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Summary 

In this article,we inquire into the intellectual history ofthe 
application of the biological concept of metabolism to so- 
cial systems-not as a metaphor; but as a material and 
energetic process within the economy and society vis-A- 
vis various natural systems.The paper reviews several sci- 
entific traditions that may contribute to  such a view, 
including biology and ecology, social theory, cultural an- 
thropology, and social geography It assembles widely scat- 
tered approaches dating from the 1860s onward and 
shows how they prepare the ground for the pioneers of 
“industrial metabolism” in the late 1960s. In connection to 
varying political perspedives, metabolism gradually takes 
shape as a powerful interdisciplinary concept It will take 
another 25 years before this approach becomes one of 
the most important paradigms for the empirical analysis 
of the society-nature-interaction across various disciplines. 
This later period will be the subject of part II ofthis litera- 
ture review. 
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Introduction 

Contemporary research on human-induced 
global environmental change deals increasingly 
with two broad and overlapping fields of study:’ 
One is “industrial metabolism,”2 which focuses 
on the flow of materials and energy in modern 
industrial society through the chain of extrac- 
tion, production, consumption, and disposal. In- 
dustrial metabolism has been the subject of 
multidisciplinary work engaging mainly scien- 
tists from physics, chemistry, and engineering, as 
well as experts from the life sciences and eco- 
n o m i c ~ . ~  Although industrial metabolism is a 
common term among industrial ecology special- 
ists, only a few are aware of related approaches, 
across various scientific traditions and beyond 
the scope of industrial societies. 

Starting from a social science perspective (see 
Fischer-Kowalski 1997), the basic question that 
guides the task at hand is to what degree do ma- 
terial and energetic processes that fit under the 
label “metabolism” provide a useful understand- 
ing of the interrelation of society with nature? I 
first elaborate on the biological and ecological 
meaning of this term and then review some of its 
early uses in sociology, cultural anthropology, 
and social geography.‘ This attempt to screen the 
relevant literature, given the lack of a clearly cir- 
cumscribed scientific context, is less of a critical 
and more of an arbitrary organizational task of 
putting together pieces of an emerging idea. The 
application of the term metabolism to human 
society inevitably cuts across the “great divide” 
between the natural sciences, on the one hand, 
and the social sciences and the humanities, on 
the other. In the 1860s, when this divide was not 
as wide, the concept of metabolism, which then 
was emerging in biology, quickly found reso- 
nance in much of classic social science theory. 
Later, while being developed further in biology 
and ecology, the social science usage of this con- 
cept became more or less restricted to outsiders. 

The awakening of environmental awareness 
and the increase in cultural acceptability of a 
critical view of economic growth during the late 
1960s triggered a revival of interest in society’s 
metabolism with a new perspective (Wolman 
1965; Ayres and Kneese 1968, 1969; Neef 1969; 
Boyden 1970; Meadows et al. 1972; Daly 1973). 

With the description of the achievements of the 
pioneers of this new research tradition, linked 
with a new policy concern, this first part of the 
review will come to a close. 

The period since the 1960s. in which there 
has been a virtual explosion of research dealing 
with industrial metabolism, will be the subject of 
the second part of this review, and will be pub- 
lished in a subsequent issue of the Journal of In- 
dustrial Ecology. 

Metabolism in Biology 
and Ecology 

In one of the standard textbooks in biology, 
Purves et al. (1992,113) wrote that “to sustain the 
processes of life, a typical cell carries out thousands 
of biochemical reactions each second. The sum of 
all biological reactions constitutes metabolism. 
What is the purpose of these reactions-of me- 
tabolism? Metabolic reactions convert raw materi- 
als, obtained from the environment, into the 
building blocks of proteins and other compounds 
unique to organisms. Living things must maintain 
themselves, replacing lost materials with new ones; 
they also grow and reproduce, two more activities 
requiring the continued formation of macromol- 
ecules.” They added further, “Metabolism is the to- 
tality of the biochemical reactions in a living 
thing. These reactions proceed down metabolic 
pathways, sequences of enzyme-catalyzed reactions, 
so ordered that the product of one reaction is the 
substrate for the next. Some pathways synthesize, 
step-by-step, the important chemical building 
blocks from which macromolecules are built, oth- 
ers trap energy from the environment, and still 
others have functions different from these” ( 130). 

In another classic text, Beck et al. (1991, 
175) explained that “Metabolism includes the 
following processes: 

All the chemical processes by which food 
and its derivatives are broken down to yield 
new building blocks and energy. This seg- 
ment of metabolism is termed catabolism. 

All the chemical processes by which liv- 
ing cells and tissues are produced and built 
up. This is anabolism (buildup of new mol- 
ecules by biosynthesis). 
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All the regulatory mechanisms that gov- 
em these intricate systems.” 

Whereas the concept of metabolism is widely 
applied at the interface of biochemistry and bi- 
ology when referring to cells, organs, and organ- 
isms in biology, it appears to be a matter of 
dispute about whether to use this term further up 
the biological hierarchy. E. P. Odum, a leading 
system ecologist, clearly favors the use of terms 
such as “growth” or “metabolism” on every bio- 
logical level from the cell to the ecosystem (see, 
e.g., 1973, 7). The following statement in Beck 
et al. (1991,679), for example, is not controver- 
sial in biology: “The metabolism of the whole 
body is simply the sum of all the metabolic pro- 
cesses in all the cells of the body.” To aggregate 
cells to an organism seems always to be legiti- 
mate. Which processes may and should be stud- 
ied on hierarchical levels beyond the individual 
organism, however, has been a subject of debate 
since Clements ( 1916).5 

This is basically a debate about “holism” (or 
organicism) versus “reductionism.” Do popula- 
tions (i.e., the interconnected members of a spe- 
cies), communities (i.e., the total of living 
organisms in an ecosystem), or ecosystems (i.e., 
the organisms and the effective inorganic factors 
in a habitat) have a degree of systemic integra- 
tion comparable to individual organisms? Does 
evolution work upon them as units of natural se- 
lection? These questions are contested in biology, 
and thus using the term metabolism for a system 
constituted by a multitude of organisms does not 
go unchallenged. What would be challenged is 
not the energy conversion and the nutrient cy- 
cling in ecosystems, which are taken as a fact. 
Rather, the contested point is whether there ex- 
ist any controls, information-mediated feedback 
cycles, or evolutionary mechanisms working on 
the systems level as such-and not just via indi- 
vidual organisms6 Notwithstanding the answers 
to these questions, it is widely accepted that, in 
effect, biotic communities and ecosystems have 
self-organizing properties that allow them to op- 
timize the utilization of energy and nutrients7 

According to these standards, it is obvious 
that humans maintain a metabolism. Like any 
other animal, they are heterotrophic organisms, 
drawing their energy from complex organic com- 

pounds (foodstuffs) that have been (directly or 
indirectly) synthesized by plants from (mainly) 
air and water, utilizing the radiant energy from 
the sun. The human organism converts most of 
these organic compounds (biomass) through res- 
piration (utilizing oxygen from the air) into car- 
bon dioxide and water, thus extracting chemical 
energy. The metabolic rate is roughly determined 
by body weight energetically (so humans fit into 
the scale of mammals somewhere between dogs 
and horses), and by physiology qualitatively. Hu- 
mans can digest only certain foodstuffs, and they 
cannot synthesize all the amino acids they need 
from carbohydrates alone (as most herbivorous 
animals can). So much for thermodynamics and 
biochemistry, and no one claims that humans 
can be exempted from either. If humans are to 
survive and reproduce, they must be able to sus- 
tain their metabolism. 

Because humans are social animals with an 
ability to communicate and cooperate beyond 
that of any other known species, they have 
tended to solve this problem collectively. I t  
makes sense, therefore, to look at human com- 
munities and societies as organizations serving 
human survival. Societies will, in effect, sustain 
a metabolism that at least equals the total me- 
tabolism of their human members. If they can- 
not maintain this metabolic turnover, they will 
die out. But if there is a surplus, this will rarely 
be processed through the cells of the human 
body. From an ecosystem perspective, for ex- 
ample, the materials birds use in building their 
nests constitute a relevant material flow associ- 
ated with birds. In standard biological terminol- 
ogy, however, this would never be considered as 
part of a bird’s metabolism, regardless of whether 
it may be vital for the bird’s reproduction. So, in 
fact, the concept of metabolism needs to be ex- 
panded to encompass material and energetic 
flows and transformations associated with “liv- 
ing things” but extending beyond the anabolism 
and catabolism of cells. Whether it is a popula- 
tion or some other entity, the overall material 
and energetic turnover of a subsystem of an eco- 
system, its consumption of certain materials, 
their transformation and the production of other 
materials may be an ecologically useful param- 
eter. In biology, and even less so in biochemistry, 
this would not be called metabolism. 
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We know that humans sustain at least part of 
their metabolism not by direct exchanges with 
the environment (as they do, for example, in 
breathing), but via the activities of other hu- 
mans. This is a matter of organization. Any at- 
tempt to describe this organization in terms of a 
biological system-whether it be the organism, a 
population in a habitat, or an ecosystem-must 
draw on analogies and thus runs the risk of being 
reductionist! On the other hand, the concept of 
metabolism in biology has valuable features: it 
refers to a highly complex self-organizing process 
that the organism seeks to maintain in widely 
varying environments. This metabolism requires 
certain material inputs from the environment, 
and it returns these materials to the environ- 
ment in a different form. 

Roots and Traces of Metabolism 
in the Social Sciences 

Metabolism in Social Theory 

Within the nineteenth-century foundations of 
social theory, it was Marx and Engels who applied 
the term metabolism to society. “Metabolism be- 
tween man and nature” is used in conjunction 
with the basic, almost ontological, description of 
the labor process. “The labour-process . . . is hu- 
man action with a view to the production of use- 
values, appropriation of natural substances to 
human requirements; it is the necessary condition 
for effecting exchange of matter between man and 
nature; it is the everlasting nature-imposed condi- 
tion of human existence, and therefore indepen- 
dent of every social phase of that existence, or 
rather, is common to every such phase” (Marx and 
Engels 1867, 183f). The “elementary factors” of 
the labor process are (1) the personal activity of 
man (i.e., work itself), (2)  the subject of work 
(Arbeitsgegenstand), and (3) its instruments (178). 
“In the labour-process . . . man’s activity, with the 
help of the instruments of labour, effects an alter- 
ation, designed from the commencement, in the 
material worked upon. The process disappears in 
the product; the latter is a use-value, Nature’s ma- 
terial adapted by a change of form to the wants of 
man.” (180). The subject of labor may be “sponta- 
neously provided by nature,” or it will have been 
“filtered through past labour.” 

According to Benton (1989,66), T h e  inten- 
tional structure of the labour-process is, for 
Marx, a transformative one.” This view does 
not, says Benton, properly encompass all forms 
of labor, particularly not what he terms “eco- 
regulation” (e.g., most of farm work) and “pri- 
mary appropriation” (hunting, gathering, 
mining, etc.), in other words, those types of la- 
bor closest to natural processes. It also does not 
cover unintended consequences and various 
other ecologically important characteristics of 
the labor process. Thus Benton concludes, as 
Marx’s and Engels’ theory presents itself in the 
mature economic writings, it bears several theo- 
retical defects, ‘ I .  . . the net effect of which is to 
render the theory incapable of adequately con- 
ceptualizing the ecological conditions and limits 
of human need-meeting interactions with na- 
ture.” (Benton 1989,63). 

Marx’s and Engels’ notion of metabolism 
(Stof ichsel)  was molded by the biology of their 
times and popular writings from physiological 
materialists such as Moleschott (1852): who 
described metabolism as an exchange of matter 
between an organism and its environment, 
rather than as a cellular biochemical conversion, 
as modern textbooks do. Marx and Engels did 
not use this notion only in a metaphorical sense: 
they meant to imply a material exchange rela- 
tion between man and nature, a mutual interde- 
pendence beyond the widespread simple idea of 
man “utilizing nature.” The notion points to a 
fundamental material interrelatedness on an an- 
thropological level, but it is not used as a tool to 
analyze capitalist society. In their writings there 
exists no such idea as the accumulation of capi- 
tal having to do with the appropriation of the 
accumulated “wealth” of nature (e.g., fossil fu- 
els); appropriation as a basis for capital accumu- 
lation is always and only appropriation of surplus 
human labor, as Martinez-Alier (1987, 218- 
224) points out. In other contexts Marx uses the 
expression “societal metabolism” as an analogue 
to describe the exchange of commodities and 
the relations of production within society (see 
Schmidt 1971,92). 

The writings of Marx and Engels are not the 
only reference to societal metabolism to be 
gained from the founding fathers of modem so- 
cial science. Most social scientists of the period 
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tended to be highly interested in the advances of 
biology, particularly in evolutionary theory and 
its implications for universal progress (e.g., 
Spencer 1862; Morgan 1877). The process of so- 
cietal progress and the differences in stages of 
advancement among societies relate to the 
amount of available energy, as Herbert Spencer 
stated in his First Principles in 1862: societal 
progress is based on energy surplus. First, it en- 
ables social growth and thereby social differen- 
tiation. Second, it provides room for cultural 
activities beyond basic vital needs. 

Wilhelm Ostwald, 1919 Nobel Prize winner in 
chemistry, made a somewhat similar contribution. 
Referring to the second law of thermodynamics, 
he argued that minimizing the loss of free energy 
is the objective of every cultural development. 
Thus, according to Ostwald (1909), one may de- 
duce that the more efficient the transformation 
from crude energy into useful energy, the greater 
a society’s progress. For Ostwald the increase in 
efficiency has the characteristics of a natural law 
affecting every living organism and every society. 
He stressed that each society has to be aware of 
the “energetic imperative” (Energetischer 
Imperatiu): In the words of Ostwald, “Don’t waste 
energy, use it” (1912, 85). In addition, Ostwald 
was one of the few scientists at the time who was 
sensitive to the limitations of fossil resources. He 
believed that a durable (sustainable) economy 
must use solar energy exclusively. This work pro- 
vided Max Weber, one of the founding fathers of 
sociology, with an opportunity for an extensive 
discussion. Weber reacted in quite a contradictory 
manner. On the one hand, he dismissed Ostwald’s 
approach as “grotesque” (1909,401) and as full of 
“mischief” (381), and challenged its core thesis 
on natural science grounds: “In no way would an 
industrial production be more energy efficient 
than a manual one-it would only be more cost 
efficient” (386f.). At the same time he rejected 
natural science arrogance toward the “historical” 
sciences and the packaging of value judgments 
and prejudices in natural science “facts” (401). 
On the other hand, although he admitted that 
energy may possibly be important to sociological 
concerns (399; see also Weber 1904), he never 
elaborated such considerations. 

Sir Patrick Geddes, cofounder of the British 
Sociological Society in 1902, sought to develop 
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a unified calculus that was based on energy and 
material flows and was capable of providing a 
coherent framework for all economic and social 
activity. He proclaimed society’s emancipation 
from monetary economy and movement toward 
an economy of energy and resources (Geddes 
1884), an attempt “rewarded with near-instant 
oblivion,” according to Rosa et al. (1988, 150). 
Martinez-Alier (1987,89ff), on the other hand, 
devoted a whole chapter to Geddes, claiming 
that he was a major predecessor of ecological 
economics. In four lectures at the Royal Society 
of Edinburgh, Geddes developed a type of eco- 
nomic input-output table in physical terms: the 
first column would contain the sources of energy 
and the sources of materials used. Energy and 
materials are transformed into products in three 
stages: extraction of fuels and raw materials; 
manufacture; and transport and exchange. Be- 
tween each of these stages losses occur that have 
to be estimated: thus the final product might 
then be surprisingly small in proportion to the 
overall input (Geddes 1885). So Geddes appears 
to have been the first scientist to approach an 
empirical description of societal metabolism on 
a macroeconomic level. 

Frederick Soddy, another Nobel laureate in 
chemistry, also turned his attention to the ener- 
getics of society, but did so with an important 
twist: he saw energy as a critical limiting factor 
to society, and was thus one of the few social 
theorists sensitive to the second law of thermo- 
dynamics (Soddy 1912, 1922, 1926). He there- 
fore took issue with Keynes’s views on long-term 
economic growth.’O Similarly, Werner Sombart 
(1902, vol. 2, 1137f.), in his analysis of late- 
eighteenth-century development, at least recog- 
nized the social relevance of energy; the scarcity 
of fuel wood, according to Sombart, was at that 
time seriously threatening the advancement of 
capitalism altogether. In the mid-l950s, Fred 
Cottrell (1955) again raised the idea that the 
availability of energy limits the range of human 
activities. According to Cottrell, this is one of 
the reasons why pervasive social, economic, po- 
litical, and even psychological change accompa- 
nied the transition from a low-energy to a 
high-energy society. 

For the development of sociology as a disci- 
pline, these more or less sweeping energetic 
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theories of society remained largely irrelevant. 
Even the influential Chicago-based school of 
sociology, with its promising label of “human 
ecology” (e.g., Park 1936), carefully circum- 
vented any references to natural conditions or 
processes. Later authors such as 0. D. Duncan 
operated using the term “ecological complex,” 
which implied a weblike interdependence 
among population, organization, environment, 
and technology (the “POET-model). However, 
what Duncan calls “the environment” is devoid 
of physical characteristics; rather, it is a social, 
and at  best a spatial, variable (Duncan 1959, 
1964). Before the advent of the environmental 
movement, modern sociology just did not refer 
to natural parameters as either causes or conse- 
quences of human social activities. Neither the 
system- nor the interaction-oriented US-Ameri- 
can traditions, nor the “materialist,” Marxist tra- 
ditions revived in the 1960s, dealt with possible 
physical properties of society and society-nature 
interaction. This view is strongly supported by 
Dunlap and Catton’s (1979) review of the 
American literature. One of the few exceptions 
they mention is Sorokin’s underrated analysis of 
the social repercussions of famine (Sorokin 
1942, 66-67, 122, 262-264, 289). Some well- 
known French sociologists, such as Michel Fou- 
cault (1975) and Pierre Bourdieu (1989, at least 
invite the human body onto the sociological 
stage. The same can be said about the German 
sociological theorist Norbert Elias ( 1969). Look- 
ing at other major macrosociological European 
theorists, such as Anthony Giddens (1989, 
1990), Jurgen Habermas (1981), and Niklas 
Luhmann (1984, 1986), one will search in vain 
for concepts referring to the material dimensions 
of the society-nature interaction. 

Metabolism in Cultural and Ecological 
Anthropology 

Similar to sociology, the beginnings of cul- 
tural anthropology (see, e.g., Morgan 1877) were 
marked by evolutionism-that is, the idea of uni- 
versal historical progress from more “natural,” 
barbarian to more advanced and civilized social 
conditions. Cultural anthropology, however, split 
into a more functionalist and a more culturalist 
tradition.’’ The functionalist line, from which 

contributions to societal metabolism should be 
expected, did not, as was the case in sociology, 
turn toward economics and distributional prob- 
lems, but retained a focus on the society-nature 
interface. In effect, several conceptual clarifica- 
tions and rich empirical material on societies’ 
metabolism can be gained from this research tra- 
dition that Orlove in his critical review (1980) 
terms “ecological anthropology.” 

Leslie White, one of the most prominent an- 
thropologists of his generation and an early rep- 
resentative of the functionalist tradition, 
rekindled interest in “energetics.” For White, 
the vast differences in the types of extant societ- 
ies could be described as social evolution, and 
the mechanisms propelling it were energy and 
technology. “Culture evolves as the amount of 
energy harnessed per capita and per year is in- 
creased, or as the efficiency of the instrumental 
means (i.e., technology) of putting the energy to 
work is increased” (White 1949, 366). A 
society’s level of evolution can be assessed math- 
ematically: it is the the product of the amount of 
per capita energy times efficiency of conversion. 
So this, in fact, was a metabolic theory of cul- 
tural evolution-however unidimensional and 
unconcerned with environmental constraints it 
may have been.’* 

Julian Steward’s “method of cultural ecology” 
(Steward 1968) paid a lot of attention to the 
quality, quantity, and distribution of resources 
within the environment. His approach can be il- 
lustrated from the early comparative study “Tap- 
pers and Trappers” (Murphy and Steward 1955). 
Two cases of cultural (and economic) change are 
presented, in which tribes traditionally living 
from subsistence hunting and gathering (and 
some horticulture) completely change their ways 
of living as a consequence of changing their me- 
tabolism. The authors analyze this process as an 
irreversible shift from a subsistence economy to 
dependence upon trade. Eastern Montagnais, in 
the northeastern Algonkin (Ontario, Canada), 
used to live in multifamily winter hunting 
groups, and in somewhat larger units during the 
summer season of fishing and caribou hunting. 
With the establishment of trading posts by white 
settlers, the trapping of animals for their pelts 
and trade for hardware and foodstuffs was sec- 
ondary to native subsistence activities. Accord- 
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ing to Murphy and Steward, “The Indians could 
devote themselves to the luxury of securing trade 
articles only after assuring themselves of an 
ample food supply.” (1955, 337). By relying on 
barter and credit, however, the Indians grew de- 
pendent on the traders, and ultimately fur trap- 
ping became more important than hunting for 
subsistence. This resulted in a complete restruc- 
turing of their patterns of settlement and com- 
munal ties (with a strengthening of nuclear 
families and territorial family property at the ex- 
pense of interfamilial ties). 

The second example is given for the 
Mundurucd, native Indians who Originally lived 
in semisedentary villages in the gallery forests 
and savannah lands in the state of Par& Brazil, on 
slash-and-burn horticulture and hunting, until 
they were drawn into “the ecology of rubber col- 
lection.” Murphy and Steward give a more elabo- 
rate description of the metabolic transformations: 
“During the nineteenth century (and to the 
present day) the Munduruc6, like the Algonkians 
and in fact most aborigines, had been acquiring a 
seemingly insatiable appetite for the utilitarian 
wares and trinkets of civilization . . . firearms, . . . 
clothing, . . . (but) also . . . many strictly non- 
utilitarian goods, such as. . . raw cane rum and 
beads. Reliance on manufactured goods entailed 
further dependence upon many adjuncts of these 
goods. For example, firearms required powder and 
lead, while garments of factory-woven cloth had 
to be made and repaired with scissors, thread, and 
needles. The substitution of metal pots for native 
ones of clay and of manufactured hammocks for 
the native product has reached the point where 
many young women do not know how to make 
these articles.. . . They would be helpless without 
the copper toasting pan used to make maniok 
flour. . . . Despite the flourishing trade in gew- 
gaws, the allure of most trade goods lay more in 
their sheer utility than in their exotic qualities. 
The increased efficiency of the Mundurd 
economy made possible by steel tools must have 
been enormous” (1955,344f.). 

If we translate this analysis into the terms of 
metabolism (a concept Murphy and Steward do 
not apply), the following transformations have 
taken place: (1) the substitution of metabolism 
based upon the natural environment by a me- 
tabolism based upon exchange with other societ- 

ies, whereby these cultures become “primary 
producers” or “extractors” in a social division of 
labor on a grander scale, and ( 2 )  the substitution 
of certain materials and sources of energy by oth- 
ers, produced and distributed by completely dif- 
ferent mechanisms on a completely different 
spatial scale. These changes in metabolism con- 
tribute to a transformation of many social and 
cultural features of these communities. 

Several outright analyses of metabolism have 
been produced by authors whom Orlove (1980) 
groups together as (heofunctionalists”: Marvin 
Harris, Andrew Vayda, and Roy Rappaport. The 
followers of this approach, according to Orlove 
(1980, 240), “see the social organization and 
culture of specific populations as functional ad- 
aptations which permit the populations to ex- 
ploit their environments successfully without 
exceeding their carrying capacity.” The unit that 
is maintained is a given population rather than 
a particular social order (as it is with sociological 
functionalists). In contrast to biological ecology, 
they treat adaptation not as a matter of individu- 
als and their genetic success, but as a matter of 
cultures. Cultural traits are units that can adapt 
to environments and are subject to selection.’’ 
In this approach, human populations are be- 
lieved to function within ecosystems as other 
populations do, and the interaction between 
populations with different cultures is put on a 
level with the interaction of different species 
within ecosystems (Vayda and Rappaport 1968). 

This approach has been very successful in 
generating detailed descriptions of food-produc- 
ing systems (Anderson 1973; Kemp 1971; Net- 
ting 1981), some of which we draw upon more 
closely in the next section. In addition, it has 
raised the envy of colleagues by successfully pre- 
senting solutions to apparent riddles of bizarre 
habits, thereby attracting a great deal of public 
attention (Harris 1966, 1977). To illustrate the 
method, we briefly report on Harner’s (1977) fa- 
mous analysis of Aztec cannibalism. 

Pre-Conquest Mexicans practiced human 
sacrifices in unprecedented numbers. A figure 
commonly cited for Aztecs is 20,000 sacrifices 
per year. According to Harner, population pres- 
sure increased in the Valley of Mexico and wild 
game supplies were hardly available any longer 
to provide protein for the diet. Carbohydrates 
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could be secured by agricultural intensification, 
but domesticated animal production was limited 
by the lack of a suitable herbivore. In the Old 
World the domestication of herbivorous mam- 
mals proceeded apace with the domestication of 
food plants. In the New World the ancient 
hunters had completely eliminated potential 
herbivorous mammalian domesticates from the 
Mesoamerican area (in South America the 
llama, alpaca, and guinea pig had survived, how- 
ever). This made the ecological situation of the 
Aztecs unique among the world’s major civiliza- 
tions. Large-scale cannibalism, disguised as sac- 
rifice, was the cultural solution to an ecological 
problem. The estimated ratios of 5-20 war pris- 
oners sacrificed per year per 100 inhabitants of 
Tenochtitlan can be looked upon as a significant 
contribution to protein in the diet. This practice 
also helps us understand a political peculiarity: 
the Aztecs always withdrew from conquered ter- 
ritories and did not seize them in the Old World 
fashion. Asked by Cortez to explain why, 
Montezuma replied that this way his people 
could continue to take captives for sacrifice 
nearby (Hamer 1977,130). 

This is a clear example of a metabolic argu- 
ment. Under certain environmental conditions 
(that have, at least in part, been produced by 
previous human cultures), the metabolic needs 
of a population translate into specific cultural 
practices. These practices in fact serve human 
metabolism. Hamer, however, does not discuss 
the overall ecological efficiency of these prac- 
tices. Presumably it is not high: humans are not 
good at converting energy, and, even if mainly 
raised on a herbivorous diet, will not use the 
available yield of the land very efficiently. On 
the other hand, these practices result in a cer- 
tain kind of population control. This analysis 
has stood quite uncontested: Hicks (1979) ob- 
jects only to a minor argument within Hamer’s 
theory, and even Orlove (1980,243), who does 
not hide his dislike for functionalist interpreta- 
tions, cites no sources that would substantively 
criticize Hamer’s line of reasoning. 

There are, however, some theoretical and 
methodological problems in this approach that 
need to be discussed in greater detail. They en- 
tail the difficulty to specify a unit of analysis: a 

local population? A culture? This is related to 
the difficulty of specifying the process of change 
and of locating intercultural (or intersocietal) 
interactions in this framework. These scientific 
traditions, however, have prepared cultural an- 
thropologists to be among the first social scien- 
tists to actively participate in later discussions 
on environmental problems of industrial me- 
tabolism (see several contributions in Thomas 
1956a; Kemp 1971; Rappaport 1971). 

Metabolism in Social Geography 
and Geology 

In 1955, 70 participants from around the 
world and from a great variety of disciplines con- 
vened in Princeton, New Jersey, for a remarkable 
conference entitled “Man’s Role in Changing 
the Face of the Earth.” The conference was fi- 
nanced by the Wenner-Gren Foundation for 
Anthropological Research; the geographer Carl 
0. Sauer, the zoologist Marston Bates, and the 
urban planner Lewis Mumford presided over the 
sessions. The papers and discussions were pub- 
lished in a 1,200-page compendium (Thomas 
1956a) that documents, so I would claim, the 
world’s first interdisciplinary panel on environ- 
mental problems of human development staged 
by top scientists. 

The selection of the conference’s title was an 
attempt to honor George Perkins Marsh, who in 
1864 published Man and Nature: Or, Physical 
Geography as Modified by Human Action, and is 
considered the father of social geography. For 
Marsh, man is a dynamic force, often irrational 
in creating a danger to himself by destroying his 
base of subsistence. The longest chapter of Man 
and Nature, entitled “The Woods,” is pleading 
for the recreation of forests in the midlatitudes. 
He was not, as the participants of the 1955 con- 
ference noted, concerned about the exhaustion 
of mineral resources. He looked upon mining 
rather from an aesthetic point of view, consider- 
ing it “an injury to the earth” (Thomas 1956b, 
xxix). 

The possible exhaustion of mineral resources 
was taken up by the Harvard geologist Nathaniel 
Shaler in his book Man and the Earth (1905). In 
considering longer time series, he noted that 
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since the coming of the Iron Age, the consump- 
tion of mineral resources had increased to a 
frightening degree. In 1600 only very few sub- 
stances (mostly precious stones) had been 
searched for underground, but in his time, at the 
turn of the twentieth century, several hundred 
substances from underground sources were being 
used by man, of essential importance being iron 
and copper. Shaler was concerned with the lim- 
its of the resource base. 

One might say this shift of focus from Marsh 
(1864) to Shaler (1905) reflects the change in 
society’s metabolism from an agrarian mode of 
production (where scarcity of food promotes the 
extension of agricultural land at the expense of 
forests) to an industrial one, where vital “nutri- 
ents” are drawn from subterrestrial sinks that 
one day will be exhausted. It reflects it, but it 
does not reflect upon it. 

With the 1956 volume the concern with a 
limited mineral base for an explosively rising 
demand of minerals is even more obvious (Tho-. 
mas 1956a). Such a materials flow focus seems 
to have been strongly supported by wartime ex- 
periences and institutions: Ordway (1956,988) 
quotes data from a 1952 report by the 
President’s Materials Policy Commission in 
which concern is expressed over the soaring de- 
mand for  material^.'^ The depletion of national 
resources becomes part of a global concern: “If 
all the nations of the world should acquire the 
same standard of living as our own, the result- 
ing world need for materials would be six times 
present consumption’’ (988). Based on these 
considerations, Ordway advances his ”theory of 
the limits of growth,” which rests on two pre- 
mises: “(1) levels of human living are con- 
stantly rising with mounting use of natural 
resources, and (2) despite technological 
pr~gress’~ we are spending each year more re- 
source capital than is created. The theory fol- 
lows: if this cycle continues long enough, basic 
resources will come into such short supply that 
rising costs will make their use in additional 
production unprofitable, industrial expansion 
will cease, and we shall have reached the limit 
of growth” (Ordway 1956,992). McLaughlin, 
otherwise more optimistic than Ordway, states 
in the same volume that by 1950 for every ma- 

jor industrial power the consumption of metals 
and minerals had exceeded the quantity that 
could be provided from domestic sources 
(McLaughlin 1956,860). 

Similarly, the 1955 conference experts dis- 
cussed the likelihood of severe shortages in fu- 
ture energy supplies. Eugene Ayres, who speaks 
about “the age of fossil fuels,” and Charles A. 
Scarlott, who treats “limitations to energy use” 
remind us of the limits inherent to using given 
geological stocks. Ayres, elaborating on fossil fu- 
els since the first uses of coal by the Chinese 
about 2,000 years ago, is very skeptical regarding 
geologists’ estimates of the earth’s reserves, sus- 
pecting them to be much larger than current 
projections, but nevertheless concludes that “in 
a practical sense, fossil fuels, after this century, 
will cease to exist except as raw materials for 
chemical synthesis” (Ayres 1956,380). Scarlott 
(1956) demonstrates the diversification of en- 
ergy uses and the accompanying rise in demand, 
and then elaborates on a possible future of solar 
energy utilization and nuclear fusion as sources 
of energy. 

The bulk of materials flow considerations in 
the 1955 conference, however, is devoted to the 
input side of material metabolism. The overall 
systemic consideration that the mobilization of 
vast amounts of matter from geological sinks 
(e.g., minerals and fossil energy carriers) into a 
materially closed system such as the biosphere 
would change the parameters of atmospheric, 
oceanic, and soil chemistry on a global level has 
not yet arisen. Still, many contributions of this 
conference document the transformations of lo- 
cal and regional natural environments by hu- 
man activity, in both the past and the present.16 

The global environmental change issue is 
taken up in a September 1970 special issue of 
Scientific American, which was devoted to the 
biosphere. One year later, Scientific American 
published an issue on energy and socioeconomic 
energy metabolism (vol. 224, no 3, 1971). In 
1969 the German geographer Ernst Neef talked 
explicitly about the “metabolism between soci- 
ety and nature” as a core problem of geography 
(Neef 1969). But this belongs to our discussion 
on the post-1968 cultural revolution of environ- 
mentalism, to which we turn next. 
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Achievements of the Pioneers 
of Materials FlowAnalysis in the  
Late 1960s 

In the late 1960s, when it became culturally 
possible to take a critical stand on economic 
growth and consider its environmental side ef- 
fects, the stage was set for a new twist in the ex- 
amination of society’s metabolism. Up to this 
point metabolism had come up in various dis- 
courses mainly by way of arguments claiming 
that natural forces and physical processes did, 
indeed, matter for the organization and develop- 
ment of society, and that it would be reasonable 
therefore to attribute to them some causal sig- 
nificance for social facts. The mainstream of so- 
cial science dealing with modern industrial 
society-whether economics, sociology, or po- 
litical science-had not cared about this issue at 
all. In the mid-1960s this started to change, 
and-apparently originating from the United 
States-a set of new approaches developed, of- 
ten triggered by natural scientists, and subse- 
quently further developed, typically in 
cooperation with social scientists. In these ap- 
proaches the material and energetic flows be- 
tween societies (or economies) and their natural 
environment became a major issue, governed by 
the worry that a “cowboy economy” might not 
be compatible with “Spaceship earth” (Boulding 
1966). The common picture of cultural evolu- 
tion as eternal progress started to give way to a 
picture of industrial economic growth as a pro- 
cess that potentially implied the ultimate devas- 
tation of human life. This must be considered as 
a basic change in worldview, and it took hold of 
a wide range of intellectuals across many disci- 
plines. One could say that it promoted some- 
thing akin to the rebirth of the paradigm of 
metabolism applied to industrial societies. 

“The metabolic requirements of a city can 
be defined as the materials and commodities 
needed to sustain the city’s inhabitants at 
home, at work, and at  play. . . . The metabolic 
cycle is not completed until the wastes and resi- 
dues of daily life have been removed and dis- 
posed of with a minimum of nuisance and 
hazard” (Wolman 1965179). This declaration 
served as the introduction to the first attempt 
to conceptualize and operationalize the me- 

tabolism of industrial society-that is, the 1965 
case study of a model US. city of 1 million in- 
habitants by Abel Wolman, a water-supply spe- 
cialist and participant in the 1955 conference 
“Man’s Role in Changing the Face of the 
Earth.” Wolman was well aware that water is 
the input needed in the highest quantities by 
far, but he also offered estimates for food and 
fossil energy inputs, as well as (selected) out- 
puts such as refuse and air pollutants. His argu- 
ment is mainly directed at problems he foresaw 
with respect to providing an adequate water 
supply for American megacitie~.’~ 

The economist Kenneth Boulding had also 
participated in the 1955 conference. Referring 
to Bertalanffy (1952), Boulding (1966), in his 
article “The Economics of the Coming Space- 
ship Earth,’’ briefly outlines an impending 
change from what he calls a “cowboy economy” 
to a “spaceman economy.” The present world 
economy, according to this view, is an open sys- 
tem with regard to energy, matter, and informa- 
tion (“econosphere”). There is a “total capital 
stock, i.e., the set of all objects, people, organi- 
zations and so on” that have inputs and outputs. 
Objects pass from the noneconomic to the eco- 
nomic set in the process of production, and ob- 
jects pass out of the economic set “as their value 
becomes zero” (Boulding 1966,5). “Thus we see 
the econosphere as a material process.” This 
similarly can be described from an energetic 
point of view. In the cowboy economy, through- 
put is at least a plausible measure of the success 
of the economy. “By contrast, in the spaceman 
economy, throughput is by no means a 
desideratum, and is indeed to be regarded as 
something to be minimized rather than maxi- 
mized. The essential measure of the success of 
the economy is not production and consump- 
tion at all, but the nature, extent, quality, and 
complexity of the total capital stock, including 
in this the state of the human bodies and minds” 
(Boulding 1966,9). Here we find one of the first 
systematic considerations of the material com- 
ponents of-as I would say-“society,” or what 
Boulding calls the “econosphere,” visualized as 
an input-output system within the biosphere. 
Boulding does not, as occasionally happens with 
systems approaches, confound the economy or 
society with an ecosystem.I8 

70 Journol of Industrial €cology 



RESEARCH A N D  ANALYSIS I 

In 1969 Robert Ayres, a physicist, and Allen 
Kneese, an economist, basically presented the 
full program of what in the 1990s was carried out 
as material flow analyses of national econo- 
mies.I9 Their core argument is an economic one: 
the economy heavily draws upon priceless envi- 
ronmental goods such as air and water-goods 
that are becoming increasingly scarce in highly 
developed countries-and this precludes Pareto- 
optimal allocations in markets at the expense of 
those free common goods. They conclude with a 
formal general equilibrium model to take care of 
these externalities. In the first part of their ar- 
ticle the authors give an outline of the problem 
and present a first material flow analysis for the 
United States between 1963 and 1965 (Ayres 
and Kneese 1969, table 1). They claim that “the 
common failure [of economics] . . . may result 
from viewing the production and consumption 
processes in a manner that is somewhat at vari- 
ance with the fundamental law of the conserva- 
tion of mass” (Ayres and Kneese 1969, 283). 
There must occur, they argue, uncompensated 
externalities unless (1) all inputs of the produc- 
tion process are fully converted into outputs, 
with no unwanted residuals along the way (or 
else they all be stored on the producers’ pre- 
mises), and (2) all final outputs (commodities) 
are utterly destroyed, made to disappear, in the 
process of consumption, or (3) property rights 
are so arranged that all relevant environmental 
attributes are in private ownership, and these 
rights are exchanged in competitive markets. 

According to the authors, none of these con- 
ditions can be expected to hold. “Nature does not 
permit the destruction of matter except by anni- 
hilation with anti-matter, and the means of dis- 
posal of unwanted residuals which maximizes the 
internal return of decentralized decision units is 
by discharge to the environment, principally wa- 
tercourses and the atmosphere. Water and air are 
traditionally free goods in economics. But in re- 
ality. . . they are common property resources of 
great and increasing value. . . . Moreover, . . . 
technological means for processing or purifying 
one or another type of waste discharge do not de- 
stroy the residuals but only alter their form. . . . 
Thus. . . recycle of materials into productive uses 
or discharge into an alternative medium are the 
only general options” (283). 

“Almost all of standard economic theory is in 
reality concerned with services. Material objects 
are merely vehicles which carry some of these 
services. . . . Yet we [the economists] persist in 
referring to the ‘final consumption’ of goods as 
though material objects . . . somehow disap- 
peared into the void. . . . Of course, residuals 
from both the production and consumption pro- 
cesses remain and they usually render disservices 
. . . rather than services” (284). Thus they pro- 
pose to “view environmental pollution and its 
control as a materials balance problem for the en- 
tire economy” (emphasis added, 284). “In an 
economy which is closed (no imports or exports) 
and where there is no net accumulation of stocks 
(plant, equipment, . . . or residential buildings), 
the amount of residuals inserted into the natural 
environment must be approximately equal to 
the weight of basic fuels, food, and raw materials 
entering the processing and production system, 
plus oxygen taken from the atmosphere” (284). 

Within these few paragraphs, almost all 
chords of the future debate are strung. The 
model of socioeconomic metabolism presented 
(a term that is not used in the contribution) 
owes more to physics than to ecology. For an or- 
ganism, it is obvious that some residues have to 
be discharged into the environment. In popula- 
tion ecology, it is the efficiency of energetic con- 
version that would be considered-not the 
recycling of materials. This clearly would be the 
task of the ecosystem: in the ecosystem it is the 
“division of labor” of different species that would 
take care of materials recycling, and never the 
members of one species alone. From the point of 
view of ecosystems theory, therefore, the idea of 
residues as a “disservice” to the population dis- 
charging them would seem alien to the common 
concept of nutrient cycles.2O Ayres and Kneese 
then proceed to present an overview of the 
“weight of basic materials production’’ in the 
United States. They consider only what they 
call “active inputs”( 28). The criterion they ap- 
ply is whether a material undergoes chemical 
change in the process of being used. Thus they 
exclude construction materials (stone, sand, 
gravel, and other minerals used for structural 
purposes), as well as overburden and mine tail- 
ings. They consider their use as more or less 
“tantamount to physically moving them from 
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one location to the other”(28). If these materi- 
als were to be included, the authors see no logi- 
cal reason to exclude material shifted in harbor 
dredging or plowing2’-“a line must be drawn 
somewhere .” 

This is a way to admit a problem not really 
tackled in this article: Where is the borderline be- 
tween the economy, or the social system, and na- 
ture? As a consequence, it is hard to handle 
another problem with the neccessary clarity of 
distinction: What is the status of livestock in a 
materials balance? Ayres and Kneese’s 1969 pub- 
lication treats “crops” (with the exclusion of 
crops used to feed livestock) and “livestock and 
dairy” as basic material input. Thus Ayres and 
Kneese logically and statistically externalize 
parts of animal husbandry from the economy: 
livestock is not considered a “product” of farm- 
ing, but an input from nature. In their 1974 re- 
vised version, they do include crops used for 
feeding livestock, which leads to double count- 
ing: those crops used to feed livestock enter the 
calculation both in a primary manner, as fodder, 
and in a secondary manner, as milk or meat. 
Nevertheless, the total input is underestimated: 
because this livestock not only feeds on crops but 
is also grazing, the (considerable) amounts con- 
sumed in grazing are missing. We show below the 
quantitative differences entailed in this fuzziness. 
But this does not in the least diminish the out- 
standing qualities of this pioneering 

Ayres and Kneese’s active inputs also do not 
include air and water. Whereas in the 1969 publi- 
cation the input of oxygen is no more than men- 
tioned, in a subsequent publication by Kneese and 
colleagues (1974) it is considered in an extensive 
footnote. The category now includes the oxygen 
required for human and livestock respiration, as 
well as that required for technical combustion, 
which amounts to an almost tenfold increase in 
all respiration (53). In both publications water is 
not discussed as an input quantity, but only as part 
of the problem of pollution. 

Whereas the inputs from the environment to 
the economy are listed in some detail, the outputs 
to the environment (in the sense of residuals) are 
treated in a sweeping manner. Nevertheless, all 
the problems that have marked the following de- 
cades of emission and waste policies-problems 
that still have not been properly resolved-are 

clearly represented. It is spelled out that there is 
a primary interdependency among all waste 
streams that evades treatment by separate media. 
Kneese and colleagues (1974) are even prophetic 
enought to recognize that there is one stream of 
waste-carbon dioxide-that is nontoxic and, 
hence, not interesting for emission regulation. 
They anticipate correctly that carbon dioxide, 
given its sheer quantity, might become a major 
problem (i.e., climate change). Finally, they are 
able to see that a reduction of residuals can be 
achieved only through a reduction of inputs. All 
these are the core insights of the materials bal- 
ance approach these authors may be said to have 
“invented.” And although one should suspect 
that the formalized link to an economic model of 
externalities generated at once almost too much 
information packed into one article to secure an 
effect, this contribution by Ayres and Kneese 
(1969) became a starter to a research tradition 
capable of portraying the material and energetic 
metabolism of advanced industrial economies. It 
was not “man” any more who was materially and 
energetically linked to nature, but a complex, 
well-defined social system: “The dollar flow gov- 
erns and is governed by a combined flow of ma- 
terials and services (value added)” (Kneese et al. 
1974,54). 

Judged by the standards of later European 
data, the empirical results rendered by these pio- 
neering studies appear to be correct within an 
order of magnitude. Of course, the results de- 
pend upon the definition of the social system, its 
components, and the relevant material flows. 
(See line 1 of “totals” in table 1: the per capita 
values differ by factor 20. Once the definitions 
are harmonized, however, the results obtained 
seem to be quite in accordance [see adjusted per 
capita volumes in the last line of table 11). 

This even holds true for an early publication 
from the Soviet Union. Streibel(l990) refers to 
a study published in Moscow in 1974 by Gofman 
and colleagues that describes the overall material 
metabolism of the national economy of the So- 
viet Union, and that presents a highly aggregated 
quantitative model for the flows to and from the 
biosphere and between various parts of the 
economy. Because the original source is not avail- 
able, it is hard to tell how thorough this analysis 
was and what kind of definitions it applied (e.g., 
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Table I The structure of industrial metabolism'-pioneer studies and "state of the art" compared 
(annual material consumption2 in tons, overall and per capita) 

German Federal U.S. national 
consumption 1965 U.S. city 1965 Republic 1970 

(Kneese et al. 1974) (Wolman 1965) (Stat.Bundesumt 1995) 

Water 
Oxygen 
Food and fodder 
Other biomass 
Fossil fuels 
Construction materials 
Other materials 
Total 
Adjusted total ' 

million tonsly 

3,100 
389.5 
218 

1,448 

585 
5,540.5 

tonsly*c 

15.5 
2.0 
1.1 
7.2 

2.9 
28.7 
20.8 

~~ 

207.33 33,572 
559 

1.8 140 
30 

8.6 374 
59 1 
74 

217.7 35,340 
22.6 

rons/y*c 

568.9 
9.3 
2.3 
.5 
5.8 
9.5 
1.2 

597.5 
19.3 

1. The term "industrial metabolism" was coined quite recently in Ayres and Simonis (1994). This book raised the 
old issues again on a well-received international level. 

2. National production plus imports minus exports. 

3. Obviously, water for industrial energy generation (cooling) is not included. 

4. Atmospheric oxygen only: 2.74 billion tons combustion, 0.3 billion tons animal respiration, and 0.06 billion tons 
human respiration. 

5. Atmospheric oxygen for combustion only (without animal or human respiration). 

6. Forestry products on an 85% dry weight basis. 

7. "Other minerals." 

8. Without oxygen and water; construction materials assumed according to German per capita values. 

water is included in the material flows, but how 
about oxygen?). It is interesting to note, however, 
that the overall amount of materials extracted 
from the environment (300 billion tons) matches 
with the data from Ayres and Kneese 1969. For 
example, suppose that the construction materials 
are included in the Moscow data, the (U.S.) 2.5 
million of raw materials input would have to be 
doubled to 5.0. Raw materials do amount to 
about 5% of total material throughput. So out of 
the 300 billion tons there should be approxi- 
mately 15 million tons of raw materials, if air was 
not included in the total, or 12 million tons if it 
was. Thus the amount of material throughput in 
the Soviet Union in the 1970s would have been 
two to three times as large as that of the United 
States. Considering, apart from possible differ- 
ences in material efficiency, that one of the two 
systems tried to downplay its wastes, and the 
other tried to exaggerate its production, the re- 
sult is not altogether out of range. 

We may conclude, therefore, that the pioneer 
studies of overall material metabolism not only 
set up an appropriate conceptual framework, but 
also arrived at reasonable empirical results. Con- 
sidering this fact, it is amazing that it took about 
another twenty years until this paradigm and 
methodology became widely recognized as a use- 
ful tool. 
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Notes 

See, for example, National Research Council 
(1990), UN handbook (1993), European Com- 
mission (1994), Enquete Kommission (1994), 
SCOPE (1996), and HDP (1996). 
The second one concerns land-use/land-cover 
change, and deals with the alteration of the land 
surface and its biotic cover. 
Take as an example the authors of the classic 
book Indusnial Metabolism, edited by Ayres and 
Simonis in 1994. Out of 22 writers, 9 are from 
physics, chemistry, or technical engineering; 6 
from the life sciences; 5 economists, 2 sociolo- 
gists and historians. 
What readers might consider an important omis- 
sion, I did not do a specific inquiry into the his- 
tory of economics. An excellent source for this is 
Martinez-Alier (1987), who aims at reconstruct- 
ing the predecessors of ecological economics. He 
rightly claims many of the modern ecological 
economics’ ideas to be heir to theories of “agri- 
cultural energetics” (e.g., Podolinsky 1880; 
Sacher 1881). Martinez-Alier also shows some of 
the Austrian socialists associated with the 
Vienna Circle (around Mach, Wittgenstein) to 
have developed conceptions of society’s metabo- 
lism with an idea of distributional justice in 
mind, such as Popper-Lynkeus (1912) and 
Neurath (1925). 
Tansley (1935,296) established “ecosystem” as a 
proper unit of analysis. He did so by opposing 
Clements’ “creed” in an organismal theory of 
vegetation; he also opposed the term “commu- 
nity” by arguing it did not seem legitimate to 
lump together animals and plants as members 
too different to be put on equal footing. 
Lindemann (1942) then proceeded to analyze 
ecosystems in terms of energy conversion math- 
ematically, with plants being the producer organ- 
isms to convert and accumulate solar radiation 
into complex organic substances (chemical en- 
ergy) serving as food for animals, the consumer 
organisms of ecosystems. Following death, every 
organism then is a potential source of energy for 
specialized decomposers (saprophagous bacteria 
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and fungi), thereby closing the cycle in generat- 
ing inorganic nutrients for plants. This is basi- 
cally what Odum refers to when talking about 
the metabolism in an ecosystem. 

6. See the more recent debate of Engelberg and 
Boyarsky (1979) and Odum and Patton (1981) 
about the cybernetic nature of ecosystems. 
Engelberg and Boyarsky claim that the domi- 
nant interaction between different populations 
of an ecosystem is the exchange of brute matter 
and energy in the absence of information-medi- 
ated feedback cycles. Odum and Patton also see 
the food web (as an interconnection of material 
and energetic rather than informational pro- 
cesses) as the most fundamental element of eco- 
systems, but claim that a secondary information 
network is superimposed upon this network of 
material and energetic flows. A somewhat simi- 
lar debate is carried on by Salt (1977) as contra- 
dicted by Edson et al. (1981) on the existence of 
“emergent properties” in ecosystems, that is, 
properties of the system that cannot be reduced 
to properties of the components, and to be dis- 
tinguished from merely “collective” properties 
(e.g., summations or distributional characteris- 
tics of the properties of components). 

7. As early as 1925, Lotka proposed a “law of maxi- 
mum energy in biological systems”; similar argu- 
ments are presented in theories of succession 
and climax in plant communities (Odum 1959, 
1969). 

8. I t  is interesting to note that biologists tend to at- 
tribute organismic (or system integration) char- 
acteristics to the human society where they 
might deny them to an ecosystem. For an early 
example, see Tansley (1935, 290). For a critical 
discussion, see Oechsle (1988). 

9. According to Schmidt (1971, 86), Marx drew 
much of his understanding of metabolism from 
this source and imported a notion of the 
trophical hierarchy, food chains, and nutrient 
cycling rather than an organismic, biochemical 
interpretation of metabolism. Besides, it should 
be noted that the German word Stoffwechsel lit- 
erally means “exchange of substances” (between 
A and B), and does not so much convey a mean- 
ing of chemical conversion as the Latin term. 

10. See the appreciation by Daly (1980). 
11. To explain very briefly: While both seek to de- 

scribe and explain differences between pre-in- 
dustrial societies, the functionalist line 
(sometimes also termed “materialist” or “eco- 
logical”) focuses on problems of survival and 
economic reproduction, and the culturalist line 
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focuses on cultural patterns, their development, 
and coherence. 

12. Martinez-Alier (1987, 13) claims that Leslie 
White recognized Ostwald as one of the fore- 
bears of evolutionary ecological anthropology. 

13. Orlove’s criticism of the inadequate use of bio- 
logical terms, in this case of group selection as a 
mechanism not accepted by biological theory 
(Williams 1966), appears to be too harsh, in- 
deed. According to Harris, the unit to which the 
selection applies is not the population as such, 
but the elements of its culture. While cultural 
maladaptation to an environment may in fact 
harm the population concerned, it will not as a 
rule systematically change its genetic composi- 
tion. If as a consequence cultural changes occur, 
they will most likely be results of learning (Har- 
ris 1991,3345). 

14. This report is an excellent source for reseach 
into longer time series of materials consumption. 
Ordway (1956, 988) even quotes a number for 
the “raw-material consumption“ of the United 
States in 1950 (“2.7 billion tons of materials of 
all kinds-metallic ores, non-metallic minerals, 
construction materials and fuels . . .” Note the 
number given by Ayres and Kneese ( 1969) (in- 
cluding agricultural products, but excluding con- 
struction materials): 2.4 billion tons. With 151 
million US.  inhabitants in 1950, the President’s 
Materials Commission (1952) numbers amount 
to 18 tons of raw materials per inhabitant per 
year, which is just a little less than Japan’s num- 
bers nowadays. [President’s Materials Policy 
Commission (1952), commonly known as ”the 
Paley Report.”] 

15. I t  is interesting to note that even the idea of 
materials consumption growing less than GDP 
because of increases in efficiency is taken up in 
the Paley Report: In its projections for 1975 the 
Paley Report expects U.S. GDP to double com- 
pared to 1950, but the materials input necessary 
for this only to rise by 50-60% (quoted from 
Ordway and Samuel 1956,989). 

16. This tradition is explicitly continued in a further 
publication, representing the contemporary 
state of the art of social geography, dating from 
1990: The Earth as Transformed by Human Ac- 
tion: Global and Regional Changes in the Biosphere 
o w  the Past 300 Years, edited by B. L.Turner I1 
and others (1990). 

17. A few years later an Australian team analyzed 
the metabolism of Hong Kong, concentrating on 
its “biometabolism” (i.e., human and animal nu- 
trient cycles) only. A comparison with Sydney 
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(data for the years 1970 and 1971) illustrates a 
“Western style” diet, with the same calorific and 
nutrient benefit for the consumer, to be about 
twice as wasteful as a diet in the Chinese tradi- 
tion (Newcombe 1977; Boyden et al. 1981). 

18. Sachs (1993) has drawn attention to human 
technical grandiosity implied in the image of the 
“Spaceship Earth,” as if it were to be steered and 
maintained by humans. Later analysts of socio- 
economic metabolism, in contrast, propagated 
the humbler idea of society downsizing its own 
material and energetic turnover. 

19. Their article is based upon a report prepared for 
the US.  Congress by a Joint Economic Commit- 
tee and published in a volume of Federal Pro- 
grams in 1968 (see Ayres and Kneese 1968). 

20. As long as a human society draws its inputs from 
the actual cycles within the biosphere, it may 
suffer from problems of resource scarcity. It  will 
not easily, however, suffer from problems of pol- 
lution (except for some possible forms of local 
pollution as a consequence of spatial concentra- 
tion). In theoretical terms this is a problem of 
coevolution. In all probability, there will exist 
organisms, and biochemical reactions, that will 
transform residues into nutrients again, or else 
the resources will soon have been depleted (and 
the problem of residues, therefore, have been 
solved too). It is only when a society mobilizes 
materials stored for billions of years from geo- 
logical sinks that it may temporarily overcome 
problems of resource scarcity, but simultaneously 
generate problems deriving from residues. See 
also the distinction beween “biometabolism” 
and “technometabolism” drawn by Boyden 
(1992,153ff). 

21. A problem once again discussed extensively by 
Schmidt-Bleek and colleagues from the 
Wuppertal Institute who have meanwhile devel- 
oped a method that includes any natural mate- 
rial moved by man in the material flow account. 
The former categories of “translocated materi- 
als”-not to be included in material turnover 
(Schutz and Bringezu 1993), but accounted for 
by way of “material rucksacks” of goods and ser- 
vices (Schmidt-Bleek 1993, 1994)-are now in- 
cluded in the national material turnover balance 
(Bringezu et at. 1994; Bringezu 1995). 

22. It is interesting to note that a quarter of a cen- 
tury later this very same flaw can still be ob- 
served in the official statistical report on the 
material balance of Japan (see Environment 
Agency Japan 1993, 1994). For the Japanese 
metabolism it makes less of a difference, how- 
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ever, because they mainly import their livestock 
and dairy products. 
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