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philosophy. More than most ecologists of his day, Tansley was willing
to draw analogies between nature and human society. There may have
been no direct cause-and-effect relationship, but it seems reasonable that
the ecosystem concept developed partly as a result of Tansley's impa-
tience with the social implications of holistic organicism.

Despite his devastating critique of Phillips's ideas, Tansley never
completely broke with the organismal concept. As he had several
times before, Tansley restated his belief that important analogies ex-
isted between organisms and communities. The problem, as he had
repeated so often, was that Clements (and now Phillips) pushed the
analogies too far. They continued to insist that communities were not
simply like organisms but that they were, in fact, organisms. This in-
transigence was impeding the growth of ecology. Tansley, therefore,
proposed the ecosystem as an alternative concept that would avoid the
excesses of Clementsian ecology without sacrificing the inherent
usefulness of the organismal concept. As Tansley later acknowledged,
one could still consider the ecosystem to be like an organism, but such
a belief was not necessary.” Indeed, Tansley seemed to prefer a con-
cept with a pronounced flavor of modern physics.

Tansley based his new ecosystem concept on the philosophy of Hy-
man Levy, a prominent British Marxist and mathematical engineer.
According to Levy, the universe is composed of partially overlapping
systems. “Science,” Levy argued, “like common sense, sets out in the
first instance to search for systems that can be imagined as isolated
from their setting in the universe.”™ These mental “isolates,” which
always corresponded to some physical reality, could be expanded or
reduced according to purposes of the scientific analysis. For example,
for the purposes of anatomy, a tree could be considered a well-
solated biological system, but for the physiological purposes of un-
derstanding photosynthesis or growth, the system needed to expand
to also include some elements of the physical environment.”

Levy's The Universe of Science presented a picture of science similar
to the more fragmentary one that Tansley had accepted throughout
the 19205 and 1930s. Because nature was so complex, ecologists were
forced to focus on only certain aspects of “kaleidoscopic” reality.! In
an important sense, communities and ecosystems were natural ob-
Jects, for they corresponded to something real in nature; but they
were also abstractions, isolated from the welter of sense experience.
“Actually the systems we isolate mentally are not only included as
parts of larger ones,” Tansley argued, "but they also overlap, inter-
lock and interact with one another. The isolation is partly artificial,
but is the only possible way in which we can proceed.” This meth-
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odological statement was tremendously significant for the future of
ecology. 1t freed the ecologist trom the rigid organismal concept ad-
vocated by Clements. One could still draw useful analogies between
organisms and ecosystems, but there was no reason to believe that the
ecosystem really was a type of organism. Tansley's innovation also
freed the ecosystem concept from a rigid geographical basis. The con-
cept of community, as a geographically defined entity, had become
mired in controversy, What were the natural boundaries of commu-
nities? Were communities local associations of plants, or did they ex-
tend over climatic regions? These controversies had been incessant
and inconclusive, but the ecosystem concept made them irrelevant.
Ecosystems were not completely arbitrary; for example, a lake might
have fairly well-defined boundaries. Even in situations where obvious
boundaries did not exist, however, the ecologist could define them for
the purposes of research.

Tansley was not an experimental ecologist, and apparently he was
only dimly aware of the possibilities implied by his new concept. But
G. Evelyn Hutchinson recognized the necessity of isolating systems,
perhaps even arhitrarily, to measure the transfer of energy and mat-
ter across their boundaries. This experimental approach was used
with great success in fields such as thermodynamics, biochemistry,
and physiology, and by the end of the 1930s Hutchinson saw that it
could also become the starting point for a new ecology.” Within half a
decade, Raymond Lindeman set the course for this new ecology.

Raymond Lindeman
and a New Direction for Ecology

Raymond Lindeman was an earnest young man (figure 7). "I don't
believe 1 ever saw him laugh or smile,” recalled a friend. "He was
subject to stomach ulcers, . . . He was so intense with his field studies
that sometimes he would work until he began to vomit blood.™ That
recollection may be overly severe, but by all accounts Lindeman be-
came almost totally immersed in his research. As a high school stu-
dent applying to Park College in Missourn, he expressed a desire to
become an experimental biologist. He had considered law as a more
practical alternative, he wrote, but had given up this “passing fancy™
for his first ambition—science. Despite the financial attraction of law,
a life in science provided a greater opportunity to serve humanity,
and it allowed one to “see and try w understand the majestic symme-
try of the universe."* This was not simply an exaggerated expression



&8 - THE BIRTH OF A SPECIALTY

of youthful idealism. Growing up during the Great Depression, the
son of a struggling Minnesota farmer, Lindeman knew the value of a
dollar. Rather, this early stalement spoke to a deeper idealism and
commitment to science; personal characteristics that made a deep im-
pression on those who knew him.*

After graduation from Park College in 1956, Lindeman studied
limnology under Samuel Eddy at the University of Minnesota. Eddy
was @ competent, but not particularly distinguished, scientist. Of
greater importance to Lindeman's intellectual development was the
plant ecologist W. 8. Cooper, a student of Henry Chandler Cowles. In
his plant ecology courses, Cooper presented a broad historical over-
view of the field. The leading higures in the field, from the late nine-
teenth century on, were discussed and their ideas criticized.
Lindeman took copious notes during Cooper’s lectures and later
highlighted the important points with colored pencil.” These theo-
retical issues were also discussed in a more informal setting when
graduate students met regularly at the Cooper home." Thus, by the
time that he finished his graduate studies, Lindeman was not only
trained as a limnologist, but, under Cooper’s tutelage, he had also
been exposed to the major conceptual developments shaping pre—
World War I plant ecology. These ideas, particularly the concepts of
succession and climax community, held an important place in Linde-
man’s later theoretical writings.

Lindeman came to Hutchinson’s laboratory in September 1941 ona
Sterling postdoctoral fellowship. The fellowship year, shortened by
his death in June 1942, was a remarkably creative period for Linde-
man. His brief association with Hutchinson resulted in a classic paper,
“The Trophic-Dynamic Aspect of Ecology.” In this paper Lindeman
used the new ecosystem concept to create a synthesis of ecological
principles derived primarily from Clements, Elton, and Hutchinson.
The paper formed the cornerstone for much post—World War I eco-
system ecology. Initially, however, Lindeman’s theoretical approach
met with considerable skepticism and hostility from several leading
ecologists. The manuscript was originally rejected by the editorial
board of Ecology, and only through Hutchinson's intervention was it
finally accepted by that journal,” The story is all the more poignant
because Lindeman died from a congenital liver ailment shortly before
his paper appeared in print.

Great research and great teaching do not necessarily go together,
but in the case of Hutchinson the two activities meshed perfectly. One
key to his success was his ability to attract imaginative young biologists
to his laboratory and to stimulate their intellectual development.
What often resulted from these collaborations were highly original

theoretical works woven ogether lrom ideas provided by both
teacher and student. No case illustrates this torm of collaboration so
clearly as Lindeman’s article on trophic dynamics.” In this paper Lin-
deman credited Hutchinson with providing many key concepts that
he used in his theoretical discussion of limnology. A superficial read-
ing of the paper might give the impression that the truly original
parts of the paper were Hutchinson's rather than Lindeman's. But
archival evidence suggests a very different interpretation. Writing the
paper involved a compiex development of ideas, ideas that neither
man had fully worked out belore Lindeman arrived at Yale.

One can trace the development of these ideas by comparing Linde-
man’s dissertation and the successive drafts of the trophic dynamic
paper.” Analyzing Hutchinson's influence on this development is
complicated by the fact that Lindeman was quite tamiliar with
Hutchinson’s work when he was writing his dissertation in Minnesota.
Throughout this period (1939-1941) Lindeman corresponded fre-
quently with Hutchinson's student Edward Deevey and somewhat less
frequently with Hutchinson himself. This correspondence Teveals
that Lindeman began thinking deeply about Hutchinson’s approach
to ecology well before he arrived in New Haven. If Lindeman wrote
anything during his _ﬁ?rinﬁ_.::uciwn.. period, it apparently no
longer exists.

Less directly, the historian can ask what each man brought to the
relationship. By 1941, Hutchinson had spent a decade studying the
biogeochemistry of Linsley Pond. He was beginning to establish his
reputation as one of the leading limnologists in the United States, and
he was sufficiently confident of his position within the specialty that
he had begun writing a general wreatise on limnology.* He had also
taken very preliminary steps toward outlining a mathematical expla-
nation for energy flow. Each trophic level could be characterized by
its energy content, which changed as energy entered and left. There-
fore, a complete explanation of community energetics consisted of a
series of differential equations representing novements of energy
into and out of the various trophic levels. His sketchy notes formed a
suggestive beginning, but as Hutchinson admitted, it was hardly a the-
ory: “At present it is merely possible, introducing certain assumptions
of a more ar less arbirary nature, 10 obtain approximate values in the
very simplified equations that result."

There is no reason to believe that Lindeman contributed directly to
the development of Hutchinson's mathematical concepts. His back-
ground in mathematics amounted to no more than courses in ITigo-
nometry and college algebra and perhaps a graduate course in
statistics.* Indirectly, he undoubtedly contributed a great deal, for he
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brought with him a wealth of information about trophic relationships
in aquatic systems. As a graduate student Lindeman had spent five
vears studying a senescent lake in central Minnesota: Cedar Lake
Bog. His dissertation dealt broadly with the geological, physical,
chemical, and biological characteristics of the lake.™ Most of the work
tocused, however, upon the food web in the lake. Prior to 1941
Hutchinson had not studied the trophic relationships in Linsley Pond
in any detail. Thus Lindeman provided him with a fund of knowledge
and field experience necessary for building a mathematical theory.
Lindeman, in turn, used Hutchinson's nascent mathematical concepts
to develop a very general theory of energy flow in ecosystems. He had
begun to explore these ideas in a tentative and qualitative manner in the
final chapter of his dissertation. During his brief stay at Yale, he found
the mathematical tools to do so in a much more rigorous fashion.

In the opening paragraphs of his article, Lindeman presented the
“trophic-dynamic viewpoint” as a new, more fundamental approach
to ecological problems. Earlier ecologists, according to Lindeman,
had emphasized the taxonomic composition of communities; they
had described either the static distribution of species or the changes
in species during the course of succession. Repeating a criticism
that Hutchinson had previously voiced, Lindeman argued that these
earlier approaches—what he referred 1o as the “static species dis-
tributional viewpoint” and the “dynamic species distributional
viewpoint”—drew an unnatural dividing line between the living
community and the nonliving environment.™ Biogeochemistry was
obliterating this arbitrary distinction; energy and materials were
constantly moving back and forth across the often indistinct boundary
separating the organic and inorganic worlds. “This constant organic-
inorganic cycle of nutritive substance is so completely integrated,”
Lindeman argued, “that to consider even such a unit as a lake primar-
ily as a biotic community appears to force a ‘biological’ emphasis upon
a more basic functional organization.™ This more basic functional
organization was found at the level of the ecosystem, a “system com-
posed of physical-chemical-biological processes active within a space-
time unit of any magnitude.” Taking Tansley's skeletal concept,
Lindemun fAeshed it out. He took Charles Elton’s older trophic dy-
namic theory, which had focused almost entirely upon the living com-
munity, and, using the newer concept of ecosystem, he gave this
theory a biogeochemical interpretation.

Elton’s early trophic theory had traced the movement of food
through the living community, and in his earlier writings Lindeman
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accepted this general explanatory scheme. After arriving at Yale and
reading Hutchinson's lecture notes, Lindeman began to distinguish
more clearly between energy and matter, This important conceptual
refinement is clearly revealed in the food cycle diagrams that Linde-
man included in his early publications.® Chemical substances under-
went constant cycles of synthesis and degradation. Simple inorganic
compounds were synthesized into complex organic molecules by pho-
tosynthetic organisms, the producers of the ecosystem. These organic
molecules underwent further chemical transformations as they
moved E:‘Em: food chains composed of herbivores and carnivores,
the consumers of the ecosystem, Ultimately, all these complex organic
molecules were degraded again to simple inorganic substances by the
action of bacteria and other decomposers in the ecosystem.

Driving this cyclic process was a one-way flow of energy. Solar en-
ergy was captured during photosynthesis and transformed into chem-
ical energy stored within organic molecules. Through the process of
predation this chemical energy was transferred from one trophic level
to the next, but at each step some was converted into kinetic energy or
otherwise dissipated to the environment. Thus, not all chemical en-
ergy stored in a trophic level could be wansferred to the next higher
level. This was ol fundamental importance because it meant that, un-
like matter that could be recycled through the ecosystem, a constant
flux of energy was necessary to keep the ecosystem operating. This
realization also suggested a more fundamental solution to an impor-
tant biological question that Charles Elton had tematively answered a
decade and a half earlier: Why is the number of trophic levels in a
food chain generally limited to four or five?

Elton had answered this intriguing question in terms of the size and
numbers of organisms. As one moved up the food chain, animals
tended to become larger and fewer in number. At some point, gener-
ally around the fourth or fifth step in the chain, the surplus food
produced by a trophic level was no longer able to support another
group of even larger predators. Lindeman solved this problem more
elegantly by reducing it to a physical explanation in terms of energy:
“the energy of no food level can be completely extracted by the organ-
isms that feed upon it.”™ Formally, one could represent this relation-
ship among trophic levels by a series of terms:

.v_u_.—rhu..?_.uv.vrw...u.wp#

where the productivity, \,, represented the energy transferred to a
trophic level from the next lower level. As one moved up the tood
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chain, productivity decreased at each step. Thus, Lindeman had re-
formulated Elton's pyramid of numbers into a pyramid of energy.
Available energy decreased at each successive level in a food chain. At
some point, generally the fourth or fifth level in the chain, the
amount of energy was insufficient to sustain another population of
predators.

Why did productivity decrease at each successive trophic level?
Each trophic level (1) contained a quantity of energy (A,). Energy
entered the trophic level at a rate (A,), which Lindeman had defined
as the productivity of level n. At the same time energy was lost at a
rate (A,'). But this energy loss from trophic level n was not the same as
the energy that entered the next trophic level (A, . ). In fact, it was
always greater. Much energy was dissipated from trophic level n as a
result of metabolism. Although this respiratory heat constituted a loss
of energy from the quantity A,, it did not constitute a gain in A, + ;.
Furthermore, some organic matter consumed by the predators in
level n + 1 was not assimilated. Wood, hair, bone, and other relatively
indigestible substances contain calories, but not in a form usable by
most animals. Again, these calories constituted a loss from A,, but
they did not contribute to A, . ;. Finally, some members of trophic
level n died of nonpredatory causes. These calories were transferred
immediately to decomposers, not to the consumers at trophic level
n+ L

Although Lindeman did not use such pictorial representations in
his paper, one can visualize the energy budget for trophic level n as a
simple input-ouput system, with the energy input always exceeding
the useable output to the next higher level. Each trophic level is a
“black box" containing a quantity of energy (A,). Energy flows into
the box at the rate () and flows out of the box at a rate (A,,'). Not all
this energy Hows, however, into the box representing the next trophic
level; A, is always greater than A, , - The difference represents ei-
ther energy lost as heat or energy in a form unusable by organisms in
trophic level n + 1. This type of black box diagram became a stand-
ard method of representing trophic dynamics during the decades fol-
lowing World War 1I {hgure 8).

Lindeman’s formulation posed a number of intriguing questions.
For example, how do the productivities of the same trophic level in
different ecosystems compare? And within the same ecosystem, is the
efficiency of energy transfer between any two successive trophic levels
(i.e., h, — 1/h,) a constant, or does it vary? Providing answers to such
questions was central to understanding both how ecosystems function
and perhaps how to exploit them economically. Elton had suggested
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that all ecosystems share a common trophic “ground plan”; Linde-
man's paper suggested how this ground plan might be quantitatively
studied. For young ecologists entering the held after World War 11
this was an exciting prospect.

The final section of Lindeman's paper was the most speculative, for
here he atempted to unite succession, a central concept in pre—
World War II ecology, with the newer study of energy How. His
discussion of succession was heavily influenced by both older Clem-
entsian notions of development and Hutchinson's developmental
metaphors for productivity in Linsley Pond. A few years before meet-
ing Lindeman, Hutchinson had suggested that as a lake aged produc-
tivity followed a logistic pattern of growth, reaching what he referred
to as “trophic equilibrinm” when the lake became nutrient-rich, or
eutrophic. In the original draft of his paper, Lindeman expanded on
this Hutchinsonian idea by portraving succession as a series of such
sigmoid curves. Each siage in succession, from lake to bog to forest,
was accompanied by an increase in productivity. Productivity in-
creased exponentally at first, but then plateaued as the system
reached a new “stage equilibrium.” This successive pattern of logistic
growth continued until a climax forest was established and produc-
tivity was maximized. Lindeman and Hutchinson presented this suc-
cessional scheme at the annual meeting of the Ecological Society of
America in Dallas, and the younger ecologist later acknowledged that
it came as “a rude shock” when he was informed that there was no
empirical support for his simple growth curves for productivity.” Af-
ler some _Ernzum he settled on a less elegant graph. In the pub-
lished version, one can still see the remnants of the original sigmoid
curves. But the transition from aquatic to terrestrial succession is
marked by a4 dramatic decrease in productivity, and productivity also
decreases slightly at climax.

As Lindeman readily admitted, his attempted synthesis of succes-
sion and energetics, based on meager data, was necessarily tentative;
however, it foreshadowed a number of more sophisticated discussions
of the energetic basis of succession.” And the evolution of this section
of the paper is intriguing for the glimpse it provides of Lindeman's
creative imagination. His first impulse was to envision succession as a
progressive, developmental process leading to a climax state. This re-
flected the modified Clementsian ideas that he had been taught by
W. 8. Cooper at the University of Minnesota.™ It also reflected Hutch-
inson's view that succession was z developmental process leading to a
stable equilibrium. Following Hutchinson's lead, Lindeman idealized this
process by using a simple mathematical formula, the logistic equation.
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But Lindeman was neither a dogmatic Clementsian nor a detached
theoretician. When he realized that his original explanation could not
be supported by empirical evidence, he was willing to abandon it—
but not completely. In true Hutchinsonian tashion, he used elements
of the falsified scheme to produce a more realistic picture of succes-
sion.

Lindeman and His Critics

Ecosystems, productivities, and trophic levels have become so embed-
ded in the language of modern ecology that it is difficult for the mod-
ern reader to recognize just how revolutionary Lindeman’s paper
appeared in 1942, It stands as one of the great intellectual watersheds
in the history of ecology. On one side of this divide stood a small
group of mostly younger ecologists who rather quickly grasped the
significance of Lindeman’s accomplishment. The publication of his
paper was followed by a Hurry of similar attempts to refine, clarify,
and expand trophic concepts.” These, together with important field
studies, were largely responsible for the early development of ecosys-
tem ecology atter World War 11. On the other side of this intellectual
watershed stood a larger group of ecologists, older and well-estab-
lished in the feld, who had licle appreciation of Lindeman’s accom-
plishment.

Two months after arriving in Hutchinson's laboratory, Lindeman
submitted his paper for publication in the journal Ecology.® The re-
sponses from two anonymous reviewers, now believed to have been
Chancey Juday and Paul Welch, were extremely negative.® Welch, a
professor at the University of Michigan and author of a highly re-
spected texthook on limnology, complained that the paper was too
speculative and lacking in empirical evidence; in short, it was a "desk
produced” essay, rather than a true piece of scientific research. “What
limnology needs now most of all,” Welch concluded, “is research of
the type which yields actual significant data rather than postulations
and theoretical treatments.™ Juday, a biologist at the University of
Wisconsin and perhaps the leading limnologist in the United States,
was even more condemnatory. As discussed in chapter 4, Juday was
bitterly opposed to the mathematical ecology of Hutchinson and his
students. His commentary on Lindeman’s paper dripped with sar-
casm: “A large percentage of the following discussion and argument
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is based on ‘belief, probability, possibility, assumption, and imaginary
lakes' rather than on actual observation and data.”™ " According to our
experiences,” Juday continued, “lakes are sank smdividualist’ and are
very stubborn about fitting into mathematical formulae and artificial
schemes proposed by man,”

Thomas Park, the editor of Ecology, was placed in a quandary. He
found Lindeman’s paper stimulating but was reluctant to publish the
manuscript over the strident objections of two eminent limnologists.
With “some reluctance and distress,” Park wrote Lindeman that he
was forced to reject the paper.™ Almost immediately, Hutchinson, ina
three-page letter to Park, defended Lindeman’s theoretical approach
and rebutted the referees’ criticisms. Park sent copies of this letter to
Juday and Welch, who, after reading it, restated their strong opposi-
tion to publishing Lindeman's paper. Faced with this impasse, Park
allowed Lindeman to resubmit the paper, which he then turned over
to his colleague at the University of Chicago, Warder Clyde Allee.
Allee, unenthusiastic about the paper, was not strongly opposed to
having it published. Despite this lukewarm response from a third ref-
eree, Park decided to accept the paper. "1 rather imagine that the
original referees will still object to certain of its basic premises,” he
wrote Lindeman, “but I think it best to publish your paper regardless.
Time is a greater sifter in these matters and it alone will judge the
question.”™

During the negotiations over his paper, Lindeman suffered an at-
tack of jaundice, a disease he also had suffered from as a graduate
student. His health deteriorated rapidly during the spring of 1942
and following surgery he died on June 15. Four months later, his
trophic-dynamic paper appeared in Ecology.

The initial negative reactions to Lindeman’s paper reflect resistance
to fundamental changes occurring in ecology, changes that closely ac-
companied the birth of the new specialty of ccosystem ecology. As
Robert Cook has pointed out, much antipathy toward Lindeman's
work stemmed from a strong mistrust of mathematical theory.” This
aversion to mathematics is clearly evident both in Juday's review of
Lindeman’s article and his other vitriolic attacks on the Hutchinson
school.™ But more was at issue here than mathematics. Juday was a
leader of the most prestigious limnological research group in the
United States. Philosophically he was a strong empiricist, leery of all
general theories—mathematical or not. The Hutchinson school was
much smaller, but it was rapidly gaining influence. Both the philo-
sophical differences and the rivalry between the two groups is evident
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in the sarcastic jokes that circulated privately in the two competing
laboratories, Juday derided the Hutchinson team for analyzing lakes
by dipping a finger or two into the water.” Hutchinson's students con-
descendingly remarked that Juday's team was capable of making ten
thousand measurements without having a single idea.” Inevitably, the
twa groups viewed Lindeman’s paper differently.

From the perspective of Juday and Welch, Lindeman's paper was
speculative because it aempted to draw broad generalizations from a
rather limited body of data. Lindeman had relied primarily upon his
own detailed study of Cedar Lake Bog, but he also referred to several
other limnological studies, including one by Juday, This was not
enough for the Wisconsin limnologist. Lakes were “rank individual-
ists,” Juday claimed, resistant to theoretical generalizations. Under-
standing limnology could only come from the gradual accumulation
of data gathered from many different lakes, a painstaking empirical
process that Juday had begun several years before Lindeman was
born. Other biologists agreed. Although he wrote a sympathetic letter
to Hutchinson after Lindeman's death and expressed enthusiasm for
the general thrust of the young scientists research, Charles Elton
later complained that Lindeman’s calculations were “guesses rather
than reliable facts. . . . His conclusions are, to say the least, a shot in
the dark.™

In marked contrast o Juday’s "bottom-up” approach to ecological
research, Hutchinson and Lindeman saw a much more creative role
for theory. Linsley Pond and Cedar Lake Bog were model systems
from which general explanatory principles could be derived. These
principles could be empirically tested, but even if they eventually
turned out to be false they served as useful guides to further research.
Both men believed thar this justified publishing the trophic-dynamic
paper. In a letter to W. §. Cooper, Lindeman admitted that his theo-
retical work had a rather shaky empirical base. “1 have a feeling,
though,” he wrote, “that at least some of the ideas are piquing enough
to start some people making ecological studies on the basis of produc-
tivity and efficiency, and that would be quite gratifying even though
some of the hesitantly proposed ‘principles’ turn out to be wrong.™
“Even should none of his [Lindeman's] generalizations ultimately
hold,” Hutchinson wrote Park after the manuscript’s rejection, “the
work of disproving them will provide important information that
would probably be obtained in no other way.”” From the perspective
of Juday and Welch, Lindeman’s desk-produced paper was taking up
space in a journal that ought to be devoted to hard data. But from the
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perspective ol Lindeman and Hutchinson, the speculative paper
served as both guide and stimulus for futre research.

With historical hindsight it is casy to see Lindeman’s paper as the
major point of departure for post—World War 11 ecosystem ecology,™
but both Welch and Juday failed to recognize Lindeman’s role in es-
tablishing a new specialty. Their failure 1o do so is perhaps not oo
surprising, Juday had constructed energy budgets for Wisconsin
lakes. but he had never attempted to place these within a broader
theoretical framework. Others, notably Edgar Transeau at Ohio State
University, had taken a more theoretical approach to ecological ener-
getics. However, Transeau had limited his discussion to the accumu-
lation of energy by plants, what is now referred 1o as primary
productivity.” Charles Elton and the German limnologist August
Thienemann had independenty introduced the concept of trophic
levels several years earlier.” But what most clearly distinguished Lin-
deman from older ecologists was his use of the ecosystem concepl,
With this concept he was able to synthesize elements taken from tradi-
tional studies in fisheries biology and limnology, the newer biogeo-
chemical approach to studying lakes, Elton’s terrestrial animal
ecology, and traditional plant ecology.

Lindeman himself believed that he was working within the “Elto-
nian tradition.™ But, as Elton’s lukewarm reaction to the later devel-
opment ecosystem ecology suggested, Lindeman’s approach differed
significantly from the British ecologist's “scientific natural history.”
The ecosystem concept was better suited to the type of highly abstract
theorizing that Lindeman and Hutchinson employed. Lakes, streams,
forests, or coral reefs could all be treated as idealized systems com-
posed of trophic levels. Each trophic level was a kind of black box
through which energy and materials moved. Indeed, as Hutchinson
noted in a postscript to the trophic-dynamic paper, Lindeman had
reduced all the biological complexity of Cedar Lake Bog to energetic
terms. Although he had barely sketched the outhines of this new ener-
getic approach o ecology, its explanatory power seemed obvious
enough. Why are trophic levels in ecosystems usually limited to four
or five? In 1927 Charles Elton had proposed an answer to this intrigu-
ing question in terms of the relative size and numbers of various ani-
mals. For Lindeman a more elegant and fundamental explanation
could be provided in terms of energy. Critics later complained that
Lindeman’s followers were “obsessed with calories.”™ But during the
postwar decades the study of energy flow appeared 1o be of funda-
mental importance for understanding ecosystems.
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Theoretical Foundations
for a New Ecology

Arthur Tansley proposed the ecosystem concept as a more acceptable
substitute for Frederic Clements’s idea of the community as a com-
plex organism. But neither Tansley nor Lindeman completely sev-
ered the ties between the older and newer concepts. With some
qualifications, the idea of succession as a developmental process was
an integral part of Lindeman’s argument. Even mare important, he
borrowed Hutchinson's idea that energy and material transter within
aquatic systems constituted a kind of “metabolism.” These were usetul
analogies, but they were no more than that. Like Hutchinson, Linde-
man used organismal analogies as heuristic devices in developing
theories. The mathematical theory, not the similarities between
organisins and lakes, was truly important. The ecosystem concept was
well-suited for this new type of study. Once the ecologist had de-
limited the system, the movements of energy and material within it
could be measured.

Lindeman criticized earlier ecologists for taking a too biological
perspective on their work. In important ways Lindeman removed the
traditional biological orientation from ecology. This shift is partic-
ularly striking when one compares the new approach to trophic dy-
namics with the older ideas of Elton. Elton’s ideas of food chains and
niches were firmly rooted in natural history; he always seemed to have
specific animals in mind when he discussed these theoretical units.
But in the newer approach, species and populations seemed to eva-
porate. When considering biogeochemisury, V. 1. Vernadsky had
claimed, “the single living organism recedes from view; the sum of all
organisms, Le. living matter, is what is important.” Hutchinson and
Lindeman took much the same view as the influential Soviet geoche-
mist. Trophic levels did not correspond exactly with populations or
species; a given species ght simultaneously act as both herbivore
and carnivore. From the perspective of the ecosystem this made litle
difference. In theory, a species's metabolic activities could be appor-
tioned among several different trophic levels. Following this ap-
proach, however, trophic levels ceased to be truly biological units;
instead, they became black boxes, idealized mechanisms for channel-
ing and dissipating energy.

From one perspective Lindeman had deemphasized biology, but
from another perspective ecosystem ecology became more biological
than its predecessors. The split between botanists and zoologists was a
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prominent feature of pre=World War 11 ecology. Bacteria, fungi, and
other “lower forms” of life were barely considered. Frederic Clemenis
and Victor Shelford had made an initial attempt at synthesis in their
1939 book, Bio-Ecology. But ecologists of a younger generation found
the book uninspiring. Lindeman's emphasis on energy flow focused
attention on the unity of the ecosysiem. Ecology was about more than
animals or plants in isolation; it was about the interactions of various
groups. Producers, consumers, and decomposers all played impor-
tant functional roles within the ecosystem, For ecologists after World
War 11, the ecosystem promised a means for unifying what had previ-
ously been a discipline sharply divided along the boundary between
zoology and botany.™

How important can a single paper be in establishing a new scientific
specialty? Unlike other ecologists who studied productivity and tro-
phic relationships, Lindeman placed his ideas within a coherent con-
ceptual framework. Discussing his research within the context of the
ecosystem allowed Lindeman to generalize rather broadly. The paper
was not simply about lakes; it applied equally to all ecosystems, terres-
trial or aquatic. Many of Lindeman's ideas were speculative, but this
in itself encouraged constructive criticism. Finally, the drama sur-
rounding the publication of the paper and Lindeman’s tragic death
focused considerable attention on his work. For all these reasons,
“The Trophic-Dynamic Aspect in Ecology™ became a catalyst for the
development of ecosystem ¢cology. As we see in chapter 6, a number
of social factors also encouraged this development.






Figure 2.
Fredere Olements, 1914 { American Hertage Center, Uniiversity of
Wyanmiig).

Figure 3.

Charles Ehon (eenter) with Aldo Leopold (rght) and the Canadian
ornithologist William Rowan [feff) at the Matamek Conference on
Population Cycles, Labrador, 1951 (University ol Wisconsin Ar-
chives).
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Figure 7.
Raymond Lindeman,

ca. |94

(TIniversity of Minnesota Avchives),

Respiratory |7
Photouynihesis |-q.__._.. Eﬂa___“_.._.“_.”._
7 of planta
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Figure 8,

Stunplified dingram ol coergy How theoueh Silver Springs, Florida
iHoward U Odum, Enwtronment, Pogeer, and Soctety, John d_...___.:__.,.._..
199 1),

Figure Y.
Eugene and Howard Odum receiving the 1987 Crafoord Prize. Loft
to vighi: Mrs. Elzabeth (M1 Cklum, Mrs: Martha (B Py Oduom,
Howgrd 10 Ochim, Mres, Anma-Gorera Cratoord, Bogene 1N Odum,
King Carl XV Gustal (Roval Swedish Aca

ey ol Sciences).



