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of the bro ad er ecological community. As a con­ classics list. The fact that a final list was only de­
scque nce, we asked The Ecological Society of tcrm ined just prior to publication indicates a 
America (ESA) to establish an ad -hoc commit­ vigorous and healthy debate over wh at consti­
tee to se rve as a board of editors for this vol­ tut cs an imp ort ant idea in our field. Foundational Papers 1
ume. The board consis ted of representatives 
from a variety of subdiscipline s: James Brown, 
Unive rs ity of New Mexico (Terres trial Commu­
nity Ecology); Linda Brubaker, University of 
Wash ington (Paleoeco logy); Sha ron Kingsland, 
Johns Hopk ins Univers ity (History of Ecology); 
Joel Kingsolver, University of Washington 
(Physiological Ecology); Jan e Lubch enco, 
Oregon State Universi ty (Aquatic Community 
Ecology); Robert Peet, University of North 
Carolina (Plant Ecology); Leslie Real, Univer­
sity of North Carolina (Theoretical Ecology); 
and Peter Vitou sek, Stanford University (Eco­
sys tem Stud ies). 

Following extensive discussion am ong the 
com mittee members, a tentat ive outline for this 
volume was presented to the executive commi t­
tee of the ESA, whi ch agreed to sponsor the 
project. That origina l outline include d over 65 
pap ers and book chapters, a total of over 1,700 
printed pages! In order to prod uce a sin gle vol­
ume of reasonable size, we elimina ted over half 
of the original sugges tions . We decided to ex­
clud e all pa pers publish ed after 1975 and all 
book excerp ts. After reviewing the remai ning 
articles, we soo n rea lized that no two ecologis ts 
ha ve identical opinio ns abo ut wh at is or is not a 
classic. The curre nt list obvio usly rep resents a 
comprom ise. No one will be completely sa tis­
fied with our selection; non eth eless, a large 
propo rtion of these pape rs will appear on every 
ecologis t's lis t. We have tried to reprin t thos e 
pap er s that are esse ntia l to understanding the 
origins of contemporary ecology . 

Ha ving establishe d the classics list, memb ers 
of the edi torial board ass umed resp on sibility 
for in troducing designated sections . Some 
elected to invi te a collaborator. The individuals 
in charge of writing int roductions were given 
some licen se in the final composition of their 
section, and they mad e the final decision s on 
the papers that were included . As the principal 
editors, we were impressed by the dynamic in­
teraction among the memb ers of the editorial 
board and by the ever-changi ng nature of the 

We have conscious ly broken from the tradi ­
tional partit ion ing of subjec t matter by level of 
organization, for example, p opulations, com­
munities, and ecosys tems . Inste ad , we focus on 
the common int ellectual struc tu res that emerge 
across levels and across taxon omic gro ups . The 
book is divided int o six sections : foundationa l 
pap ers, theore tical ad vances, syn the tic state­
ments, method ological developm ents, field 
studies, an d experiments in ecology. 

The int roduction s to each sec tion attempt to 
place the papers in their broad er conceptual 
and historical context. These in trod uctions are 
not res tricted to di scussing the targeted classic 
pap ers. They also explore the intellectual an te­
ced ents of these seminal con tributions and con­
sider the impact of these ideas on subsequent 
research . These introd uctions, along with the 
literature cited, provide an overview of the his­
torical founda tions and the curren t status of 
ecological science. They also attempt to idcnti fy 
promisin g di rection s for future research . 

The completion of this kind of project de ­
pended up on the effor ts of man y indi viduals . 
Most importan tly, we wish to tha nk th e oth er 
memb ers of the ed itor ial boar d . They have 
shown grea t pat ienc e, insig ht, and an ability to 
resolve differences in opinion. On behalf of the 
board, we wo uld like to than k all of our st u­
dents and colleag ues for thei r sugges tions and 
advice. We hop e this volume represe nts the 
combi ned int erests of the larger ecological com ­
munity. We thank The Ecological Society of 
America for its enco uragement and for includ­
ing this p roject in its seven ty-fifth anniversa ry 
celebration. 

Our grea tes t hope is that this boo k helps the 
stude nts wh o will write the classics of tomor­
row. To p rom ote th e trainin g of young ecolo­
gists, all roya lties from the sale of this book will 
go to a special Ecological Socie ty of America 
fund sup porting gra dua te and posdoc toral re­
sea rch fellows hips . 

Leslie A. Real 
James H. Brown 

Defining Ecology as a Science 

Sharon E. Kingsland 

The orig ins of ecology as a sci­
ence began with the application of experimental 
and math ematical method s to the analysis of 
orga nism-env ironme nt relations, communi ty 
struc tu re and succession, and population dy ­
namics. The word " oecology" was first coined in 
the 1860s by a Cerma n zoolog ist, 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 mul tifaceted strugg le 
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 strugg le for exis tence, 
a me taphor stan di ng for all the factors that 
affected the organis m's survival and reprOduc­
tion . His argument was influenc ed by his read­
ing of Thomas Robert Malthus's con trove rsial 
Essay on Population, first published in 1798, 
which pointed out that populations would, if 
left unchecked, ten d to increase geo metrically 
and would soo n ou tstr ip their food supply. 
Malthus had asked his rea ders to cons ider the 
conse quences of the struggle that would in­
evitably follow from thi s population pr essure . 

He concluded that because this population 
pressure could never be elimina ted, we wou ld 
never be ab le to crea te a trul y utopian society 

>< 
wh ere war, famine, and vice were abse nt. He 
was advis ing the utopian social think ers of his 
time to ad op t a more realistic and conservative 
estimate of the potential for human pr ()gress. 

Darwin read the sixth edi tion of the Essay on 
Poplliation (1826) in 1838, soon after re tu rning 
from a five-year voyage around the world . In 
England, when he had had time to reflect on 
the observations he had mad e, he realized that 
species had probably origina ted from preexist­
ing species and had not been specia lly crea ted 
by God. Reading Malth us gave him a crucial in­
sigh t that even tua lly led to his theory of natural 
selection . By turning Malthus's logic ba ck to the 
natural world , Darwin deduced that the ten­
denc y to over production would lead to int en se 
compe tition, heavy mortality, and therefore to 
an unconscious selectio n p rocess. Given a long 
eno ugh period of time one spec ies might split 
in to seve ral new species, each with adapta tions 
shaped by the selective press ures of climate, 
food supply, predation , and compe tition . Dar­
win described his theory as the law of Malthus 
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Adaptive change in direct respon se to the en ­
vironment was known as "neo-I .arnarckian" 
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-Larnarckian the ory 
of direct adaptation to the environment as 
complementary mechanisms of evolutionary , 
change. Spencer's writings did a grea~ deal to 
popularize Lamarckian evolution. Darwin him­
self was more accepting of th e inheritance of ac­
quired characteristics in later editions of the 
Origin, especially when he was faced with th e 
problem of explaining how habits evolved int o · 
hereditary instincts. 

Influenced by both Darwin and Spencer, 
Forbes was conc emed to show that despite the 
intensity of the stru ggle for existence, natural 
selection was a beneficial force because 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 alr 'l 
species were bound up with others witniru 
the community. This concept of the ecologica l'' 
community had European precedents . Karl 
Mobius'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 (Mobius 
1883). Forbes'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 
th e 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 th e 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 (Cowle s 1899). We have included 
here excerpts from his first maj or study of the 
dunes, published in 1899, which illustrates his 
view of ecology as a study of pr~cess. The refer­
ences accompanying his article reveal the impor­
tant pr ecedents 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 . I Iis 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 significan t ways from that of 
Cowles (Tobey 1981). Clements was important 
also for publishing the first American textbook 
in ecology, Research Methods in F.cology (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 stu d y 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-Larnarckian 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 

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 belie ved that one of the important 
processes directing succession was c?~.t.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 th e 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 ' ,' l 
desire to build ecology into a rigorous disci- v 
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 th e 1930s, how­
ever, showed the wisdom of the kind of eco­form s of the community. The habitat and the ) 
logical awareness that Clements had advocated.populations acted upon one another in a recip­
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But Clements's fellow ecologists also criticized 
aspects of his theory. Brit ish ecologist Ar thu r G. 
Tansley disagreed with the orga nismic me ta­
p hor, though he defe nd ed Cleme nts 's idea of 
the pla nt forma tion as a natural un it. He pre­
ferred to call the community a "quasi-organism" 
an d in 1935 coined the word "ecosystem" as a 
mo re accurate cha racterization of the vege ta­
tion al unit (Tans ley 1935; Tobey 1981). The sh ift 
fro m a biological to a physical mod el for ecol­
ogy also op ened the way to a math ematical 
analysis of the system. Fitti ngly, the volume of 
Ecology in which Tansley's 1935 critiqu e ap­
pea red was dedicated to Cowles, who also had 
no use for the organismic metaphor. Forres t 
Shr eve, an ecologist at the Desert Labora tory of 
the Carnegie Institution, with wh ich Cleme nts 
was also affiliated, criticized the idea of the cli­
max as a stable forma tion con trolled by the 
enviro nme nt. 

These argu ments were echoed by another 
critic, Hen ry Allen Gleason (1882- 1975), w ho 
proposed an "I ndividualis tic" concep t of the 
plant associatio n in place of the organismic 
metaphor (Mcln tosh 1977). Gleas on argued 

. that fixed an d definite vege tationa l struc tures 
did not exis t. To be sure, it was possible to ide n­
tify communities th at were uniform and fairly 
stable over a given region, but he de nied that all 
vege tation could be segregated int o such com­
munities . He was very conscious of the way 
that shor t-term environmental cha nges in time 

.and space could have profound effects on the 
abu nda nce of species in an area. Taking the op ­
posi te view from Clem en ts, Gleas on argued \ 
that every plant assoc iation was the unique 
pro d uct of the fluctua ting en viron me ntal condi­
tions of a part icular time and place. H was not l 
mean ingful, in his view, to compa re the plant 
community to an organism, no r was it poss ible 
to create a precisely logical classificatio n 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 sys tem in any way. The only 
major change in Clements's ideas in later years 
was to recognize the exis tence of an imal po pu­
lation s as an in tegra l par t of the community. 

However, by the 1950s plant ecologis ts had 
aba ndo ned ma ny of the central pri nciples of 
Clernen tsian dogma, as well as the more cum­
bersome features of his classificat ion sys tem, as J 

inappropria te or unproductive. Instead of the 
"co mp lex-organism" analogy, postwar ecology 
emp hasized the f ll nc!io0~)~ formed by 
commun ity and environment, th e ecosystem /../ 
(Whittaker 1977). 

In the 1920s, animal ecologists who were an a­
lyzing com mu nity struct ure began to develop 
the concept of the ecological niche. Cha rles 
Elton's text of 1927, Animal Ecology, which is 
still an excellent in troduc tion to the subject for 
students, defi ned the niche concep t in the con­
text of his discuss ion of the food chain (Elton 
1966). Before Elton, the niche was a nontechn i­
cal term referring to an abst ract space in the en­
viro nme nt which could be full or emp ty. Elton 
employed the idea of the niche, mean ing an 
animal's "place," to red irect atten tion to the 
food relationships within the communi ty. He 
believed that ecologists had to pay more atten­
tion to wha t the animal was actually doi ng in 
the comm unity. He used the term niche to refer ) 
to the an imal's place in the food chain, which 
also defined the animal's economic role in the 
com munity . Elton considered th e niche to be a 
smaller su bdivisio n of the traditional groupings 
of herbivore, carnivore, insectivore, and so on. 
By studying how different species occupie d the 
niches within the community, that is, how they 
took on the major economic roles in the food 
cycle, one could pe rceive the basic similarity in 
structure betw een com munities that ap peared I 
quite different in th eir species comp ositio n. ' 

As a genera l economic category, therefore, a 
single niche could be occupi ed by different spe­
cies . Elton's disc ussion of the niche did not 
include wh at we now call "the competiti ve ex­
clusion pr inciple," or the pri ncip le that two dif­
fere nt species can no t occupy the same niche 
(Hardi n 1960). Even before the term niche was 
used to design ate the organism's habitat, th is 
basic pr inciple was well know n to natu ralists in 
the nine teenth century. Step he n Forbes, for in­
stance, des cribed in 1884 how species of insec ts 
feeding on the strawbe rry plant avoided direct 

compe tit ion by feed ing a t different times (Win­
sor 1972). On e of the central problems that field 
naturalists studied in the early twenti eth cen ­
tury was the coexistence of closely allied spe ­
cies and the ways that similar species evaded 
competition . 

Joseph .G! !nnell (1877-1939), an expert on 
North American birds and mamm als, con nected 
the ide a of compe titive exclusio n to the term 
niche in 1917 wh en he ass erted that " no two 
species regul arly es tablished in a single fauna 
have precisely the same niche relationsh ips." In 
his usage the niche was roug hly syn onymo us 
with habitat. As a na tural historian in the twen­
tie th century, Grinne ll wa s pa rt of a shrinking 
popul ation of field natur alists who published 
descriptive rather than experimental st udies 
(Hutchinso n 1978, pp. 152-54). Descript ive 
field s tudies of th is kind were ofte n dispa rage d 
by experimental biologists who wanted to es­
tablish the expe rimental approach to evolution­
ary biology as the more rigorous metho d. Bu t 
Grinnell's brillian t research in natu ral h istory 
was recognized by con tem porary na tu ralists 
who resisted the increasing specializa tion of 
biology . We have included here the article in 
which Grin nell refe rs to competitive exclusion l 
as an axioma tic p rincip le. } 

:I;;Ho.n also recogn ized the essential idea of 
competitive exclusion. Elsewhe re he use d the 
term niche in its olde r meaning of habitat rath er 
than of a posit ion in the food chain, a nd in that 
context he ado pted Grinnell's conclusio n that 
the limited number of niches and competitive 
exclus ion determined the number of species in 
an association (Elton 1933, p . 28). But Elton did 
no t raise the pri nciple of compe titive exclusion 
to the status of a key orga nizing idea of ecologi­
cal theory. The compe titive exclusion pri nciple 
fra med in terms of the niche concep t became a 
more cen tra l and much debated ecological idea 
following the work of a young Russian ecologist, 
Geo rgii F. Gaus e (1910- 1986), wh o designed 
his doctoral dissert ation around an expe ri­
men tal analysis of pred atory and com petitive 
in teractions between species of yeas t and pro­
tozoa. These result s ap peared in 1935 as a small 
book called The Struggle jar Existence. Unlike 

Elton's discussion of community structure, 
Gause's analysis made use of new ma the matical ­
modelin g techn iques that were being devel­
oped in American and Euro pea n ecology in the 
1920s. In fact, his book dr ew man y ecologists' 
atte ntion to this mathe matical work for the 
firs t time . 

The sta rting point for math emat ical ecology ' 
was the ana lysis of population growth with in 
a single species. Raymond Pearl, a s tatistician 
studying human populat ion cha nge after the 
First World War, discovered in 1920 that human 
popula tion growth over time seemed to follow 
a regular, S-sha pe d curve wh ich he called the 
" logistic curve" (Pearl and Reed 1920). The dif- /"1 

fere ntial equation of the curve was dN/d t = 
rN (K - N)/K, whe re N rep resen ts the number 
of individuals, t the time, r the maximum rate 
of increase of the populat ion, and K the upper 
limit of pop ulation growth . In the course of his 
research , Pearl also discovered that a Belgian 
mathematician named Pierre-Francois Verhulst 
had ana lyzed the curve nearly a cen tury earlier, 
as part of a larger a ttempt to de termine the law 
of populati on grow th . The term "logis tic" was 
Verhuls t's term. This resea rch had been entirely 
forgotten until Pearl resurrected it (Kings land 
1985). Determined not to suffer Verhulst's fate, 
Pearl mad e strenuous efforts to publicize his 
discovery of th is curve, which (unlike Verhuls t) 
he regarded as an actua l law of population 
grow th, compa rable to Boyle's law in che mistry. 
Pea rl was respon sible for having Gause's book 
published by a n American publisher, no dou bt 
rea lizing that it would also help to advance his 
ow n reputation throu gh Gause's application of 
the logistic curve to ecological theory. 

Pearl's claims were cont rove rsial. He carri ed 
on an active debate abo ut populat ion growth 
wi th socia l scien tists and biologists throu gh out 
the 1920s and 1930s. All of this discussion gen­
erated a large litera tu re that helped to publi cize 
the curve. Most of Pear l's oppo nen ts agreed 
that altho ugh Pearl was inco rrect to rega rd the 
curve as a law of growth, it was a conven ien t 
description of growth because th e equation de- , 
scribing it was easy to derive by verbal logic an d 
easy to trans late into biological terms. As such, 
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it came to be used by ecologists in the 1930s 
who wa nted to stu dy po pu lation fluctuat ion s 
math ematically. Fisheries ecologists in particu ­
lar used and developed mathematical mod els 
bas ed on the logis tic equa tion (Cushing 1975). 

The logistic equa tion had also been used in ­
dependently by Italian physicist Vito Volte rra 
(1860-1940) to con struc t a basic mode l of com ­
peti tion between two species (Kingsland 1985). 
Volterra had become int erest ed in ecological 
problems in the 1920s w hen his daught er 's fi­
ance asked him to analyze cer tain cha nges in 
fish populations in the Adria tic during and 
af ter the First World War. Intrigued by the pos­
sibility of creating a mathematical science of the 
"struggle for exist enc e," Volterr a took up this 
cha llenge and devoted roug hly fifteen yea rs to 
exploring math ematical ecology. His form ula­
tions wer e so techn ical that they we re beyond 
the reach of mo st ecologists; even today on ly 
his simpler models are well know n . Apart from 
a model of competition , he also developed a 
model of p redation in a two-species system, 
which coinciden tally had been anticipa ted by 
Alfred James Lotka (1880-1949), an American 
mathema tician and dem ographer . The two ­
species mo del of p reda tion is now known 
as the " Lotka-Volterra equa tion s" and is th e 
starti ng po int for most mod em discuss ions of 
p redation . 

In 1925 Lotka published an unu su al treatise 
which inclu de d a math em atical study of e n~gy 

t~3.Il sfo~rpaJ!9 nS wi thi n the biosph ere, forming 
the basi s for a new science which he called 
\

'-" ph ysical biology" (Lotka 1925). Lotk a, trained 
as a physical chemis t, hit on the idea that on e 
cou ld apply thermodyn am ic principles to biol­
ogy along the lines of physical chemistry in 
orde r to create a new science that focuse d on 
energy transformations within the biosphere. 
Over twen ty years later his ideas on the subject 

I 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 such topics as food 
webs, the water cycle, and the carbon dioxide, 
nitrogen, an d pho sp ho rus cycles. Latka 's ef­
forts to analy ze the earth as .1 sing le undivided 

system, a kind of gian t engine or energy tran s­
former , were un preced ented in ecological the­
ory, alth ough his book coincide d with a similar 
biogeoche mical approach to ecology ad vanced 
in the 1920s by Vladimir I. Ve rnadsky in Russia. 
Lotka's clear exposition of the sys tems ap­
proach later in fluenced Eugene P. Od urn and 
Howard T. Odurn, who developed ecosystem 
ecology in the 1950s . 

Lotka's desire to make his new science 
mathematical led him into the s tudy of popu­
lation gro wth and preda tor-p rey in teractions . 
His demographic ana lysis of stable popula tions 
influe nced Patri ck H. Leslie, who developed a 
method of analyzing populations using mat rix . 
algebra in the 1940s. Lotka was the first to ex­
plore th e ana lysis of population in terac tions 
using se ts of simulta neo us differen tial equa­
tions , a method sim ilar to Ludwig von Ber­
talan ffy's "gene ral system theory " of the 1950s, 
thou gh Bertalan ffy did not give Lotka credi t for 
his p rior work. As far as pop ulation dynam ics 
were conce rned, Lotka was not especially inter ­
es ted in competition; the mathe ma tical ana lysis 
of competitive interactions was th erefore car­
ried forwa rd mai nly by Volterra. 

Gau se had read th e publicat ion s of Pearl , 
Lotk a, an d Volterr a and decided to test some of 
these simple models in a laboratory se tting . In 
hi s book he referr ed to the princip le of compe ti­
tive exclusion in passing, regarding it as a natu ­
ral extension of p rev ious work and not worthy 
of special attention. A second and more sophis­
ticated se ries of expe rime nts was pu blish ed in 
1935 in a French mon ograph that unfortunately 
was no t well known to ecologists (Gause 1935). 
In this second monograph he developed the 
idea th at competition wo uld force two spec ies 
int o separate ecological niches, thereby en ­
abling them to coexist in the confined spa ce of 
the test-tube envi ronment. 

Subseq ue n t fieldwor k on ecological succes­
sion th at b uttressed his labor atory expe riments 
led Gause to app reciate the idea that compe t i~l 

tive exclus ion was th e key to th e structu re of 
wh ole communi ties (Gause 1936, 1937). He be­
gan to think of the niche as a u nit struc ture over 
wh ich specie s fough t for po ssession ; each spe ­

cics' niche was the p lace where it alone en joyed 
fnll advantage as a compe titor. This mean t that 
at the basis of the structu re of the community 
lay the niche struc ture an d that the stable, regu ­
lated community was actua lly a result of the 
compe tition between similar sp ecies . The pr in ­
ciple of competitive exclusio n th erefore pro­
vided a way of relating community struc ture 
and the process of succession d irectly to the 
ongoi ng competi tive interac tions between th e 
po pulations within th e community. This expla­
nation of communi ty succession was compa t­
ible with Clemen ts's ideas abo ut comp etition , 
though Gause rejected the organismic me ta- . 
ph or as superfluous . In 1939 he asser ted the 
centrality of the competitive exclusio n principle 
in a com mentary to a revie w of population ecol­
ogy by Thomas Park (1939). 

Cause's historical importan ce is not that he 
invented a new pr inciple, but tha t he dr ew 
attention to wha t had been cons ide red an axio­
matic p rinc iple by making i t a focus of the eco­
logical theory of comm uni ty struc ture. As soon 
as competitive exclusion began to be used as a 
cen tral organizing idea, it generated contro­
versy mainl y because of the s tructure of the 
argument . Critics sugges ted that the principle 
was tautological and therefore was not useful 
because all it really' told us was that no two spe­
cies have identical requiremen ts, which is tru e 
but trivial. We do no t kno w the natu re of these 
ecological requirements in advance , however. 
The princip le focuses our atten tion on the fact 
that species must find ways to part ition limited 
resources in order to coexist. We can discover 
how they do th is by looking for cases where the 
princip le see ms not to apply and as king how 
species man age to live togeth er . What we find 
most ofte n is that the species have partition ed 
their resources in subtler ways than we had 
suspected . Therefor e, the principle of comp eti­
tive exclus ion is useful in s teering us toward a 
more profound ana lysis of ecological rela tion ­
sh ips . Dav id L Lack, C . Evelyn Hutchin son " 
and Robert H . MacArthur develope d Gause's 
hypothesis along these lines in their stud ies of 
compe tition . In the 1960s studies o ~ compe tition 
and the niche grew into major field s of research 

in evo lu tionary ecology, despite continuo us 
controversy over the mean ing of competitio n 
and the difficulty of measuring com peti tive in­
ter actions in the field. 

A rather different approach to competi ­
tion, population regulation and math ematical 
modeling was adv anced by Alexander John 
Nicholson (1895-1965), an Aust ralian ento­
mologist, who teamed up wi th Victor Albert 
Bailey, a physicis t, in a theoret ical analysis of 
host-parasite in teractio ns. Nicho lson devised 
the origina l arg uments behind the mod els and 
Bailey convert ed them in to mathemat ical form. 
Reasoning by physical ana logy, Bailey cons id­
ered the movement of parasites in search of 
host s to be analogous to Maxwell's theory of the 
mean free path of a particle in a gas. He assumed 
that density was uni form and that search pro­
ceed ed ran domly in the population as a whole . 
Volterra had used a similar analogy in his ow n 
models, but where Volterra and Lotka both used 
con tinuo us-time mod els, Bailey us ed more re­
alistic discrete-time models. 

Nicholson an d Bailey tried to improve on the 
Lotk a-Volterra pred ation model by taking int o 
accoun t the effects of comp etition from mern- ~ 
bel'S of th e same sp ecies, as we ll as delays 
cau sed by the age dist ributi on of the po pula­
tion s. Nicholson believed th at any fac tor con­
trollin g pop ulations had to act with increasin g 
severity as de nsit y increased (Nicholso n 1933). 

...., 

Only competitio n see med to fulfill this requ ire­
men t; therefore, he considered comp eti tio n the 
chief mechani sm of populat ion regulation . In 
their mod els, Nich olson and Bailey tried to take 
into account the competi tion occurr ing when 
animals we re e ngaged in a search for esse n tial 
resources, th ou gh th ey could not direc tly mea­
sure th e effects of such competition. With these 
and o ther adjustments, they found th at ins tead 
of the steady-sta te oscillation s of th e Lotka­
Volterra mo del, their models pr edicted an un­
s table sys tem of increa sing oscillations in their 
theoretical population s. In ge neral, th ey h oped 
for a more exact treatment of populatio n regula­
tion with more d etailed considera tion of the 
alte rna tive ou tcomes th at would res ult from 
making different biologica l assumptions . Th e 
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article which we ha ve excerp ted here was in­
tended to be the first part in a ser ies on popula­
tion regul ation, as indicated in the title, but the 
oth er part s 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 publi shed the first field test of Nichol­
son's pr edicti ons in 1947 (Varley 1947). David 
Lack (1954) was also influ enced by Nicholson's 

~. argum ents. The que stion of den sity-dependent 
versus de ns ity-inde pendent populat ion regula­
tion eru p ted in con troversy in the 1950s and 
1960s, with the main oppos ition to Nicholson's 
ideas and to math ematical approaches in gen­
eral being voiced by H. G. Andrewartha and 
L. C. Birch (Andrewartha and Birch 1954). 

With all the math emati cal modeling of the 
1930s, there was almost no att empt to incorpo­
rate population gen etics into ecological mod els. 
Just as population gene ticists tended to assume 
that the environment was constant, popula­
tion ecologists assumed that their populations 
were ge ne tically un.iform. Alth ough ecologis ts 
were aware of the math ematical work of J. B. S. 
Haldane, R. A. Fish er, 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 decad es 
were E. B. Ford at Oxford University, wh o col­
laborated with R. A. Fisher and dev eloped eco­
logical gene tics starting in the late 1920s (Ford 
1980), and V. A. Kostitzin, a Russian geophysi­
cist living in Paris in the 1930s, who combined 
th e Lotka -Volterra model with an evolutionary, 
genetic perspective (Scud o and Ziegler 1978). 
Kostit zin 's work, wh ich ende d during the Sec­

:,."	 ond World War, has mad e virtually no impact 
on ecology. 

While the new methods and concept s of 
population ecology were being brought to bear 
on problems of community structure and suc­
cession , an other young ecologist, Raymond 
Lindeman (1915- 1942) tackled the pr oblems of 
succession from a phy siological perspective . 
He fash ioned a synthesis of physiological ecol­
ogy and communit y ecology wh ich he called 

'\ 

the " trophic-dynamic aspect" of ecology. The /(' 
1942 article that se t out this viewpoin t was 
part of a seri es of articles on the ecology of a 
senescent lake, Cedar Creek Bog in Minn esota, 
wh ich was the subject of his doctoral dis­
sertation . This final article, published post­
humously, was path -breaking in its general 
ana lysis of ecological succession in terms of en- r' 
ergy flow through the ecosystem . 

The troph ic-dynamic viewp oint was an at­
tempt to demon strate how the day-to-day pro­
cesses within a lake affected the long-t erm 
cha nges of ecological success ion . From our per­
spective, usin g sho rt-term cumulative changes 
to exp lain 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. On e branch 
of ecology, term ed autecology, focused on 
physiological relations between orga nisms and 
environment, whil e the othe r branch, term ed 
synecology, mapp ed out the long-term pa ttern s 
of community succession . Both branches dealt 
in different time.scales and focused on differen t 
sets of probl ems appropriate to th e different 
time scales. Lind eman brou ght them togeth er 
agai n . 

Inst ead of lookin g at competitive interac­
tions, as Gause had done, Lindeman focus ed 
on the trophic or nutritional relationships 
within the lake. His decision to group the in­
habitants of the lake according to their positi on 
in the food cycle was s timulated by the work of 
Charles Elton, who was th e first to de scribe th e 
relationship between food habits and commu- I 
nity stru cture . Lindeman found that there were 
two parallel food cycles operatin g in the lake 
which merged in their common link with bacte­
rial decomposers. While studying the cycling of 
nutrients through the lake, it became clear to 
Lindeman that any attemp t to separate the or­
gani sms from their abioti c habitat was highly II 

artificial. Instead, the lake was an integrated 
system of the biotic and the abiotic, to wh ich 
he gave the name "ecosystem." The remaining 
problem was to understand how all of the pro­
cesses involving the influx of nutrients and 

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

Lindeman's mature analysis of the pr oblem 
was worked out in 1941 whil e he was visiting 
G. Evelyn Hutchinson at Yale University. In a 
1940 article Hutchinson and A. Wollack dis­
cussed the relation ship between troph ic pr o­
cesses and succession . In a footn ote the y called 
attention to the limnological meth od, as epi to­
mized by American ecologists Edward A. Birge 
and Chancey Jud ay, of isolatin g a suitable 
volume of space , such as a lake, and study ing 
the transfers of matt er and en ergy across the 
boundaries of this volume (Hut chinson and 
Wollack 1940). This approach, though useful 

\' for its emphasis on physical and chemical 
pr ocesses, treated the lake as a "black box" 
without the deta iled mapping of the trophic 
structure that Lind eman was attemp ting . In a 
major treatise .on b i o g~~chemical pro cesses that 
was still in progress while Lind eman was visit­
ing Yale, Hutchinson had independently begu n 
to th ink of classifying biological formations and 
their de~e lopmental stages in term s of ph oto­
syn the tic and consumer group efficiencies . 
With access to Hutchinson's research and lec­
ture notes, Lindeman developed a theory of I 
success ional change whi ch emphasized the 
ecological efficiency of ene rgy transfer over the 
long term (Cook 1977). 

On e idea that Hutchin son him self did not use 
greatly, but whi ch Lind eman mad e the cen ter­
piece of his stud y, was the ecosys tem concep t. 
Thou gh Arthur Tansley had int rodu ced the 
term in 1935 to describe the climax community, 
his use of the ecosys tem concept had little im­
pact on ecology. By reviving the concept in the 
context of a dynamic analysis of succession, 
Lindeman showed how it cou ld be used to or­
ganize ecological ideas. The ecosys tem unit was 
a significant departure from traditional inter­
pretation s of succession . Frederic Clements and 
Victor Shelford had organized their 1939 text 
Bio-EcoJogy around the unit of the plant-animal 
forma tion , known as the biorne . Their discus­
sion of change within the biorne dr ew on the 
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complex-organism analogy, so that succession 
was the result of the reciprocal in teraction be­
tween the living community (biorne) and its 
habitat , moving thr ough stages comparable to 
the deve lopment al stages of the individual or­
ganism (Clements and Shelford 1939). 

German limn ologist August r~ma~_ 

(1918, 1926) had also discussed the relationship 
betw een the community (known in Europe as 
the biocoenosis) and the habit at (or biotype) in 
the context of succession. His work was imp or­
tant for showing that the un ion of community 
and habitat need not result in a static, perfectly 
cycling system . However, he also used an or­
ganis mic analogy, with s uccession being the 
pr oduct of the reciprocal interactions betw een 
"biocoenosis" and "biotype ." By 1939, he 
combined the biocoen osis with the biotype 
to form a higher uni ty called the "biosys tern" •• 
(Thie nemann 1939). His app roach differed from 
Lind eman's in lacking any attempt to work out 
precisely the relation ship between the develop­
ment of the un it and the interna l troph ic pro­
cesses of th e sys tem. 

It is inter esting to note that wh en Lindeman 
sen t his essay to Ecology for publication, two 
emine nt Iirnnologists. Chancey Jud ay and Paul 
Welch, recommended that it not be publish ed, 
largely becau se 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 bett er data base . With 
Hutchins on'Sstrong support of the man uscript, 
the editor of the journal, Thomas Park, decided 
to publish a revised manuscript de spite the 
negative reviews. In fact, Lindeman never saw 
the article in print because he died in 1942 after 
a long illness; he was twent y-seven years old . I 
Though publi shed without the desired sup­
port ing dat a, his article open ed up new direc­
tions for the analysis of the functioning of 
ecosys tems . 

These are some of the major publication s in 
ecology which formed the basis for a continu­
ing research tradition in community studies, 
success ion, ecosys tem analysis, population 
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dynamics, and orga nism-environment rela­
tion s. Man y of the ideas and methods pre ­
se nted in these papers were con troversial, 
especi ally the complex-organism analogy and 
the use of mathemat ical techniques for mod­
eling population interactions. Mathematical 
modelin g was con troversial becau se it seemed 

\\overs impli fied and generated conclusions that 
went beyond th e avai lable data. Man y of the 
laboratory s tudies that grew (rom these theo­
retical forays were criticized (or being inappli-
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