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of the broader ecological community. As a con-
sequence, we asked The Ecological Society of
America (ESA) to establish an ad-hoc commit-
tee to serve as a board of editors for this vol-
ume. The board consisted of representatives
from a variety of subdisciplines: James Brown,
University of New Mexico (Terrestrial Commu-
nity Ecology); Linda Brubaker, University of
Washington (Paleoecology); Sharon Kingsland,
Johns Hopkins University (History of Ecology);
Joel Kingsolver, University of Washington
(Physiological ~Ecology); Jane Lubchenco,
Oregon State University (Aquatic Community
Ecology); Robert Peet, University of North
Carolina (Plant Ecology); Leslie Real, Univer-
sity of North Carolina (Theoretical Ecology);
and Peter Vitousek, Stanford University (Eco-
system Studies).

Following extensive discussion among the
committee members, a tentative outline for this
volume was presented to the executive commit-
tee of the ESA, which agreed to sponsor the
project. That original outline included over 65
papers and book chapters, a total of over 1,700
printed pages! In order to produce a single vol-
ume of reasonable size, we eliminated over half
of the original suggestions. We decided to ex-
clude all papers published after 1975 and all
book excerpts. After reviewing the remaining
articles, we soon realized that no two ecologists
have identical opinions about what is or is not a
classic. The current list obviously represents a
compromise. No one will be completely satis-
fied with our selection; nonetheless, a large
proportion of these papers will appear on every
ecologist’s list. We have tried to reprint those
papers that are essential to understanding the
origins of contemporary ecology.

Having established the classics list, members
of the editorial board assumed responsibility
for introducing designated sections. Some
elected to invite a collaborator. The individuals
in charge of writing introductions were given
some license in the final composition of their
section, and they made the final decisions on
the papers that were included. As the principal
editors, we were impressed by the dynamic in-
teraction among the members of the edjtorial
board and by the ever-changing nature of the

classics list. The fact that a final list was only de-
termined just prior to publication indicates a
vigorous and healthy debate over what consti-
tutes an important idea in our field.

We have consciously broken from the tradi-
tional partitioning of subject matter by level of
organization, for example, populations, com-
munities, and ccosystems. Instead, we focus on
the common intellectual structures that emerge
across levels and across taxonomic groups. The
book is divided into six sections: foundational
papers, theoretical advances, synthetic siate-
ments, methodological developments, field
studies, and experiments in ecology.

The introductions to each section attempt to
place the papers in their broader conceptual
and historical context. These introductions are
not restricted to discussing the targeted classic
papers. They also explore the intellectual ante-
cedents of these seminal contributions and con-
sider the impact of these ideas on subsequent
research. These introductions, along with the
literature cited, provide an overview of the his-
torical foundations and the current status of
ecological science. They also attempt to identify
promising directions for future research.

The completion of this kind of project de-
pended upon the efforts of many individuals.
Most importantly, we wish to thank the other
members of the editorial board. They have
shown great patience, insight, and an ability to
resolve differences in opinion. On behalf of the
board, we would like to thank all of our stu-
dents and colleagues for their suggestions and
advice. We hope this volume represents the
combined interests of the larger ecological com-
munity. We thank The Ecological Society of
America for its encouragement and for includ-
ing this project in its seventy-fifth anniversary
celebration.

Our greatest hope is that this book helps the
students who will write the classics of tomor-
row. To promote the training of young ecolo-
gists, all royalties from the sale of this book will
go to a special Ecological Society of America
fund supporting graduate and posdoctoral re-
search fellowships.

Leslie A. Real
James H. Brown

Foundational Papers

Defining Ecology as a Science

Sharon E. Kingsland

The origins of ecology as a sci-
ence began with the application of experimental
and mathematical methods to the analysis of
organism-environment relations, community
structure and succession, and population dy-
namics. The word “oecology” was first coined in
the 1860s by a German zoologist, Ernst Haeckel.
As a convert to Charles Darwin’s theory of evo-
lution, Haeckel believed that a term was needed
to refer to the study of the multifaceted struggle
for existence that Darwin had discussed in his
1859 treatise On the Origin of Species (McIntosh
1985, pp. 7-8).

In his book, Darwin had reviewed the di-
verse meanings of the struggle for existence,
a metaphor standing for all the factors that
affected the organism’s survival and reproduc-
tion. His argument was influenced by his read-
ing of Thomas Robert Malthus’s controversial
Essay on Population, first published in 1798,
which pointed out that populations would, if
left unchecked, tend to increase geometrically
and would soon outstrip their food supply.
Malthus had asked his readers to consider the
consequences of the struggle that would in-
evitably follow from this population pressure.

He concluded that because this population
pressure could never be eliminated, we would
never be able to create a truly utopian society
where war, famine, and vice were absent. He
was advising the utopian social thinkers of his
time to adopt a more realistic and conservative
estimate of the potential for human progress.
Darwin read the sixth edition of the Essay on
Population (1826) in 1838, soon after returning
from a five-year voyage around the world. In
England, when he had had time to reflect on
the observations he had made, he realized that
species had probably originated from preexist-
ing species and had not been specially crgatgd
by God. Reading Malthus gave him a crucial in-
sight that eventually led to his theory of natural
selection. By turning Malthus’s logic back to the
natural world, Darwin deduced that the ten-
dency to overproduction would lead to intense
competition, heavy mortality, and therefore to
an unconscious selection process. Given a long
enough period of time one species might §pljt
into several new species, each with adaptations
shaped by the selective pressures of climate,
food supply, predation, and competition. Dar-
win described his theory as the law of Malthus
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Adaptive change in direct response to the en-
vironment was known as “neo-Lamarckian”
evolution, named after the French zoologist
Jean-Baptiste Lamarck, who in 1809 proposed
a theory of evolution based partly on the
idea that characteristics acquired during an
organism’s lifetime could become hereditary
(Lamarck 1984). In the late-nineteenth century
most evolutionists viewed both Darwinian se-
lection theory and the neo-Lamarckian theory
of direct adaptation to the environment as

complementary mechanisms of evolutionary .

change. Spencer’s writings did a great deal to
popularize Lamarckian evolution. Darwin him-
self was more accepting of the inheritance of ac-
quired characteristics in later editions of the
Origin, especially when he was faced with the

problem of explaining how habits evolved into:

hereditary instincts.

Influenced by both Darwin and Spencer,

Forbes was concerned to show that despite the
intensity of the struggle for existence, natural
%\ selection was a beneficial force becausc it tended
"to restore a healthy equilibrium to the com-
munity. Darwin’s struggle for existence and
Spencer’s balance of forces combined to create
an image of nature which was both benign and
thrifty. By combining a Spencerian outlook
with Darwin’s theory of evolution, Forbes de-
veloped the theme of a “common interest” be-
tween a species and its enemies, the idea being
that natural selection would adjust reproduc-
tive rates so that they balanced mortality.

His classic description of the community
along these lines was put forth in his essay of
1887, “The Lake as a Microcosm,” which set
out the main goal of ecological research: to ana-
lyze how harmony is maintained through the
complex predatory and competitive relations of
the community. By using the metaphorical lan-
guage of the “sensibility” of the organic com-
plex, the essay drew attention to the way all
species were bound up with others within
the community. This concept of the ecological'
community had European precedents. Karl
Moébius’s pioneering study of oyster culture had
been published in America in English transla-
tion in 1883. In this essay Mobius had proposed

the term “biocoenosis” for a community of
species inhabiting a definite territory (Md&bius
1883). Torbes's discussion developed the con-
cept of the community in more detail and his
essay exemplifies the ecological viewpoint at
that time. His assumption of balance between
reproduction and mortality was remarkably
long-lived in the ecological literature. As late as
the 1950s David Lack had occasion to criticize
this still-prevalent assumption; he proposed in-
stead that the reproductive rate in birds was ad-
justed not to mortality but to the food supply
available to the young (Lack 1954).

While animal ecologists focused on commu-
nity structure and population dynamics, plant
ecologists concentrated on ecological succes-
sion. Henry Chandler Cowles, whose research
concentrated on the sand dunes in the Chicago
region, developed a dynamic perspective which
he called physiographic ecology (Engel 1983).
Trained as a geologist, Cowles stressed the con-
stant dynamic interaction between plant forma-
tions and the underlying geological formations.
The physiographic viewpoint saw the flora of a
landscape as an ever-changing panorama; the
ecologist had to discover the laws governing.
these changes. Cowles’s studies of the Indiana
dunes yielded the first thorough working out
of a complete successional series. Cowles was
able to accomplish this task by assuming that

vegetational changes in space paralleled succes- .,

sional changes in time. Therefore, as one walked
inland from Lake Michigan, one also walked
backwards in time. By putting together the spa-
tial sequences of plant formations, Cowles re-
constructed the temporal development of plant
associations (Cowles 1899). We have included
here excerpts from his first major study of the
dunes, published in 1899, which illustrates his
view of ecology as a study of process. The refer-
ences accompanying his article reveal the impor-
tant precedents in European ecological research
that served as a foundation for the American
school.

Cowles’s account of succession was never
dogmatic. Though he believed that succession
tended toward a stable equilibrium, he did not
believe that this equilibrium state was ever
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reached. Moreover, successional stages leading
to the climax community—the final stage of
succession—were never in a straight line, but
could even regress in the normal course of
events. His concept of the community included
not only the idea of a continuous, never-ending
process of change, but also the idea that all the
organisms were connected in a vast, compli-
cated symbiosis.

While Cowles was tracking the ever-shifting
landscape of the dunes, his colleague Frederic
Clements was studying the more stable grass-
lands and conifer forests of the western prairie.
He developed a theory of the plant community
that differed in significant ways from that of
Cowles (Tobey 1981). Clements was important
also for publishing the first American textbook
in ecology, Rescarch Methods in Fcology (1905),
which discussed the statistical and graphical
analytical methods he and other Nebraskan
ecologists developed from 1897 to 1905. His
ecological theory rested on two ideas, the
concept of ecological succession of plant forma-
tions, and the treatment of the plant commu-
nity as a “complex organism” undergoing a life
cycle and evolutionary history analogous to the
individual organism. The formal presentation
of his theory appeared in 1916 in his monu-
mental study Plant Succession.

Clements was also influenced by Herbert
Spencer and believed that organisms evolved
by direct adaptation to changes in the environ-
ment. In America the neo-Lamarckian school
was prominent during the 1890s, the decade
when Clements was developing his ideas
(Bowler 1983). He held fast to his Lamarckian
ideas, even believing that body cells could mod-
ify the germ plasm, long after the theory had
been roundly challenged and mostly discred-
ited in America by the 1920s. In Clements's the-
ory, the plant community could be analyzed as
a complex organism which grew, matured, and
died like an individual organism. Following the
Lamarckian model of evolutionary change, the
process of plant succession entailed a continual
interaction between the habitat and the life
forms of the community. The habitat and the
populations acted upon one another in a recip-

rocal way, until finally a stable state, the climax,
was reached. If the climate remained stable and
no humans intervened, the climax might per-
sist for millions of years.

Clements believed that one of the important
processes directing succession was cg_rp_gg;ii,ion
between similar plants (Clements, Weaver, and
Hanson 1929). Species of trees, for instance,
were described as competing sharply when to-
gether, whereas the relation of shrubs to trees
was thought to be one of subordination and -~
dominance rather than competition. Clements
thought that the process of succession reduced
the amount of competition within the commu-
nity as a whole by setting up stable dominance
hierarchies among the species of the commu-
nity as it moved toward the climax stage. The
overall character of the climax formation was
defined by its dominant plant forms. Though
Clements did come to appreciate the impor-
tance of animal populations in succession,
largely through his collaboration with Victor
Shelford, a leading animal ecologist and former
student of Cowles’s, he continued to think of
the community as structured mainly by its
plant formations.

Clements also used the idea of the climax to
develop a system of classification for the units
of vegetation. He subdivided the units of the
climax formation into various categories with
parallel categories of successional change. His

use of esoteric Greek and Latin terms, a pen- «-

chant that others found tedious, as well as his
emphasis on quantitative methods reveal his
desire to build ecology into a rigorous disci-
pline. His classification system and theoretical
framework dominated American plant ecology
in the first decades of the twentieth century.
Clementsian doctrine did not go unchal-
lenged (McIntosh 1985, pp. 76-85). On the
agricultural front, wheat farmers in the mid-
western prairie criticized the climax theory
largely because it advocated a more cautious
use of these marginal lands and therefore
threatened their livelihood (Worster 1979). The
creation of the Dust Bowl in the 1930s, how-
ever, showed the wisdom of the kind of eco-
logical awareness that Clements had advocated.
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But Clements’s fellow ecologists also criticized
aspects of his theory. British ecologist Arthur G.
Tansley disagreed with the organismic meta-
phor, though he defended Clements’s idea of
the plant formation as a natural unit. He pre-
ferred to call the community a “quasi-organism”
and in 1935 coined the word “ecosystem” as a
more accurate characterization of the vegeta-
tional unit (Tansley 1935; Tobey 1981). The shift
from a biological to a physical model for ecol-
ogy also opened the way to a mathematical
analysis of the system. Fittingly, the volume of
Ecology in which Tansley’s 1935 critique ap-
peared was dedicated to Cowles, who also had
no use for the organismic metaphor. Forrest
Shreve, an ecologist at the Desert Laboratory of
the Carnegie Institution, with which Clements
was also affiliated, criticized the idea of the cli-
max as a stable formation controlled by the
environment.

These arguments were echoed by another
critic, Henry Allen Gleason (1882-1975), who
proposed an “Individualistic” concept of the
plant association in place of the organismic
metaphor (McIntosh 1977). Gleason argued

" that fixed and definite vegetational structures
did not exist. To be sure, it was possible to iden-
tify communities that were uniform and fairly
stable over a given region, but he denied that all
vegetation could be segregated into such com-
munities. He was very conscious of the way
that short-term environmental changes in time

.and space could have profound effects on the
abundance of species in an area. Taking the op-
posite view from Clements, Gleason argued
that every plant association was the unique
product of the fluctuating environmental condi-
tions of a particular time and place. It was not
meaningful, in his view, to compare the plant
community to an organism, nor was it possible
to create a precisely logical classification of com-
munities, as Clements had tried to do.

These criticisms did not persuade Clements
to drop the organismic metaphor or to change
his classification system in any way. The only
major change in Clements’s ideas in later years
was to recognize the existence of animal popu-
lations as an integral part of the community.

However, by the 1950s plant ecologists had
abandoned many of the central principles of
Clementsian dogma, as well as the more cum-
bersome features of his classification system, as
inappropriate or unproductive. Instead of the
“complex-organism” analogy, postwar ecology
emphasized the functional system formed by
community and environment, the ecosystem
(Whittaker 1977).

In the 1920s, animal ecologists who were ana-
lyzing community structure began to develop
the concept of the ecological niche. Charles
Eltor's text of 1927, Animal Ecology, which is
still an excellent introduction to the subject for
students, defined the niche concept in the con-
text of his discussion of the food chain (Elton
1966). Before Elton, the niche was a nontechni-
cal term referring to an abstract space in the en-
vironment which could be full or empty. Elton
employed the idea of the niche, meaning an
animal’s “place,” to redirect attention to the
food relationships within the community. He
believed that ecologists had to pay more atten-
tion to what the animal was actually doing in

the community. He used the term niche to refer -
to the animal’s place in the food chain, which |

also defined the animal’s economic role in the
community. Elton considered the niche to be a
smaller subdivision of the traditional groupings
of herbivore, carnivore, insectivore, and so on.
By studying how different species occupied the
niches within the community, that is, how they
took on the major economic roles in the food
cycle, one could perceive the basic similarity in
structure between communities that appeared
quite different in their species composition.

As a general economic category, therefore, a
single niche could be occupied by different spe-
cies. Elton’s discussion of the niche did not
include what we now call “the competitive ex-
clusion principle,” or the principle that two dif-
ferent species cannot occupy the same niche
(Hardin 1960). Even before the term niche was
used to designate the organism’s habitat, this
basic principle was well known to naturalists in
the nineteenth century. Stephen Forbes, for in-
stance, described in 1884 how species of insects
feeding on the strawberry plant avoided direct

s
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competition by feeding al different times (Win-
sor 1972). One of the central problems that field
naturalists studied in the early twentieth cen-
tury was the coexistence of closely allied spe-
cies and the ways that similar species evaded
competition.

Joseph Grinnell (1877-1939), an expert on
North American birds and mammals, connected
the idea of competitive exclusion to the term
niche in 1917 when he asserted that “no two
species regularly established in a single fauna
have precisely the same niche relationships.” In
his usage the niche was roughly synonymous
with habitat. As a natural historian in the twen-
tieth century, Grinnell was part of a shrinking
population of field naturalists who published
descriptive rather than experimental studies
(Hutchinson 1978, pp.152-54). Descriptive
field studies of this kind were often disparaged
by experimental biologists who wanted to es-
tablish the experimental approach to evolution-
ary biology as the more rigorous method. But
Grinnell’s brilliant research in natural history
was recognized by contemporary naturalists
who resisted the increasing specialization of
biology. We have included here the article in
which Grinnell refers to competitive exclusion
as an axiomatic principle.

Elton also recognized the essential idea of
competitive exclusion. Elsewhere he used the
term niche in its older meaning of habitat rather
than of a position in the food chain, and in that
context he adopted Grinnell’s conclusion that
the limited number of niches and competitive
exclusion determined the number of species in
an association (Elton 1933, p. 28). But Elton did
not raise the principle of competitive exclusion
to the status of a key organizing idea of ecologi-
cal theory. The competitive exclusion principle
framed in terms of the niche concept became a
more central and much debated ecological idea
following the work of a young Russian ecologist,
Georgii F. Gause (1910-1986), who designed
his doctoral dissertation around an experi-
mental analysis of predatory and competitive
interactions between species of yeast and pro-
tozoa. These results appeared in 1935 as a small
book called The Struggle for Existence. Unlike

Elton’s discussion of community structure,
Gause’s analysis made use of new mathematical —
modeling techniques that were being devel-
oped in American and European ecology in the
1920s. In fact, his book drew many ecologists’
attention to this mathematical work for the
first time.

The starting point for mathematical ecology*
was the analysis of population growth within
a single species. Raymond DPearl, a statistician
studying human population change after the
First World War, discovered in 1920 that human
population growth over time seemed to follow
a regular, S-shaped curve which he called the
“Jogistic curve” (Pear) and Reed 1920). The dif- #
ferential equation of the curve was dN/dt =
N (K — N)/K, where N represents the number
of individuals, ¢ the time, r the maximum rate
of increase of the population, and K the upper
limit of population growth. In the course of his
research, Pearl also discovered that a Belgian
mathematician named Pierre-Frangois Verhulst
had analyzed the curve nearly a century earlier,
as part of a larger attempt to determine the law
of population growth. The term “logistic’” was
Verhulst's term. This research had been entirely
forgotten until Pearl resurrected it (Kingsland
1985). Determined not to suffer Verhulst’s fate,
Pear]l made strenuous efforts to publicize his
discovery of this curve, which (unlike Verhulst)
he regarded as an actual law of population »
growth, comparable to Boyle’s law in chemistry.
Pearl was responsible for having Gause’s book
published by an American publisher, no doubt
realizing that it would also help to advance his
own reputation through Gause’s application of
the logistic curve to ecological theory.

Pearl’s claims were controversial. He carried
on an active debate about population growth
with social scientists and biologists throughout
the 1920s and 1930s. All of this discussion gen-
erated a large literature that helped to publicize
the curve. Most of Pearl’s opponents agreed
that although Pearl was incorrect to regard the
curve as a law of growth, it was a convenient
description of growth because the equation de- -
scribing it was easy to derive by verbal logic and
easy to translate into biological terms. As such,



8 Introduction to Part One

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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article which we have excerpted here was in-
tended to be the first part in a series on popula-
tion regulation, as indicated in the title, but the
other parts were never completed. Harry S.
Smith and Paul DeBach published some of the
first experiments based on Nicholson’s work in
1941 (DeBach and Smith 1941), and George
Varley published the first field test of Nichol-
son’s predictions in 1947 (Varley 1947). David
Lack (1954) was also influenced by Nicholson’s
arguments. The question of density-dependent
versus density-independent population regula-
tion erupted in controversy in the 1950s and
1960s, with the main opposition to Nicholson’s
ideas and to mathematical approaches in gen-
eral being voiced by H. G. Andrewartha and
L. C. Birch (Andrewartha and Birch 1954).

With all the mathematical modeling of the
1930s, there was almost no attempt to incorpo-
rate population genetics into ecological models.
Just as population geneticists tended to assume
that the environment was constant, popula-
tion ecologists assumed that their populations
were genetically uniform. Although ecologists
were aware of the mathematical work of J. B. S.
Haldane, R. A. Fisher, and Sewall Wright in the
1920s and 1930s, there was little overlap be-
tween ecology and genetics until the 1960s.
Two notable exceptions in these early decades
were E. B. Ford at Oxford University, who col-
laborated with R. A. Fisher and developed eco-
logical genetics starting in the late 1920s (Ford
1980), and V. A. Kostitzin, a Russian geophysi-
cist living in Paris in the 1930s, who combined
the Lotka-Volterra model with an evolutionary,
genetic perspective (Scudo and Ziegler 1978).
Kostitzin's work, which ended during the Sec-
ond World War, has made virtually no impact
on ecology.

While the new methods and concepts of
population ecology were being brought to bear
on problems of community structure and suc-
cession, another young ecologist, Raymond
Lindeman (1915-1942) tackled the problems of
succession from a physiological perspective.
He fashioned a synthesis of physiological ecol-
ogy and community ecology which he called

the “trophic-dynamic aspect” of ecology. The
1942 article that set out this viewpoint was
part of a series of articles on the ecology of a
senescent lake, Cedar Creek Bog in Minnesota,
which was the subject of his doctoral dis-
sertation. This final article, published post-
humously, was path-breaking in its general

analysis of ecological succession in terms of en- /"

ergy flow through the ecosystem.

The trophic-dynamic viewpoint was an at-
tempt to demonstrate how the day-to-day pro-
cesses within a lake affected the long-term
changes of ecological succession. From our per-
spective, using short-term cumulative changes
to explain long-term dynamical changes may
seem obvious, but ecology had tended to de-
velop along two separate paths that made this
kind of integrated analysis difficult. One branch
of ecology, termed autecology, focused on
physiological relations between organisms and
environment, while the other branch, termed
synecology, mapped out the long-term patterns
of community succession. Both branches dealt
in different fime scales and focused on different
sets of problems appropriate to the different
time scales. Lindeman brought them together
again,

Instead of looking at competitive interac-
tions, as Gause had done, Lindeman focused
on the trophic or nutritional relationships
within the lake. His decision to group the in-
habitants of the lake according to their position
in the food cycle was stimulated by the work of
Charles Elton, who was the first to describe the
relationship between food habits and commu-
nity structure. Lindeman found that there were
two parallel food cycles operating in the lake
which merged in their cominon link with bacte-
rial decomposers. While studying the cycling of
nutrients through the lake, it became clear to
Lindeman that any attempt to separate the or-
ganisms from their abiotic habitat was highly
artificial. Instead, the Jake was an integrated
system of the biotic and the abiotic, to which
he gave the name “ecosystem.” The remaining
problem was to understand how all of the pro-
cesses involving the influx of nutrients and

-
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removal of nutrients from the lake, acting in
combination with the food cycle, could affect
the rate of succession of the whole ecosystem.

Lindeman’s mature analysis of the problem
was worked out in 1941 while he was visiting
G. Evelyn Hutchinson at Yale University. In a
1940 article Hutchinson and A. Wollack dis-
cussed the relationship between trophic pro-
cesses and succession. In a footnote they called
attention to the limnological method, as epito-
mized by American ecologists Edward A. Birge
and Chancey Juday, of isolating a suitable
volume of space, such as a lake, and studying
the transfers of matter and energy across the
boundaries of this volume (Hutchinson and
Wollack 1940). This approach, though useful
for its emphasis on physical and chemical
processes, treated the lake as a “black box”
without the detailed mapping of the trophic
structure that Lindeman was attempting. [n a
major treatise on biogeochemical processes that
was still in progress while Lindeman was visit-
ing Yale, Hutchinson had independently begun
to think of classifying biological formations and
their de:/elopmental stages in terms of photo-
synthetic and consumer group efficiencies.
With access to Hutchinson’s research and lec-
ture notes, Lindeman developed a theory of
successional change which emphasized the
ecological efficiency of energy transfer over the
long term (Cook 1977).

One idea that Hutchinson himself did not use
greatly, but which Lindeman made the center-
piece of his study, was the ecosystem concept.
Though Arthur Tansley had introduced the
term in 1935 to describe the climax community,
his use of the ecosystem concept had little im-
pact on ecology. By reviving the concept in the
context of a dynamic analysis of succession,
Lindeman showed how it could be used to or-
ganize ecological ideas. The ecosystem unit was
a significant departure from traditional inter-
pretations of succession. Frederic Clements and
Victor Shelford had organized their 1939 text
Bio-Ecology around the unit of the plant-animal
formation, known as the biome. Their discus-
sion of change within the biome drew on the

complex-organism analogy, so that succession
was the result of the reciprocal interaction be-
tween the living community (biome) and its
habitat, moving through stages comparable to
the developmental stages of the individual or-
ganism (Clements and Shelford 1939).

German limnologist August Thienemann
(1918, 1926) had also discussed the relationship
between the community (known in Europe as
the biocoenosis) and the habitat (or biotype) in
the context of succession. His work was impor-
tant for showing that the union of community
and habitat need not result in a static, perfectly
cycling system. However, he also used an or-
ganismic analogy, with succession being the
product of the reciprocal interactions between
“biocoenosis” and “biotype.” By 1939, he
combined the biocoenosis with the biotype
to form a higher unity called the “biosystem” #e
(Thienemann 1939). His approach differed from
Lindeman’s in lacking any attempt to work out
precisely the relationship between the develop-
ment of the unit and the internal trophic pro-
cesses of the system.

It is interesting to note that when Lindeman
sent his essay to Ecology for publication, two
eminent limnologists, Chancey Juday and Paul
Welch, recommended that it not be published,
largely because it was too theoretical and went
far beyond the data available at the time (Cook
1977). Welch recommended that Lindeman
set the manuscript aside for ten years in the
hope of accumulating a better data base. With
Hutchinson’s strong support of the manuscript,
the editor of the journal, Thomas Park, decided
to publish a revised manuscript despite the
negative reviews. In fact, Lindeman never saw
the article in print because he died in 1942 after
a long illness; he was twenty-seven years old./
Though published without the desired sup-
porting data, his article opened up new direc-
tions for the analysis of the functioning of
ecosystems.

These are some of the major publications in
ecology which formed the basis for a continu-
ing rescarch tradition in community studies,
succession, ecosystem analysis, population
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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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