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it came to be used by ccologists in the 1930s
who wanted to study population flnctuations
mathematically. Fisheries ecologists in particu-
lar used and developed mathematical models
based on the logistic equation (Cushing 1975).

The logistic equation had also been used in-
dependently by Italian physicist Vito Volterra
(1860-1940) to construct a basic model of com-
petition between two species (Kingsland 1985).
Volterra had become interested in ecological
problems in the 1920s when his daughter’s fi-
ance asked him to analyze certain changes in
fish populations in the Adriatic during and
after the First World War. Intrigued by the pos-
sibility of creating a mathematical science of the
“struggle for existence,” Volterra took up this
challenge and devoted roughly fifteen years to
exploring mathematical ecology. His formula-
tions were so technical that they were beyond
the reach of most ecologists; even today only
his simpler models are well known. Apart from
a model of competition, he also developed a
model of predation in a two-species system,
which coincidentally had been anticipated by
Alfred James Lotka (1880-1949), an American
mathematician and demographer. The two-
species model of predation is now known
as the “Lotka-Volterra equations” and is the
starting point for most modern discussions of
predation.

In 1925 Lotka published an unusual treatise
which included a mathematical study of energy
transformations within the biosphere, form—ing
the basis for a new science which he called

“physical biology” (Lotka 1925). Lotka, trained

as a physical chemist, hit on the idea that one
could apply thermodynamic principles to biol-
ogy along the lines of physical chemistry in
order to create a new science that focused on
energy transformations within the biosphere.
Over twenty years later his ideas on the subject
were gathered into the book Elements of Physical
Biology. Though he was not an ecologist, his
wide-ranging discussion touched on many eco-
logical problems, including snch topics as food
webs, the water cycle, and the carbon dioxide,
nitrogen, and phosphorns cycles. Lotka’s ef-
forts to analyze the earth as a single undivided

system, a kind of giant engine or energy trans-
former, were unprecedented in ecological the-
ory, although his book coincided with a similar
biogeochemical approach to ecology advanced
in the 1920s by Vladimir I. Vernadsky in Russia.
Lotka’s clear exposition of the systems ap-
proach later influenced Eugene P. Odum and
Howard T. Odum, who developed ecosystem
ecology in the 1950s.

Lotka’s desire to make his new science
mathematical led him into the study of popu-
lation growth and predator-prey interactions.
His demographic analysis of stable populations
influenced Patrick H. Leslie, who developed a

method of analyzing populations using matrix .

algebra in the 1940s. Lotka was the first to ex-
plore the analysis of population interactions
using sets of simultaneous differential equa-
tions, a method similar to Ludwig von Ber-
talanffy’s “general system theory” of the 1950s,
though Bertalanffy did not give Lotka credit for
his prior work. As far as population dynamics
were concerned, Lotka was not especially inter-
ested in competition; the mathematical analysis
of competitive interactions was therefore car-
ried forward mainly by Volterra.

Gause had read the publications of Pearl,
Lotka, and Volterra and decided to test some of
these simple models in a laboratory setting. In
his book he referred to the principle of competi-
tive exclusion in passing, regarding it as a natu-
ral extension of previous work and not worthy
of special attention. A second and more sophis-
ticated series of experiments was published in
1935 in a French monograph that unfortunately
was not well known to ecologists (Gause 1935).
In this second monograph he developed the

idea that competition would force two species .

into separate ecological niches, thereby en-
abling them to coexist in the confined space of
the test-tube environment.

Subsequent fieldwork on ecological succes-
sion that buttressed his laboratory experiments
led Gause to appreciate the idea that competi-
tive exclusion was the key to the structnre of
whole communities (Gause 1936, 1937). He be-
gan to think of the niche as a unit structure over
which species fought for possession; each spe-
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cies’ niche was the place where it alone enjoyed
fnll advantage as a competitor. This meant that
at the basis of the structure of the community
lay the niche structure and that the stable, regu-
lated community was actually a result of the
competition between similar species. The prin-
ciple of competitive exclusion therefore pro-
vided a way of relating community structure
and the process of succession directly to the
ongoing competitive interactions between the
populations within the community. This expla-
nation of community succession was compat-
ible with Clements’s ideas about competition,
though Gause rejected the organismic meta-s
phor as superfluous. In 1939 he asserted the
centrality of the competitive exclusion principle
in a commentary to a review of population ecol-
ogy by Thomas Park (1939).

Gause’s historical importance is not that he
invented a new principle, but that he drew
attention to what had been considered an axio-
matic principle by making it a focus of the eco-
logical theory of community structure. As soon
as competitive exclusion began to be used as a
central organizing idea, it generated contro-
versy mainly because of the structure of the
argument. Critics suggested that the principle
was lautological and therefore was not useful
becanse all it really told us was that no two spe-
cies have identical requirements, which is true
but trivial. We do not know the nature of these
ecological requirements in advance, however.
The principle focuses our attention on the fact
that species must find ways to partition limited
resources in order to coexist. We can discover
how they do this by looking for cases where the
principle seems not to apply and asking how
species manage to live together. What we find
most often is that the species have partitioned
their resources in subtler ways than we had
suspected. Therefore, the principle of competi-
tive exclusion is useful in steering us toward a
more profound analysis of ecological relation-

ships. David L. Lack, C. Evelyn Hutchinson,

and Robert H. MacArthur developed Gause’s
hypothesis along these lines in their studies of
competition. In the 1960s studies of competition
and the niche grew into major fields of research

in evolutionary ecology, despite continuous
controversy over the meaning of competition
and the difficulty of measuring competitive in-
teractions in the field.

A rather different approach to competi-
tion, population regulation and mathematical
modeling was advanced by Alexander John
Nicholson (1895-1965), an Australian ento-
mologist, who teamed up with Victor Albert
Bailey, a physicist, in a theoretical analysis of
host-parasite interactions. Nicholson devised
the original arguments behind the models and
Bailey converted them into mathematical form.
Reasoning by physical analogy, Bailey consid-
ered the movement of parasites in search of
hosts to be analogous to Maxwell’s theory of the
mean free path of a particle in a gas. He assumed
that density was uniform and that search pro-
ceeded randomly in the population as a whole.
Volterra had used a similar analogy in his own
models, but where Volterra and Lotka both used
continuous-time models, Bailey used more re-
alistic discrete-time models.

Nicholson and Bailey tried to improve on the
Lotka-Volterra predation model by taking into
account the effects of competition from mem-
bers of the same species, as well as delays
caused by the age distribution of the popula-
tions. Nicholson believed that any factor con-
trolling populations had to act with increasing
severity as density increased (Nicholson 1933).
Only competition seemed to fulfill this require-
ment; therefore, he considered competition the
chief mechanism of population regulation. In
their models, Nicholson and Bailey tried to take
into account the competition occurring when
animals were engaged in a search for essential
resources, though they could not directly mea-
sure the effects of such competition. With these
and other adjustments, they found that instead
of the steady-state oscillations of the Lotka-
Volterra model, their models predicted an un-
stable system of increasing oscillations in their
theoretical populations. In general, they hoped
for a more exact treatment of population regula-
tion with more detailed consideration of the
alternative outcomes that would result from
making different biological assumptions. The
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dynamics, and organism-environment rela-
tions. Many of the ideas and methods pre-
sented in these papers were controversial,
especially the complex-organism analogy and
the use of mathematical techniques for mod-
eling population interactions. Mathematical
modeling was controversial because it seemed
\\oversimplified and generated conclusions that
went beyond the available data. Many of the
laboratory studies that grew from these theo-
retical forays were criticized for being inappli-
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