a lower observed mean square than 
would be expected from the lower-order systems. 
This conclusion is robust due to the increased de­
grees of freedom associated with each point, a con­
sequence of the factorial property of the experimen­
tal design. 

Frequently the higher-order interactions are as im­
portant as the main effects. This result means that 
competition among salamander larvae is not a simple 
additive process that is a function of the total num­
ber of larvae in the community, but it is a complex 
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FIG. 2. Relationship between the mean square of the 
final compositions and the number of species in the 
systems. 

interaction between the proportions as well as the 
abundances and identity of the species. 

The relationship between complexity and stability 
has been discussed but rarely demonstrated in ecol­
ogy (MacArthur 1955; Odum 1959, 1962; Leigh 
1965). Hairston et al. (1969) found no relationship 
between diversity and stability within trophic levels 
of bacteria-protozoa systems. The relationship be­
tween climatic stability and tropical diversity has 
been widely discussed (see review by Pianka 1966), 
but the evidence for a return to a steady state after 
perturbations is scant. The salamander community 
is highly interactive, making the outcome of complex 
communities less variable than the outcome of sim­
ple communities. 

THE ROLE OF PREDATION 

Predation is less frequently studied than competi­
tion as an organizing mechanism in communities. The 
power of predation to organize communities has 
been demonstrated by Paine ( 1966, 1969, and see 
Spight 1967), Murdoch (1969), and Connell 
(1961b) in marine communities; by Hutchinson 
(1961), Brooks and Dodson (1965), Brooks (1968), 
and Maguire, Belk, and Wells (1968) in freshwater 
communities; and suggested by Hairston, Smith, and 
Slobodkin (1960) in terrestrial communities. 

Methods 

The second experiment manipulated the trophic 
levels adjacent to the secondary carnivore level oc­
cupied by the Maculatum group. In some years 
Ambystoma tigrinum larvae feed almost exclusively 
on smaller amphibian larvae. On June 20, 1968, 16 
A. tigrinum larvae were caught in the Southwest 
Woods Pond on the George Reserve. Their snout­
vent lengths ranged from 39 to 57 mm. A total of 
nine Rana sylvatica and seven Ambystoma tadpoles 
were found in 13 of the stomachs. The other three 
stomachs contained odonate nymphs, culicid larvae 
and pupae, Chaoborus larvae, and dytiscid larvae. 
There is no a priori reason to predict ecological in­
teractions between R. sylvatica tadpoles and the Ma­
culatum group (A. laterale, A. tremblayi, and A. 
maculatum) except indirectly through the complex 
food web (Fig. 3). 

A system of 16 eggs of each species in the Macu­
latum group was the object of a 2 X 2 factorial ex­
periment. The four combinations of A. tigrinum (0 
or 5) and R. sylvatica (0 or 300) were introduced 
on May 2-3, 1970, into pens that were randomized 
within the blocks of the competition experiment. 
This randomization permitted the generalizations of 
one experiment to apply to the other. All eggs were 
from matings between animals from the Large West 
Woods Pond on the George Reserve, which contains 
populations of all five species. All of the A. tigrinum 
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TABLE 11. Effects of Ambystoma tigrinum and Rana sylvatica on the Maculatum group: data summary 

Percentage Mean larval Mean body 

Initial density 
survivorship period (days)• weight (g) 

per pen Density of A. tigrinum Density of A. tigrinum Density of A. tigrinum 
Species Rana sy/vatica 0 5 0 5 0 5 

0 69% 59% 94 (22) 76 (19) 0.814 0.661 
A. /aterale 

300 59% 3% 98 (19) 126 (1) 0.746 0.793 

0 56% 38% 
A. tremblayi 

74 (18) 74 (12) 0.826 0.771 

300 38% 3% 93 (12) 92 (1) 0.773 1.403 

0 50% 
A. maculatum 

28% 77 (16) 86 (9) 1.086 1.061 

300 12% 22% 110 (23) 107 (7) 0.940 1.328 

•The number of survivors from both blocks is in parentheses; all species of the Maculatum group had an initial density of 16 hatchlings per pen. 

TEMPORARY POND FOOD WEB 

Amphipoda 
Ostracoda 
Corlxidae 

Perlphyton 

Notophthalmua 
Vlridescens 

FIG. 3. Temporary pond food web. The feeding rela­
tionships are based on observations and collections in 
the Southwest Woods Pond, E. S. George Reserve. 

eggs were from one female to avoid introducing an 
age structure into the small population of predators. 

Results 
All three species of the Maculatum group had a 

reduced survivorship (F1, 12 = 6.066, P < 0.05) when 
raised with A. tigrinum (Table 11). The presence of 
A. tigrinum did not change the length of the larval 
period of the Maculatum group, except as a com-

TABLE 12. Analysis of variance of body weight of the 
Maculatum group in communities with Ambystoma 
tigrinum and Rana sylvatica 

Source df M.S. F p 

Species differences 2 0.681 18.775 <0.001 
Density of A. tlgrlnum 1 0.253 6.985 <0.010 
Density of R. sylvatica 1 0.214 5.900 <0.050 
Species X A. tigrlnum 2 0.180 2.966 
Species X R. sylvatica 2 0.075 2.075 
A. tigrlnum X R. sylvatlca 1 0.616 16.993 <0.001 
Species X A. tlgrlnum X R. 

sylvatlca 2 0.050 1.379 
Error 147 0.036 

ponent of the three-way interactions (F2, 147 = 3.235, 
P < 0.05). In the absence of R. sylvatica, A. tigrinum 
reduced the body size, but in the presence of R. syl­
vatica, A. tigrinum increased the body size of the 
Maculatum group (Tables 11 and 12). R. sylvatica 
significantly increased the larval period by as much as 
50 days (F1, 147 = 22.128, P < 0.05). 

A critical question is whether A. tigrinum acted as 
a predator or a competitor and if R. sylvatica had 
an effect on the Maculatum group in the absence of 
A. tigrinum. The reduced survivorship and the in­
creased body size of the Maculatum group support 
the hypothesis of the predatory action of A. tigrinum. 
The analysis of body size suggests that R. sylvatica 
reduced the amount of food available to the Macu­
latum group by cropping primary production, which 
is the food base of the invertebrates that are eaten 
by the salamanders (Fig. 3). R. sylvatica reduced the 
effect of predation by A. tigrinum. This result con­
firms the observation that R. sylvatica is the pre­
ferred food of A. tigrinum in natural ponds. 

The causal mechanisms regulating the amphibian 
community are more evident in the analysis of the 
effects of the experiment on the R. sylvatica and A. 
tigrinum populations. The small sample sizes of A. 
tigrinum preclude statistical verification of conclu-
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TABLE 13. Effects of the amphibian community on Am­
bystoma tigrinum 

A. tigrinum 

Mean Mean 
larval body 

Initial density per pen Percentage period weight 
Maculatum group Rana sylvatica survivorship (days)• (g) 

0 70% 95 (7) 3.727 
0 

300 20% 102 (2) 11.606 
0 II% 97 (3) 5.783 

16 + 16 + 16 
300 40% 77 (4) 5.982 

•Sample size from both blocks is in parentheses. 

TABLE 14. Effects of the amphibian community on Rana 
sylvatica 

Rana sylvatica 

Mean Mean 
larval body 

Initial density per pen Percentage period weight 
Maculatum group A. tigrinum survivorshipa (days) (g) 

0 11.2% (67) 53 0.194 
0 

9.0% (54) 51 0.186 
0 15.8% (95) 53 0.174 

16 + 16 + 16 
5 0.3% ( 3) 54 0.245 

•Sample size for both blocks is in parentheses. 

sions; therefore, only trends in the data will be men­
tioned. All A. tigrinum larvae were from the same 
clutch so there was no age structure in the popula­
tions. In the absence of vertebrate prey, many small 
A. tigrinum evenly divided the invertebrate resources 
(Table 13). If R. sylvatica was available, A. tigrinum 
had a low survivorship, long larval period, and a 
large body size. A few larvae probably got an initial 
growth advantage and were able to exploit the R. 
sylvatica population. A. tigrinum had a similar re­
sponse to the Maculatum group. When both prey 
types were available, A. tigrinum had a very short 
larval period and a relatively high survivorship. 

Neither A. tigrinum nor the Maculatum group had 
a significant effect on the survivorship or the length 
of the larval period of R. sylvatica tadpoles because 
of the great variation between replicates (Table 14). 
The mean body size of R. sylvatica was significantly 
affected by A. tigrinum, both as a main effect 
(F1, 215 = 4.763, P < 0.05) · and in its interaction 
with the Maculatum group (F1, 215 = 7.523, P < 
0.01). The mean body size of R. sylvatica was re­
duced if either A. tigrinum or the Maculatum group 
was added to the system. However, R. sylvatica in­
creased in body size and reduced its survivorship if 
both were added. In the absence of A. tigrinum, the 
effect of the Maculatum group was to increase the 
survivorship, but decrease the body size, of R. syl­
vatica. The total biomass of frogs increased from 13 
to 16.5 g wet-weight. This suggests that the salaman-

ders were preying on invertebrate herbivores (co­
rixids, cladocerans, gastropods, etc.; see Fig. 3) , 
which compete with R. sylvatica for food. Ambys­
toma tigrinum reduced the total biomass of R. syl­
vatica, probably by predation. In the presence of the 
Macula tum group, A. tigrinum increased its preda­
tion on R. sylvatica because of competition for in­
vertebrate prey with the smaller species of Ambys­
toma. In conclusion, the five species of temporary 
pond amphibians have a complex relationship, which 
involves a mixture of competition and predation 
within and between preconceived "trophic levels." 
The very similar larvae of the Maculatum group 
have complex competitive interactions. There is no 
convincing evidence for predation among this group. 
Ambystoma tigrinum is a predator on all members 
of the Maculatum group if there is an opportunity 
to acquire a size advantage early in the summer, 
perhaps by eating R. sylvatica tadpoles. Ambystoma 
tigrinum preys on invertebrates and is a competitor 
of the Maculatum group if the opportunities to gain 
a size advantage do not occur. The role of R. syl­
vatica in the community as a herbivore and a food 
source for A. tigrinum also reduces the food avail­
able for the Maculatum complex. 

This experiment suggests a possible network of 
biotic relationships that may regulate the entire com­
munity in temporary ponds. Briefly, primary pro­
ductivity is consumed by either invertebrates or frog 
tadpoles. H predation is low, frogs may be food 
limited. Otherwise they are limited by A. tigrinum. 
The invertebrate consumers may be regulated by both 
salamander larvae and invertebrate predators. Beetle 
larvae (Dytiscus, Acilius, etc.) are abundant and may 
be as important as salamanders. The role of leech 
parasitism on amphibians is difficult to evaluate. 
Adult leeches (Batracobdella picta) feed on breeding 
salamanders in April. By late May leech broods are 
leaving their mother's ventral surface and attacking 
amphibian larvae. Very few dead larvae are found 
in the ponds, which suggests that leech parasitism 
may retard growth but is not fatal. This aspect of the 
larval ecology needs further study. 

COMMUNITY SATURATION 

The evidence of the ecology of colonization sug­
gests that communities are ecologically saturated. 
Ecological saturation is operationally defined by in­
troducing a foreign species into a community and 
asking if any of the native species are displaced by 
the invader. If the introduced species does not sur­
vive, saturation has not been demonstrated. The spe­
cies may not have the physiological tolerances de­
manded by the physical environment. Thus, a test for 
ecological saturation must be accompanied by a dem­
onstration of the ability of the species to survive in 
the new environment under reduced competition. 
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TABLE 15. Competition between Ambystoma texanum and the Maculatum group 

Percentage Mean Mean 
Native species Number of survivors• survivorship larval period (days) body weight (g) 

---------- --------

Density A. texanumh Density A. texanum Density A. texanum Density A. texanum 
0 16 0 16 0 16 0 16 

-----------
A. /atera/e 22 20 69% 63% 94 100 0.814 0.516 
A. tremblayi 18 12 56% 38% 74 85 0.826 0.595 
A. maculatum 16 15 50% 47% 77 88 1.086 0.937 

•Sample size from both blocks. 
hTwo A. texanum survived with a mean larval period of 101 days and a mean body weight of 0.491 g. 

There are numerous examples of competitive dis­
placements both planned and accidental. Elton 
(1958), Baker and Stebbins (1965), DeBach and 
Sundby (1963), and MacArthur and Wilson (1967) 
review this literature. Theoretical arguments are pre­
sented by MacArthur and Wilson (1967) and Mac­
Arthur and Levins (1967) and are applied by Orians 
and Horn (1969). 

Methods 
The final experiment added 16 hatchling Ambys­

toma texanum to a community of 16 hatchlings of 
each species in the Maculatum species-group (A. 
laterale, A. tremblayi, and A. maculatum). A. texa­
num was also raised alone at an initial density of 16 
to demonstrate its ability to survive in Burt Pond. 
The three treatments (Maculatum group alone, A. 
texanum alone, and A. texanum with the Maculatum 
group) were replicated and randomized with the 
other experiments. The four species are remarkably 
similar in size (Table 15). 

Ambystoma texanum occurs locally in extreme 
southern Michigan (University of Michigan Museum 
of Zoology [UMMZ] collections) at the northern 
limit of its geographical range. The materials for this 
study were eggs from two females from a population 
about 32 km south of the Reserve in Scio Township, 
Washtenaw County. Ambystoma texanum have been 
collected from this locality since 1942 (UMMZ 
95415). Ambystoma maculatum, A. laterale, and A. 
tremblayi also breed in this pond (Stevan Arnold, 
personal communication), but they have low den­
sities. 

Results 
One of the pens with a population of 16 A. tex­

anum was damaged. No salamanders transformed in 
this pen. It is evident that A. texanum is physiolog­
ically able to live in Burt Pond because 7 of 16 lar­
vae in the replicate pen survived to metamorphosis. 
Only two A. texanum survived when they were 
raised with the Maculatum group; both were in the 
same pen. The A. texanum from the mixed popula­
tion had a smaller body size (0.492 vs. 0.610 g, not 
significantly different, P > 0.05) and a longer larval 

TABLE 16. Analysis of variance of body weights of the 
Macula>_um group in competition with Ambystoma 
texanum 

Source df M.S. F p 

Species differences 2 1.175 40.930 <0.001 
Density of A. texanum 1.262 43.962 <0.001 
Species X A. texanum 2 0.049 1.709 
Error 96 0.029 

period ( 101 vs. 78 days, not significantly different, 
P > 0.05) than the seven survivors from the single­
species population. 

In the presence of A. texanum each species in the 
Maculatum group had a reduced survivorship, but 
the variance between replicates was too great for the 
effect to be significant (Table 15). The presence of 
A. texanum caused a highly significant increase in 
the length of the larval period (F2, 96 = 7.707, 
P < 0.001) and a highly significant reduction in the 
body weight at metamorphosis of the species in the 
Maculatum group (Table 16). There were no sig­
nificant interactions between the species differences 
and the density of A. texanum, indicating that the 
addition of A. texanum to the community equally 
affected A. laterale, A. tremblayi, and A. maculatum. 

In conclusion, A. texanum was able to encroach 
into the community, but it had a low performance 
with respect to all measures of competitive ability. 
If the initial densities of the native species had been 
higher, the introduction of A. texanum may not have 
been successful. This experiment emphasizes the ex­
treme plasticity of the ecology of salamander larvae. 
The addition of a foreign species affected the whole 
community because of the complex interactions be­
tween the species and their differential ability to 
modify growth rates. The concept of a trophic level 
as a resource line that is divided among species into 
discrete "food niches" is too simplistic (MacArthur 
and Levins 1967, Colwell 1969). The resources are 
part of a complex food web with direct and indirect 
connections between species in the same trophic level 
(Fig. 3). 

The ecological plasticity of species and the flex­
ibility of the food web have been noted by field 
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biologists, but not laboratory and theoretical ecol­
ogists. Crowell (1962) studied the niche expansion 
of three species of birds on Bermuda, where there 
is reduced competition from other species. Lack and 
Southern (1949) found a similar niche expansion in 
the birds of Tenerife. Lack (1969) has argued that 
the process of ecological segregation of species may 
be a lengthy process. He compared the tits of Europe 
and North America and concluded that the European 
fauna is more complex because of a longer period 
of evolution. The salamanders are a counter-example. 
Lack attributes complexity of the fauna to perfection 
of niche segregation. The salamander fauna is com­
plex because of the uncertainty of the pond environ­
ment, which precludes extreme specialization. The 
annual variation and the transience of ponds in evo­
lutionary time do not permit the full course of com­
petition. The complexity of the present fauna is due 
to the presence of good years and good ponds for 
each species, rather than a highly refined partitioning 
of a constant set of resources. 

CoNCLUSIONs 

The classical models of laboratory ecologists are 
inadequate for interpreting natural communities. The 
inadequacies of these models were discovered by 
evaluating their assumptions in a complex commu­
nity of predaceous vertebrates living in a changing 
environment. The evaluation .of several assumptions 
of the classical models will be summarized and guide­
lines for constructing suitable models will be out­
lined. 

Models of ecological communities usually are sys­
tems of differential equations. Typically each equa­
tion describes the rate change of one species through 
time as a function of the densities of all the species 
in the community. In its most general form, the 
model of a three-species community would be a sys­
tem. of three simultaneous differential equations: 

dN1 /dt = Nd1 (N1 , N 2, N 3 ) 

dN2/dt = N 212 (N1, N 2, N 3 ) 

dN3/dt = N 3l 3 (N1, N2, N 3) 

in which 11, 12 , and 13 are unspecified functions of the 
initial densities of each species in the community. 
The empirical definition of these functions has been 
the raison d' etre of most laboratory studies. Charles 
Elton, hardly a laboratory ecologist, proposed in a 
presidential address to the British Ecological Society 
( 1949) that the specification of these functions should 
be the goal of all ecology: "The ultimate goal of an 
ecological survey I would suggest is: 'an attempt to 
discover the main dynamic relations between pop­
ulations living on an area.' " Mathematically oriented 
workers have specified the form of the functions by 
intuitively reasonable arguments (Rescigno and Rich­
ardson 1965, Kerner 1957, Rescigno 1968, Coutlee 

and Jennrich 1968); other ecologists have used more 
empirical arguments (Lotka 1932, Volterra 1928, 
Gause and Witt 1935). The Lotka-Volterra formula­
tion has been a useful model for laboratory ecol­
ogists (Gause 1934; Miller 1964, 1967; Vandermeer 
1969), and has been used as a model for evolutionary 
arguments (MacArthur and Wilson 1967; Hairston, 
Tinkle, and Wilbur 1970). The form of the system 
of equations invented by ,Lotka (1932) in the form 
of the logistic equation 

dN11dt = [r1N 1 (K1- N1 - oc12N2- oc13N3)]/ K1 
dN2/dt = [r2N 2 (K2- N2- oc21N 1 - oc23N 3)]/ K 2 
dN3/dt = [r3N3 (K3- N3- oc31Nl- oc32N2)]/ K3 

has been a popular and intuitively acceptable model 
(Gause 1934, Slobodkin 1962, Levins 1968). 

This model has several implicit assumptions. All 
individuals in the population are considered eco­
logically equivalent to other individuals from the 
moment they enter the population until they leave 
by death or emigration (Slobodkin 1953). The omis­
sion of age structure with its differences in mortality, 
fecundity, and competitive ability has not been se­
rious in applications of the model to laboratory sys­
tems of protozoa (Gause 1934, Vandermeer 1969). 
More complex systems such as flour beetle commu­
nities require more sophisticated models with com­
ponents for age differences and stochastic processes. 
The Lotka-Volterra model also assumes that the ef­
fect of one individual on another is independent of 
density (Smith 1952, Slobodkin 1955). If the system 
of equations describing the behavior of the system 
near its equilibrium point contains density-dependent 
terms ( ocii becomes some function of Ni), then the 
locus of points of no change in the rate of change of 
species i in the N 1, N 2, N 3 space would not be a sys­
tem of three planes, but a complex of curved surfaces 
perhaps with several mutual intersections, each de­
fining possible equilibria of the system. The initial 
abundances of the species would determine the final 
outcome of the community. 

Another assumption of the model is that the com­
peting species have a linear, additive effect on the 
capacity of a species to increase. The form of the 
"drag" terms (K- N)l K in the Lotka-Volterra 
equations assumes that the rate of increase, or de­
crease, of species i is proportional to the remaining 
resources in the habitat as determined by the num­
ber of conspecifics Ni and the number of each com­
peting species, the N/s, which are appropriately 
transformed by the set of coefficients, the ocii· The 
effect of each species is additive if each individual 
removes a constant share of the resources, thereby 
increasing the "environmental resistance" (K - N) I 
K by an amount that is independent of the other 
individuals in the community. The preceding assump­
tion of linearity requires that the share is indrpe:1dent 
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of the density of species i; the additivity assumption 
requires that the share is independent of the species 
composition of the community. Mathematically, the 
additivity assumption neglects higher-order interac­
tions, such as the Ws in the following equations. A 
failure of the assumption means that the drag terms 
of the model must be modified to the form 

(K1- N1- a..12N2- a..13N3- ~1·23 N2N3)/ K1 
(K2- N2- a..21N1- a..23N3- ~2·13 N1N3)/ K2 
(K3- N3- a..31N1- a..32N2- ~3·12 N1N2)/ K3 

which is a nonlinear system of equations when it is 
set to zero to solve for the equilibrium densities. 
Such a nonlinear system does not have the analytical 
power of the first-order system derived from the 
Lotka-Volterra model (Vandermeer 1969). 

This additivity assumption was originally a simpli­
fication, which has been supported by the one re­
source-one species law that (unlike the one gene­
one enzyme law of genetics) remains a tenet of eco­
logical theory (Levin 1970). My study does not deny 
the competitive exclusion principle, which is the re­
sult of laboratory studies and field observations that 
two species cannot coexist indefinitely on the same 
resource. This study does emphasize the complexity 
of the food web, the role of environmental uncer­
tainty, and the extreme plasticity of the species in 
the structure of communities. The A. texanum ex­
periment demonstrated that a community with a high 
density of salamanders could accept another species, 
not by eliminating one of the native species, but by 
changing the growth curves of all the species. The 
laboratory ecologists would argue that species could 
be added to the system until each species specialized 
on a single prey species. At this point the addition 
of a new species would require the extinction of 
another. Soon this reasoning becomes a semantic 
argument over the definition of the concept of a re­
source in ecology. Is Daphnia a resource? Daphnia 
pulex? Penultimate instars of Daphnia pulex? Penul­
timate instars of Daphnia pulex in the top 10 em of 
the pond? 

If the effects of species are not additive, the analyt­
ical tool of adding species to the community until 
the determinant and all subdeterminants of the com­
munity matrix pass through zero is also a gross over­
simplification, in spite of its aura of elegance (Levins 
1968, Vandermeer 1970). Nonadditivity was cer­
tainly the rule in the salamander community, both 
within and between species. The concept of "pred­
ator switching" (Murdoch 1969) is a step in the 
direction of an operational concept of community 
saturation. This theory tries to predict when a pred­
ator will "switch" from one resource to another as 
the composition of the community changes. 

One assumption of the classical models withstood 
examination. Environmental heterogeneity did not 

obscure the effects of competition or the differences 
between species. This was true temporally ( 1968 
[Wilbur 1971a] and 1970) and spatially (the analysis 
of blocks). The endurance of this important assump­
tion is assurance that natural communities are or­
ganized by biotic mechanisms and that field experi­
mentation can be used to elucidate the principles of 
community structure. 

The final assumption that will be considered is 
common to all community models. It requires that 
the rules of community organization are constant 
throughout the study period. For example, the car­
rying capacity .K must be constant with respect to 
the generation time of the species. Andrewartha and 
Birch (1954:661) claim that climatic fluctuations 
prevent insects from reaching steady-state popula­
tions that would be predicted by a model based on 
competitive interactions. The mosaic pattern of the 
environment may change the rules of community 
structure in space. This concept has not been ex­
ploited by ecologists except for the first steps of 
Levene (1953), Levins (1968), and Colwell (1969). 

The validity of the Lotka-Volterra model as a de­
scription of salamander communities has several 
aspects. The experimental method used an input­
output approach rather than the collection of time­
series data. The differential growth of the species, the 
succession of prey species during the summer, and 
the variance in the length of the larval period sug­
gest that interaction coefficients will not be constant 
throughout the experiment. The prolonged period of 
metamorphosis complicates the analysis of time­
series data because the effective density is continually 
changing and the importance of time lags are un­
known. My earlier study (Wilbur 1971a) also indi­
cated that competition coefficients were density­
dependent. The failure of an empirical model, which 
was based on a single species, suggested that the effect 
of competition cannot be modeled by a linear com­
bination of first-order coefficients. For this reason, a 
statistical approach was used to identify the important 
components that affect the system. The factorial de­
sign tested for the effect of the density of each spe­
cies but did not assume an ordinal relationship be­
tween density levels, as in the design of the empirical, 
regression model. If precise models of salamander 
communities are desired, simple, linear, additive ef­
fects of competing species must be replaced by 
density-dependent functions, and it must be recog­
nized that coalitions between species may result in 
either increased or decreased amounts of overlap 
of the niches of competitors. Also, the interaction 
between measures of competitive ability must be 
considered as part of an integrated strategy for com­
petition. If only qualitative statements about the 
community are desired some of these components 
may be omitted (Vandermeer 1969), but the price 
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of such simplification can be determined only by 
knowing the behavior of the full model. The sig­
nificance of interaction components when none of 
the main effects are significant warns against a sim­
plistic approach to complex communities. 

Most community models have described the rate 
of change of the number of individuals of each spe­
cies through time. A few ecologists have substituted 
biomass for the number of individuals as a descrip­
tion of the state of a species. Each approach uses a 
single measure of the quantity of each species. A 
useful evolutionary description of the state of an 
amphibian species requires two variables: the number 
of individuals and their mean body weight. For ex­
ample, compare the outcomes of A. laterale popula­
tions raised from initial densities of 32 and 64 with­
out competition with other species. At the high den­
sity there are more survivors (mean 27.5 vs. 10.5) 
and more biomass (mean 35 vs. 20 g wet-weight) 
than from low-density populations, hut the mean 
body weight was much less (0.63 vs. 0.94 g wet­
weight). The cohort of juveniles from the low-density 
population would probably have a higher survivor­
ship and an earlier age of maturity, and therefore 
would contribute more offspring to future genera­
tions than the cohort from the high-density popula­
tion. If this is so, the traditional measures of pop­
ulation fitness, population size, or biomass would be 
erroneous. A bivariate representation of the popula­
tion size and mean body weight is a more cumber­
some index of population fitness, but it is a correct 
measure because it is a summation of the fitness of 
individuals. This argument refutes the indices chosen 
by many population geneticists (Carson 1957, 1958, 
biomass; Ayala 1965, 1966, 1968, 1970, 1971, pop­
ulation size). This problem has been recognized, in 
another context, by demographers. Models of pop­
ulations with age structure represent the state of the 
population by an age vector, which has the size of 
each age class as elements (Leslie 1945, 1948). A 
model of the dynamics of an amphibian population 
might take the form of operations on a vector of 
size distributions. 

Although I have played the role of the devil's 
advocate, I strongly feel that the classical models 
should not be disregarded. They are a valuable heu­
ristic construct, and in their failure they point to the 
important questions of ecology. Without the simpli­
fied models, field ecologists could do little more than 
continue to gather data that "might be interesting." 
Usually they are not. 
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